
Resources, Conservation and Recycling 108 (2016) 107–133

Contents lists available at ScienceDirect

Resources,  Conservation  and  Recycling

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

Review

Pulp  and  paper  mill  sludge  management  practices:  What  are  the
challenges  to  assess  the  impacts  on  greenhouse  gas emissions?

Patrick  Faubert a,∗, Simon  Barnabéb, Sylvie  Bouchard a, Richard  Côté a, Claude  Villeneuve a

a Chaire en éco-conseil, Département des sciences fondamentales, Université du  Québec à Chicoutimi, 555, boulevard de l’Université, Chicoutimi, Québec,

Canada G7H 2B1
b Chaire de recherche industrielle en  environnement et biotechnologie, Département de chimie, biochimie et physique, Université du  Québec à

Trois-Rivières, 3351, boul. des Forges, C.P. 500, Trois-Rivières, Québec, Canada G9A 5H7

a  r  t  i  c  l  e  i  n f  o

Article history:

Received 29 June 2015
Received in revised form 8 January 2016
Accepted 11 January 2016
Available online 6 February 2016

Keywords:

Biosolid
Climate change
Landfilling
Land application
Energy recovery
Life cycle analysis

a  b  s  t  r a  c t

Pulp  and  paper mill sludge  (PPMS) is an organic residual  generated  from  the  wastewater  treatments.  PPMS
management  involves  economic,  environmental  and  social  costs that  will  likely increase in the  future  as
landfilling tends  to be  reduced  or  banned  in certain jurisdictions.  The reduction or  the  banning of  landfill-
ing  may  be  considered as  a climate  change  mitigation  measure since  organic  waste  disposal  is  normally
associated  with  greenhouse  gas  (GHG)  emissions.  This  critical  review aims  to (1) describe  the  variety  of
the  current  and emerging  PPMS  management  practices  that  are  alternatives  to  landfilling  and (2) under-
line  the  crucial need for GHG  emission assessments.  The  management  practices of the three main  PPMS
types (primary,  secondary and  de-inking) comprised  in this  review are land application  (agriculture,  silvi-
culture, land  reclamation and  composting),  energy recovery  (combustion,  anaerobic  digestion,  pyrolysis,
bioethanol,  hydrogen production and  direct liquefaction) and  integration  in materials (biocomposite,
cement,  asphalt  and  adsorbent–absorbent).  Future  research  should  focus  to increase  the  comprehension
of known  GHG  determinants  from the  PPMS  management practices  and reveal  unknown  factors.  Life
cycle  analyses,  based  on direct GHG  emission  measurements,  are  needed  to  determine GHG emissions
from  current  and  emerging  practices  and plan  a responsible  future  reduction  or  banning of landfilling.
Such analyses  will  contribute  to assist  decision  makers  in implementing  the  best PPMS management
practices with  the  least  impact on climate  change.

© 2016  Elsevier B.V.  All  rights  reserved.

Contents

1.  Introduction  . .  . . . . . . .  .  . . . . .  . . . . .  .  . . . . .  . . . . .  .  . . . . .  . . . . .  . . .  . . . . .  . . . . . .  . . . . .  . . . . .  .  . . . . .  . . . . .  . . . . . . .  .  . . . . .  .  . . . . .  . . . . .  . . . . . .  . . . . .  .  . . . . .  . . . . .  .  . . . . .  . . . . . .  . . . . .  . 108
2.  PPMS:  types, properties  and  overview of end-of-life options  . . .  . . . . .  .  . . . . . . . . . . . .  .  . . . . .  . . . . .  .  . . . . .  . . . . .  .  . . . . .  . . . . . . .  . . . . . .  . . .  . . .  . . .  . .  . . . . . .  . . .  . . . . . . .  .  109
3.  Land  application of PPMS . .  . . . . . . .  .  . . . . .  . . . . .  .  . . . . .  . . . . .  .  . . . . .  . . . . .  . . .  . . . . .  . . . . . .  . . . . .  . . . . .  . . . . . . . . . . . . . . . . . . .  . . . . .  .  . . . . .  . . . . .  .  . . . . .  . . . . .  .  . . . . .  . . . . .  .  . . . . 110

3.1.  Land  application of PPMS in agriculture  .  . . . . .  .  . . . . .  . . . . .  . . . . . .  . .  . . . . . . . . . .  .  . . . . .  . . . . .  .  . . . . .  . . . . . .  . .  . . .  . .  . . . . .  .  . . . . .  . . . . .  .  . . . . .  .  . . . . .  . . . . . .  . . . . .  . 110
3.2.  Land  application of PPMS in silviculture  . . . . . . . . .  .  . . . . .  . . . . .  .  . . . . .  . . . . .  . . .  . . . . .  . . . . .  .  . . . . .  . . . . .  .  . . . . .  . . . . .  .  . . . . . . .  . . .  . . .  . . . . .  . . . . . .  . . . . .  . . . . .  .  . . 114
3.3. Land  application of PPMS for land  reclamation . . . . .  . . . . . . .  .  . . . . .  . . . . .  .  . . . . .  . . . . . . . .  . . .  . . . . . . . .  . . . . .  . . . . . .  . . . . .  .  . . . . .  . . . . .  .  . . . . .  . . . . .  .  . . . . .  . . . . .  115
3.4.  PPMS composting  prior to  land  application  . .  . .  . . . . .  . . . . .  .  . . . . .  .  . . . . .  . . . . .  . . . . . .  . . . . . . .  . . . . .  .  . . . . .  .  . . . . .  . . . . .  . . . . . .  . .  . . .  .  . . . . . . . . . .  .  . . . . .  . . . . .  .  . 115

4. PPMS  energy  recovery  . . .  .  . . . . .  . . . . .  .  . . . . .  . . . . .  .  . . . . .  . .  . . . . .  .  . . . . .  . . . . .  .  . . . . .  . . . . .  . . . . . .  . . . . .  . .  . . . . .  .  . . . . .  .  . . . . .  . . . . .  .  . . . . .  . . . . .  .  . . . . . . . . . .  .  . .  . . .  . . . . . .  .  .  115
4.1.  Combustion  of PPMS . .  . .  .  . . . . .  . . . . .  .  . . . . .  . . . . .  .  . . . . .  . . . . .  . . .  . . . . .  . . . . . .  . . . . .  . . . . .  .  . . . . .  . . . . .  .  . . . . .  . . . . .  . . .  . . .  . .  . . . . .  .  . . . . .  . . . . . .  . . .  . .  . . . . .  .  . . . . .  .  117
4.2.  Anaerobic  digestion  of PPMS:  biogas  production  . . . . .  . . . . .  .  . . . . .  . . . . .  .  . . . . .  . .  . . . . .  . . . . .  .  . . . . .  . . . . .  .  . . . . .  .  . . . . . . .  . . .  . . . . . . . . . . .  . . . . . . .  . . . . . . .  . . .  117
4.3.  PPMS pyrolysis  . .  .  . . . . .  . . . . .  .  . . . . .  . . . . . . . .  . . .  . . . . . . . .  . . . . .  . . . . .  .  . . . . .  . . . . .  . . .  . . . . .  . . . . .  .  . . . . .  . . . . .  .  . . . . .  . .  . . .  . .  .  . . . . .  . . . . . .  . . . . .  . . . . .  .  . . . . .  . . . . .  .  . 117
4.4.  Bioethanol  production from  PPMS. .  . .  .  . . . . .  . . . . .  .  . . . . .  . . . . .  .  . . . . .  . . . . .  . .  .  . . . . .  . . . . .  .  . . . . .  . . . . .  .  . . . . .  . . . . . . .  . . . . . .  . . . . .  .  . . . . . . . . . .  .  . . . . .  . . . . .  .  . . .118
4.5.  Other  energy recovery practices  .  . . . . .  .  . . . . .  . . . . .  .  . . . . .  . . . . .  . . . . . . . .  . . . . .  . . . . .  .  . . . . .  .  . . . . . . .  . . .  . . . . . . . .  . . . . .  . . . . . .  . . . . .  .  . . . . .  . . . . .  .  . . . . .  . . . . .  .  . . . 118

∗ Corresponding author.
E-mail address: patrick1 faubert@uqac.ca (P. Faubert).

http://dx.doi.org/10.1016/j.resconrec.2016.01.007
0921-3449/© 2016 Elsevier B.V. All  rights reserved.

dx.doi.org/10.1016/j.resconrec.2016.01.007
http://www.sciencedirect.com/science/journal/09213449
http://www.elsevier.com/locate/resconrec
http://crossmark.crossref.org/dialog/?doi=10.1016/j.resconrec.2016.01.007&domain=pdf
mailto:patrick1_faubert@uqac.ca
dx.doi.org/10.1016/j.resconrec.2016.01.007


108 P. Faubert et al. / Resources, Conservation and Recycling 108  (2016) 107–133

5. Integration  of PPMS in materials  . . . . .  . . . . . .  . . . . .  . . . . . . . .  . . .  . . .  . . . . .  . . . . .  .  . . . . .  . . . . .  . .  . . . . .  .  . . . . .  .  . . . . .  . . . . .  .  . . . . .  . . . . .  .  . . . . .  . . . . .  . . . . . . . . . . .  . . . . . .  .  . . . . .  119
5.1.  Biocomposite:  PPMS in  wood and plastic  materials .  . . . . .  . . . . .  .  . . . . .  . . . . .  . . . . . . . .  . . . . . .  . . . . .  . . . . .  .  . . . . .  . . . . .  .  . . . . .  . . . . . . . .  . . .  . . . . . .  . . . . . .  . . . . .  . .119
5.2.  PPMS  integrated  in cement  and asphalt  productions  . .  . .  . . . . .  . . . . .  .  . . . . .  . . . . .  .  . . . . .  .  . . . . .  . . . . .  . . . . . .  . . . . .  . .  . . . . . .  . . .  . .  . . . . .  .  . . . . .  .  . . . . .  . . . . . .  . . 121
5.3. PPMS  used in adsorbent–absorbent  productions  . . .  .  . . . . .  .  . . . . .  . . . . .  . . . . . . . .  . . .  . . . . . . .  .  . . . . .  . . . . .  .  . . . . .  . . . . . . . .  . . .  . . . . . .  . . . . .  .  . . . . .  . . . . .  . . . . . . . 121

6. Determinants  of GHG  emissions  from  PPMS  management  practices:  knowns  and unknowns . . . . . . . .  . . .  . . . . . .  .  .  . . . . .  . . . . .  .  . . . . .  . . . . . .  . . . . .  .  . . . . .  . . . . 122
7.  Conclusions  and  recommendations  .  . .  . . . . .  . . . . .  .  . . . . .  . . . . .  .  . . . . .  .  . . . . . . .  . . .  . . . . . . . .  . . . . .  . . . . .  .  . . . . .  .  . . . . . . .  . . .  . . . . . .  . . . . . . .  . . . . .  .  . . . . .  . . . . . .  . . .  . . .  . . .  . . 127

Acknowledgments.  .  . . . . .  .  . . . . .  . . . . . . .  .  . . . . .  . . . . .  .  . . . . .  . . . . .  .  . . . . .  . . . . . .  . . . . . . .  . . .  . .  .  . . . . .  . . . . .  .  . . . . .  . . . . .  .  . . . . . . . . . .  . . .  . . . . .  . . . . . .  . . .  . . . . . .  . . . . . .  . . . . .  . .128
References  .  . . . .  . . . . .  .  . . . . .  . . . . .  . . . . . .  . . . . .  . . . . . . . .  . . . . .  .  . . . . .  . . . . .  .  . . . . .  . . . . .  .  . . . . . . . . . . . .  .  . . . . .  . . . . .  .  . . . . .  . . . . .  . . . . . .  . . . . .  . . . . . .  . .  . . .  .  . .  . . .  . .  . . . . . . . . .  . .  128

1. Introduction

Pulp and paper mill sludge (PPMS) is the main organic residual
generated from the wastewater treatments of the pulp and paper
industry. The annual world production of paper and paperboard is
estimated to 400 million tons (FAOSTAT, 2015) and is predicted
to reach up to 550 million tons by  2050, which could increase
the PPMS production by 48–86% compared with the actual rates
(Mabee and Roy, 2003). PPMS management and disposal involve
economic, environmental and social costs that will likely increase
in the future. Some jurisdictions actually tend to reduce or ban land-
filling of organic residuals by improving the efficiency of resource
use and recycling (Council of the European Communities, 1991;
US EPA, 1994; Ljunggren Söderman, 2003; EC-BiPRO, 2007; Fytili
and Zabaniotou, 2008; Monte et al., 2009; MfE, 2010; MDDEP,
2011; Gouvernement du Québec, 2012), which will likely induce a
change in the actual management practices (Mabee and Roy, 2003;
Pervaiz and Sain, 2015). The actual greenhouse gas (GHG) emissions
from the variety of PPMS management practices are unknown and
should be addressed especially in  the light of upcoming changes,
consequence of reducing or  banning landfilling.

The actual and common PPMS management practices are
landfilling, land application for agricultural, silvicultural and
reclamation purposes, and energy recovery through combustion
(CANMET, 2005; Camberato et al., 2006; Gavrilescu, 2008; Likon
and Trebše, 2012; MDDELCC, 2015; Pervaiz and Sain, 2015). The
proportions of PPMS directed to  one of these practices vary with
time and jurisdiction policies. For instance, in the U.S., up  to 87% of
PPMS was landfilled in 1979 (Amberg, 1984)  whereas this propor-
tion has now decreased to 52% (Pervaiz and Sain, 2015). Nowadays
in the province of Quebec, Canada, the annual production of 1.4
million tons of PPMS are managed at 29% by  landfilling, 31% by
land application, 35% by energy recovery and 5% by  other prac-
tices (MDDELCC, 2015).  The Quebec’s government policies aim to
ban  landfilling of PPMS by 2020 (MDDEP, 2011; Gouvernement
du Québec, 2012) resulting in  major challenges for the industry
to change their PPMS management practices in  order to meet the
government objectives. The practice of landfilling will also tend to
decrease in other jurisdictions following the application of such
policies and pressure from the low public acceptance (Wang et al.,
2008; Joo et al., 2015; Pervaiz and Sain, 2015). Depending on the
local context for each paper mill, the tonnages actually directed to
landfill sites may  not be only manageable by  current energy recov-
ery installations and land availability. Energy recovery through
combustion benefits to pulp and paper industry (e.g., heat and elec-
tricity production) but it can be costly due to the implantation
of  combustion facilities and the prior PPMS dewatering process
(CANMET, 2005; Mahmood and Elliott, 2006; Xu and Lancaster,
2008). Land application is generally feasible (Camberato et al.,
2006; Pervaiz and Sain, 2015)  and well accepted but this option
can be practically and economically difficult for certain paper mills.
For instance, some paper mills are located at great distances from
agricultural lands, leading to high management costs and GHG
emissions related to transport. Moreover, the heavy metal contents

of some types of PPMS and the odor, especially when the spread-
ing is  done in the vicinity of residential areas, can be environmental
and public acceptance issues in  rare exceptions (Rashid et al., 2006;
Pervaiz and Sain, 2015).

There is a  need to integrate novel PPMS management practices
as land application and/or energy recovery through combustion
may  not be the common alternatives to dispose the PPMS tonnages
actually directed to landfill sites. Several alternative management
options, other than combustion for energy recovery, are emerging,
such as anaerobic digestion for biogas production, pyrolysis and
bioethanol production (Monte et al., 2009; Meyer and Edwards,
2014). PPMS can also be integrated as a  component of biocom-
posites, bioplastics, cement and asphalt, as well as being used for
adsorbent-absorbent productions (Beauchamp et al., 2002; Mari
et al., 2009; Monte et al., 2009; Li et al., 2011; Yan et al., 2011;
Likon and Trebše, 2012; Almquist and Qin, 2013; Soucy et al., 2014;
Pervaiz and Sain, 2015). These emerging options also have the
potential of being opportunities for industrial synergies, leading
to  mutual economic benefits. The residual of one industry becomes
the primary matter for another industry, fitting with the concept
of industrial ecology.

The reduction or the banning of PPMS landfilling could  repre-
sent a  potential abatement for GHG emissions, especially in North
America (Fischedick et al., 2014).  So far, the GHG emissions from
PPMS landfilling have only been theoretically estimated (1 ton of
landfilled low-ash PPMS could release 2.69 tons of CO2 and 0.24 ton
of CH4 due to aerobic and anaerobic decomposition; Buswell and
Mueller, 1952; Likon and Trebše, 2012)  and robust data series from
direct GHG measurements are non-existent for different landfill
conditions and mill operations (NCASI, 2005; IPCC, 2006). The GHG
emissions from wastewater treatment plants can be estimated
with models and life cycle analyses (Ashrafi et al., 2013a, 2013b,
2015; O’Connor et al., 2014; Zang et al., 2015) but the emissions
from PPMS management are unknown outside the mill operations.
The impacts on climate change from the pulp and paper industry
can also be estimated through its GHG emissions using calcula-
tion tools such as the one built by the National Council for Air
and Stream Improvement (NCASI, 2005). However, data from direct
GHG emission measurements that isolate the contribution of PPMS
management practices on the GHG emission budgets are missing
in the NCASI calculation tool and are not  considered in  the guide-
lines of the Intergovernmental Panel on Climate Change (IPCC)
for national greenhouse gas inventories (IPCC, 2006). Therefore,
direct measurements linked to various PPMS management prac-
tices could be used in  databases such as the Ecoinvent database
utilized by the SimaPro software for example (Ecoinvent, 2013;
PRé Consultants, 2014), or to build models similar to the biosolids
emissions assessment model (BEAM) that estimates GHG emissions
from municipal biosolid management (SYLVIS, 2009; Brown et al.,
2010).

This review aims to describe the variety of the actual and emerg-
ing  PPMS management practices that are alternatives to landfilling.
Moreover, the objective is to underline that GHG emission assess-
ments from PPMS management practices are needed to:
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Table  1

Physical and chemical properties of primary, secondary, mixed (primary-secondary) and de-inking pulp and paper mill  sludge (PPMS).

Parameter Primary PPMS Secondary PPMS Mixed PPMS De-inking PPMS Referencesc

Dry matter (% FMa)  15–57 1–47 19–60 32–63 1–23
Ash  content (% dry solids) 10–15 10–20 20 40–60 8, 13
Nitrogen (% DMb) 0.045–0.28 1.1–7.7 0.7–3.6 0.15–1.0 1–3, 6, 7, 9–13, 15–17, 19–28
Phosphorus  (% DM)  0.01–0.06 0.25–2.8 0.22–0.74 0.0012–0.16 1–3, 7, 9, 11, 12, 15–17, 19, 20, 22, 25–28
Potassium (% DM)  0.02–0.09 0.078–0.7 0.03–0.33 0.0029–0.2 1–3, 7, 9–11, 15–17, 19, 20,  22, 26–28
C:N  ratio 111:1–943:1 8:1–50:1 13:1–31:1 34:1–344:1 1–3, 6, 9–11, 15–17, 19–31
pH  5.0–11.0 6.0–8.5 3.8–8.1 7.2–9.2 1–3, 5–7, 9–12, 14–16, 19–22, 24–26, 28, 32
Heating  value (MJ  kg−1 DM) 5.5 0–25 14–19 1.5–5.7 8, 12, 23

a Fresh matter.
b Dry matter.
c References: 1 – Aitken et al. (1998); 2 – Simard et  al. (1998); 3  – Charbonneau et al. (2001);  4 – IPPC (2001); 5  – Calace et al. (2003);  6 – Allahdadi et al. (2004);  7 –

Legendre et al. (2004); 8 – CANMET (2005);  9  – Gea et al. (2005);  10 – Curnoe et al. (2006);  11 – N’Dayegamiye (2006);  12  – Elliott and Mahmood (2007); 13 – Gavrilescu
(2008); 14 – Ochoa de Alda (2008); 15 –  Price and Voroney (2008);  16 – Rato Nunes et al. (2008);  17 – N’Dayegamiye (2009); 18 – Yan et  al. (2011);  19 –  Gagnon and Ziadi
(2012); 20 – Gagnon et al. (2012); 21 – Chantigny et al. (2013);  22  –  Ziadi et  al. (2013);  23  –  Navaee-Ardeh et al. (2006); 24 – Chantigny et al. (1999);  25  – Fierro et  al. (1999);
26  – Charest and Beauchamp (2002);  27  – Feldkirchner et  al. (2003);  28  –  Cabral et al. (1998); 29 – Dolar et al.  (1972);  30 –  Field et  al. (1996); 31 – Trépanier et al. (1996);
32  – Méndez et al. (2009b).

• Determine the impacts of the current scenarios that  are actually
unknown, as well as from the future scenarios in  which landfilling
will not be possible.

• Build upcoming approved protocols that could be used in  a
cap-and-trade program such as the one of the Western Climate
Initiative (WCI) aiming to reduce and offset industrial GHG emis-
sions.

2. PPMS: types, properties and overview of end-of-life

options

Pulp and paper production requires large amounts of water,
ranging between 15 and 100 m3 Mg−1 dry pulp, used as reac-
tion media and wash water (Ackermann et al., 1999; IPPC, 2001;
CANMET, 2005; Ashrafi et al., 2015),  which effluent needs to  be
treated before being released to the environment. PPMS is  the
organic residual material remaining after wastewater treatment
in the pulp and paper mills. Three main types of PPMS are pro-
duced: primary, secondary and de-inking (Thompson et al., 2001;
Pokhrel and Viraraghavan, 2004; CANMET, 2005; Mahmood and
Elliott, 2006; Monte et al., 2009). Primary and secondary PPMS are
often combined in different ratios (Pervaiz and Sain, 2015) to form
“mixed” PPMS (Table 1; the term “mixed PPMS” is  used hereafter as
a combination of primary and secondary PPMS). In rare cases, PPMS
and municipal biosolids can be combined (Gagnon et al., 2010)
but this type of PPMS is  not  documented in  this review. Proper-
ties of the main types of PPMS are summarized in  Table 1; studies
show that these can be quite variable. Pulp and paper manufac-
turing processes are  of five main types: mechanical (i.e., grinding
and refining processes), chemical (i.e., Kraft and sulfite processes),
chemo-mechanical (i.e., batch and continuous systems), thermo-
mechanical and paper making (CANMET, 2005; Ashrafi et al., 2015).
Thus, the variability in the PPMS properties reflects the quality and
composition of the wastewater effluents that are, up to a  certain
extent, particular to each mill depending on  the type of raw mate-
rial and input, paper making process and wastewater treatment
(CANMET, 2005; Pervaiz and Sain, 2015). However, certain proper-
ties such as the ash content, carbon:nitrogen ratio (C:N) and heating
value can be used to characterize each type of PPMS (Table 1).

Primary PPMS is the residue from the primary treatment with
high fibrous and organic contents (i.e., high C:N ratio, Table 1),
consisting mainly of a  mixture of coarse and fine fibers and
fillers obtained by  gravity through a  primary clarification process
(CANMET, 2005; Pervaiz and Sain, 2015). Wastewater treatments
leading to primary PPMS are mainly physicochemical consisting of
sedimentation and floatation (Thompson et al., 2001; Pokhrel and
Viraraghavan, 2004; CANMET, 2005).

Secondary PPMS (also called biological sludge, biosludge or
waste activated sludge – WAS) is  the residue left after the biolog-
ical treatment of the wastewater, where microorganisms are used
to reduce the charge in  dissolved organic matter, chemical oxy-
gen demand and biochemical oxygen demand (Thompson et al.,
2001; Pokhrel and Viraraghavan, 2004; CANMET, 2005; Mahmood
and Elliott, 2006). The amount of secondary PPMS generated is less
than that of primary PPMS as all the residual cellulosic fibers and
inorganic materials are removed by the primary clarification pro-
cess (CANMET, 2005). Nitrogen, phosphorus and oxygen must be
added to the process to maintain microorganism activity, which
explains the low C:N ratio and high phosphorus content (Table 1).
The most common treatment leading to  secondary PPMS is  aerobic
(e.g., activated sludge process), aeration is  performed into basins,
tanks, ponds or lagoons containing aerobic bacteria that decompose
and remove organic substances (Thompson et al., 2001; Pokhrel
and Viraraghavan, 2004; CANMET, 2005). Water effluents resulting
from the secondary treatment and clarification process do not need
any further treatment and are usually released to  the environment
(CANMET, 2005). Existing or emerging technologies can control and
reduce the quantity of secondary sludge from pulp and paper mills
(Mahmood and Elliott, 2006), which could decrease the amount
of PPMS to  manage. However, more research would be needed to
enhance these reduction technologies and their common utiliza-
tion by the industry (Joo et al., 2015). Primary and secondary PPMS
are often combined to be dewatered by a  mechanical process, and
further disposed or  recycled by different means (Table 1).

Paper recycling produces de-inking PPMS which is  a  combi-
nation of the viscous float or scum created by the dissolved air
floatation process used to  remove inks and dyes from recycled
paper fibers and the primary and secondary clarification processes
(CANMET, 2005). De-inking PPMS contains fibers, inorganic com-
pounds such as ink particles (color pigments), de-inking agents,
adhesive components and fillers (e.g., kaolin, clay and calcium
carbonate; CANMET, 2005; Gavrilescu, 2008; Monte et al., 2009).
Heavy metals and mineral contents of de-inking PPMS are high
whereas heating values are typically low (Table 1; CANMET, 2005;
Rashid et al., 2006). De-inking PPMS is usually characterized by  a
high C:N ratio explained by the high organic content of  wastepaper
(Table 1).

PPMS contains some heavy metals, which can be  an environ-
mental issue regarding their disposal (IPPC, 2001; CANMET, 2005;
Camberato et al., 2006; Rashid et al., 2006; Gavrilescu, 2008; Monte
et al., 2009; Mäkelä et al., 2012; Pervaiz and Sain, 2015). For
instance, PPMS applied as a  soil amendment must follow regula-
tory standards in  order to avoid soil  and watershed contaminations
(Camberato et al., 2006). In Canada, heavy metal contents of  PPMS
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Fig. 1. Overview of the actual and emerging management practices for pulp and paper mill sludge regarding the unknown effects on the greenhouse gas emissions.

are usually less than municipal biosolids and as they are within the
regulatory limits of all provinces they can be used as soil  amend-
ments (Camberato et al., 1997, 2006). It  is  also important to take
into account heavy metal contents of PPMS when using it in  energy
recovery practices (CANMET, 2005; Tsupari et al., 2007; Gavrilescu,
2008). Emissions and ashes from the PPMS combustion in  biomass
boilers are treated by  modern technologies and respect the regula-
tory standards in Canada (CANMET, 2005).

The following sections will describe the actual and possible
future practices for PPMS management. The practices presented
in this paper can be economically and environmentally attractive
options and/or alternatives to the actual disposal by landfilling,
which is being reduced or banned in  some jurisdictions (Council
of the European Communities, 1991; US EPA, 1994; Ljunggren
Söderman, 2003; EC-BiPRO, 2007; Fytili and Zabaniotou, 2008;
Monte et al., 2009; MfE, 2010; MDDEP, 2011; Gouvernement du
Québec, 2012). These PPMS management practices are summa-
rized in Fig. 1 which underlines one crucial and important question
regarding climate change: what will be the impact of these PPMS
management practices on GHG emissions? Several countries make
some or great efforts to  apply GHG emission reduction plans. These
plans need to consider GHG emission contributions from the cur-
rent PPMS management practices in  order to compare the former
emissions to those of future management practices as estimated
in life cycle analyses. Thus, one of the future challenges will be to
integrate PPMS management practices in  scenarios with lower GHG
emissions than the current scenarios without increasing the over-
all management costs for pulp and paper mills. Life cycle analyses
will become a key tool to  assess the changes in PPMS management
practices and their impact on  GHGs but at the moment data are
missing to feed the models.

It is important to  define which GHGs are targeted in cur-
rent and future scenarios of PPMS management practices. In  this
review, GHG emissions refer to carbon dioxide (CO2; Global warm-
ing potential for 100 years – GWP100 = 1), nitrous oxide (N2O;
GWP100 =  265) and methane (CH4;  GWP100 = 28), three important
GHGs included in  usual GHG inventories (IPCC, 2006, 2013). CO2

emissions from biogenic sources (e.g., biomass) are excluded from
GHG inventories, as far as they are included in the carbon stock
changes if there is a  change of the land use category (IPCC, 2006).

Thus here, GHG inventories refer to  CO2 emissions from non-
biogenic sources (e.g., fossil fuel), and N2O and CH4 from both
biogenic and non-biogenic sources (IPCC, 2006).

3. Land application of PPMS

Land application of PPMS is  a common alternative option to
landfilling. PPMS is  used as an organic soil amendment in  agricul-
ture, silviculture and land reclamation, and can be composted prior
to land application (Table 2). Once applied onto the land, PPMS
nutrients (Table 1) are  recycled from the biomass to the soil.

3.1. Land application of PPMS in agriculture

A  complete literature review has been published on  the ben-
efits of using PPMS as an organic soil amendment in agriculture
(Camberato et al., 2006), but few studies reported on the impact of
this practice on GHG emissions (Baggs et al., 2002; Chantigny et al.,
2013). Land application of PPMS in agriculture is performed at the
beginning and/or the end of the growing season by spreading and
incorporating the organic matter into the soil. Benefits of apply-
ing  PPMS are well known in  agriculture as it increases soil quality
and consequently crop yield (Tables 2 and 3). PPMS land application
improves soil fertility by increasing organic matter content (i.e., car-
bon), nutrient content (e.g., nitrogen, phosphorus and potassium),
pH, aggregates and water holding and cation exchange capacities
(Table 3; Camberato et al., 2006). PPMS can also be used as a liming
agent (Camberato et al., 2006; Rato Nunes et al., 2008), which can
substitute commercial lime.

Land application of PPMS increases soil  microbial activity and
biomass as well as the abundance of invertebrates (Table 2).
Chantigny et al. (2000) reported that applied de-inking PPMS stim-
ulated microbial growth and activity while enzyme activity leveled
off  at a rate of 50 Mg dry ha−1 resulting from an excessive car-
bon input. Similarly, a  laboratory study revealed that application
of secondary PPMS from Kraft mill at rates ranging between 10
and 50 Mg wet ha−1 (PPMS collected from the landfill site  after one
year disposal) increased microbial and enzyme activities (Gallardo
et al., 2010). However, the same type of PPMS applied in a  field
experiment at rates of 10,  20 and 30 Mg wet ha−1 did not modify
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Table  2

Summary of the beneficial uses of pulp and paper mill  sludge (PPMS) for land application in agriculture, silviculture, land reclamation and composting.

Type of PPMS Beneficial uses References

Agriculture

-All types -Reviews on the beneficial uses of PPMS as a soil amendment and a
plant nutrient source

Cabral et al. (1998)
Camberato et al. (2006)

-All types -Effects on  yields of various crops (corn, barley, wheat, soybean,
cranberry dry bean, oat,  sugarcane, turfgrass, tall wheat grass, meadow
foxtail, hard fescue, galega, black medic, yellow sweet clover, and
strawberry) and soil  properties of fine and coarse-textured soils

Dolar et al. (1972)
Field et  al. (1996)
Norrie and Gosselin (1996)
Trépanier et al. (1996)
Fierro et al. (1997)
Aitken et al. (1998)
Simard et al.  (1998)
Zibilske et al. (2000)
Legendre et  al. (2004)
Curnoe et al.  (2006)
N’Dayegamiye (2006, 2009)
Price and Voroney (2007)
Rato Nunes et al. (2008)
Tripathy et  al. (2008)
Fan  et al. (2010)
Gagnon et al. (2010)
Amini et al. (2012)
Gagnon and Ziadi (2012)
Gagnon et al. (2012)
Ziadi et al. (2013)

-Primary
-Secondary

-Definition of a  PPMS application index using GIS tools Ribeiro et al. (2010)

-Secondary (extracted from
a  landfill site after 1 year)

-Effect on soil properties (volcanic soils), microbial community and
yields  (crop: Lolium perenne L.)

Gallardo et  al. (2010)
Gallardo et  al. (2012)

-De-inking -Dynamics of PPMS decomposition and its role on soil microflora and
structure in fine-textured soils:
• Aggregate formation
•  Microbial biomass
•  Enzyme activity
•  Active carbon pool

Chantigny et al.  (1999)
Chantigny et al.  (2000)

-De-inking -Effects on  invertebrates (various earthworm species) in fine and
coarse-textured soils

Piearce and Boone (1998)
Price and Voroney (2008)

-De-inking -Effect on dinitrogen fixation in forage legumes (alfalfa, birdsfoot
trefoil, red clover and sweetclover)

Allahdadi et al. (2004)

Silviculture

-All types -Effects on  forest stand growth (various stands: radiata pine, red pine,
lodgepole pine, white spruce, Douglas-fir, maple, alder, aspen and
shrub willow) and soil properties

Henry (1991)
Kraske and Fernandez (1993)
Henry et  al. (1994)
Cabral et al. (1998)
Macyk (1999)
Jackson et al. (2000)
Feldkirchner et al. (2003)
Filiatrault et al. (2006)
Quaye et  al. (2011)

-Primary -PPMS used as herbicide on clear-cut areas Lo et al. (1996)
-Mixed -Effect of the toxic chlorinated organic compound

2,3,7,8-tetrachlorodibenzo-p-dioxin on  breeding birds and small
mammals

Vera and Servello (1994)

-De-inking -Development of a  forest soil  amendment combining PPMS with
residues from steel and pulp and paper industries

Mäkelä et al. (2010)

Land reclamation

-All types -Reviews on the beneficial uses of PPMS as an organic amendment for
the  restoration and rehabilitation of reclaimed sites

Camberato et al. (2006)
Larney and Angers (2012)

-All types -Effects on  the  vegetation (species: bermuda grass, tall wheatgrass),
soil  properties and runoff water quality of reclaimed sites

Feagley et al. (1994)
Fierro et al. (1999)
Shipitalo and Bonta (2008)

-De-inking (byproduct of
paper recycling)

-Effects on  invertebrates (various earthworm species) in the
restoration of a  former landfill site

Piearce et al. (2003)

Composting

-All types -Reviews presenting some beneficial uses of composted PPMS Camberato et al. (2006)
Hubbe et al. (2010)

-All types -Vermicomposting of PPMS alone or combined with municipal
biosolids or dairy sludge

Elvira et al. (1998)
Quintern (2014)

-Secondary
-De-inking

-Effects of co-composting with other residues (i.e., poultry manure,
chicken broiler floor litter, hog manure) on:
•Compost and soil properties
•Crops (snap bean, potato and wheat)

Baziramakenga and Simard (2001)
Charest and Beauchamp (2002)
Lalande et al. (2003)
Charest et  al. (2004)
Gea  et  al. (2005)
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Table 3

Summarized results  from selected studies on the effects of land application of pulp and paper mill  sludge (PPMS) in agriculture on soil and crop properties.

Type of PPMS C:N Application rate Soil texture and
location

Crop Main PPMS effects Reference

-Secondary −11:1 -Control, 38, 88 and
120 Mg ha−1 ,  equivalent to
0–40 g kg−1

-188 days, greenhouse
study

-Cambic Arenosol
(cmAR)
-Sandy loam Cromic
Cambisol (crCM)
-Portugal

-Wheat -Soil:
Increase of pH, organic C  and N contents, available P
and exchangeable K
-Crop:
Rate of 38  Mg  ha−1:  increase of grain yield in crCM
soil
Rate of 120 Mg  ha−1: 32% and 36% decrease of grain
yield in cmAR and crCM soils, respectively
Increase of wheat N content
Decrease of wheat Zn, Mn and Cu contents

Rato Nunes et al.
(2008)

-Secondary −16:1–27:1 -Control, 15  and
25 Mg  dry ha−1

-5-yr field study

-Sandy loam
-Ontario, Canada

-Corn -Soil:
Increase of organic matter but little evidence for
long-term accumulation
-Crop:
Rate of 15  Mg  dry ha−1: 123% increase of grain yield
Rate of 25  Mg  dry ha−1: 152% increase of grain yield
Increase of plant total N content

Curnoe et al. (2006)

-Mixed (from bleached
Kraft pulp) with 3%
addition of municipal
biosolids

−13:1–16:1 -Control, 30, 60 and
120  Mg wet  ha−1

-3-yr field study

-Loamy sand
-Ontario, Canada

-Silage corn -Soil:
Increase of NO3-N content and P saturation index
Increased (or  at  least maintained) organic matter
Cd and Zn accumulations
Recommendation to not exceed a rate of 60 Mg wet
ha−1 to  limit contamination by  NO3

− ,  P and metals
-Crop:
Rate of 120 Mg  wet ha−1: 50%  increase of corn yield
in the 3rd year
Rates of 30 Mg wet  ha−1 with reduced mineral N and
60  Mg  wet ha−1 resulted in yields comparable with
those obtained with complete mineral N fertilization
Cd and Zn accumulations in plant tissues

Gagnon et  al. (2010)

-Mixed (60%
primary–40%
secondary)

−14:1 -Control, 18, 36 and
54 Mg  wet  ha−1

-6-yr field study

-Sandy loam
-Clay loam
-Quebec, Canada

-Grain corn
-Silage corn
-Barley
-Soybean

-Soil:
Sandy loam: increase of N mineralization, microbial
respiration rates and C content
Clay  loam: increase of the macroaggregate sizes,
mean weight diameter of waterstable aggregates,
microbial respiration rates and C content
-Crop:
Sandy loam: increase of silage and grain corn yields
Clay loam: increase of grain corn yield

N’Dayegamiye
(2009)

-Mixed (60%
primary–40%
secondary)

−19:1–24:1 -Control,
20–60 Mg  wet  ha−1

-3-yr field study

-Silt loam
-Quebec, Canada

-Corn -Soil:
Rate of 40 Mg  wet ha−1:  22% and 16% increases of C
and N contents, respectively
Rate of 60 Mg  wet ha−1:  26% and 16% increases of C
and N contents, respectively
-Crop:
35–65% increase of grain yield compared to  the
control

N’Dayegamiye
(2006)
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Table 3 (Continued)

Type of PPMS C:N Application rate Soil texture and
location

Crop Main PPMS effects Reference

-ND −22:1–25:1 -Control, 30, 60 and
90 Mg wet  ha−1

-6-yr field study

-Loam
-Quebec, Canada

-Grain corn -Soil:
Increase of organic P availability
Promoted transformation of residual P to more labile
P  forms
Increase of total C and N contents
Supply of Ca

Fan et al. (2010)

-Mixed −22:1–26:1 -Control, 30, 60 and
90 Mg wet  ha−1

-9-yr field study:
Years 1–3: mixed PPMS
from thermo-mechanical
pulp
Years 4–9: mixed PPMS
from bleached Kraft pulp

-Loam
-Quebec, Canada

-Grain corn
-Cranberry dry bean
-Natto soybean

-Soil:
Increase of organic matter and all major nutrients,
except K and Mg
-Crop:
Rate of 90 Mg  wet ha−1: 19% increase of grain corn
yield; 26% increase of cranberry dry bean yield

Gagnon and Ziadi
(2012)

-Two types of mixed
PPMS
-De-inking

-Mixed: 31:1, 14:1

-De-inking: 65:1

-Control, 30 and
60 Mg wet  ha−1 for mixed
and de-inking PPMS
-Greenhouse study

-Combination of sandy
soils: Gleyed
Humo-Ferric Podzol
and Orthic
Humo-Ferric Podzol
-Quebec, Canada

-Mixed:
Dry bean with PPMS
at C:N 31
Barley with PPMS at
C:N  14
-De-inking
Soybean

-Soil:
Mixed:
Rate of 60 Mg  wet ha−1 (C:N =  14): increase of NO3-N
availability
De-inking:
NO3-N immobilization; little change in other soil
properties
-Crop:
Mixed:
Dry bean: rate of 60 Mg  wet ha−1 increased total
plant N, P and Ca accumulations
Barley: increase of grain yield, straw and root
biomass, and total plant N, P, Ca and Mg
accumulations
De-inking:
Soybean: higher straw yield at 30 Mg wet ha−1 than
with the control and 60 Mg  wet  ha−1;  no  significant
effect  on  grain yield

Ziadi et al. (2013)

-Mixed
(primary–secondary)

-De-inking

-Mixed: 13:1–21:1
-De-inking:
50:1–71:1

-Mixed:
Control,
4.24–6.90 Mg dry ha−1

-De-inking:
Control,
25.9–38.1 Mg  dry ha−1

-3-yr field study

-Clay
-Quebec, Canada

-Silage corn -Soil:
De-inking PPMS increased Zn availability
-Crop:
Mixed PPMS (2–3-yr average):
Yield: 34% higher than control
N-use efficiency: 16 kg dry matter kg−1 N applied
N-accumulation: 30% higher than control
P-accumulation: 13% higher than control
De-inking PPMS (2–3-yr average):
Yield: 43% lower than control
N-use efficiency: −20 kg dry matter kg−1 N applied
N-accumulation: 12% lower than control
P-accumulation: 34% lower than control

Gagnon et  al. (2012)

-De-inking −219:1 -Control, 50 and
100 Mg dry ha−1

-3-yr field study

-Clay loam
-Silty clay loam
-Quebec, Canada

-Alfalfa
-Bromegrass
-Sweet corn

-Soil:
Increase of C content after 2 years
Residual C attributed to de-inking PPMS:
Particulate fraction: remained constant at 70–90%
Light fraction: decrease from >95% to  <50%
Increase of the proportion of soil water-stable
aggregates (>1  mm)  from 2 to 6 times. Effects were
still  detectable after 3 years.

Chantigny et al.
(1999)

ND: PPMS type not determined or specified in the study.
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Table  4

Summarized results from selected studies on the effects of land application of pulp and paper mill sludge (PPMS) in silviculture on soil and stand properties.

Type of PPMS Application rate Stand description Main PPMS effects Reference

-Primary (composted) -Control, 20, 40 and
60 Mg  dry ha−1

-1-yr field study

-Radiata pine (Pinus

radiata)
-Soil:
• N release from  composted PPMS was
mostly absorbed by plant roots within
the 20 cm  soil  depth; no significant
movement below this depth was
measured
-Stand:
•  Increase of stem diameter by 40–66%,
with the highest application rate
resulting in higher growth
• Increase of 17–37% of the foliar N
concentration
• Decrease of water stress

Jackson et  al. (2000)

-Mixed -Control, 40 Mg  dry ha−1

-2-yr field study
-Red pine  (Pinus resinosa) -Soil:

• Increase of forest floor pH by
approximately one unit
•  Increase of exchangeable Ca2+ and
Mg2+ by  100% and 60%, respectively
•  Increase of cation-exchange capacity
and base saturation by  60%  and 34%,
respectively
• One year after mixed PPMS
application, only N+ and SO2−

4
concentrations among base cations
remained five and three times higher
than the  control
•  When compared to the harvesting
operations, PPMS had much less impact
on soil biogeochemical processes

Kraske and Fernandez
(1993)

-Mixed -Rates in the 1st  year:
Control, 16 and
33 Mg  wet ha−1

-Rates in the 2nd year:
Control, 32 and
64 Mg  wet ha−1

-2-yr field study

-Maple stands dominated
by sugar maple (Acer

saccharum)
-Aspen stands dominated
by quaking aspen (Populus

tremuloides)

-Soil:
• Maple stands:
• In the soil layer 0–10 cm: increase of
soil pH by 10% and Ca concentration
with 64 Mg  wet ha−1

• Increase of understory Fe  and Mg
concentrations with 64  Mg  wet ha−1

• Aspen stands:
• Increase of soil pH (0–10 cm layer) by
15% with 64 Mg  wet  ha−1

• For both stands:
•  Increase of understory N and P
concentrations with 64  Mg  wet ha−1

-Stand:
• Increase of foliar N concentration for
both stands with 64  Mg  wet  ha−1

• No PPMS effects on stand growths

Feldkirchner et  al.
(2003)

-De-inking -Control, 73  Mg wet  ha−1

-3-yr field study on two  sites
-Shrub willow (Salix

dasyclados)
No PPMS effects on soil and stand
properties

Quaye et  al. (2011)

greatly the soil microbial community of fungi and bacteria (Gallardo
et al., 2012). Applied de-inking PPMS also increases the abundance
of earthworms, thus improving soil properties (Piearce and Boone,
1998; Price and Voroney, 2008).

Several studies have reported an increased crop yield following
land application of PPMS (Tables 2 and 3). One of the conclusions
from these studies was that repeated applications of mixed PPMS
with reduced nitrogen fertilizer rate was a  sustainable agricultural
practice with the potential to maintain crop quality and yield
and improve soil properties (N’Dayegamiye, 2006, 2009; Gagnon
and Ziadi, 2012). It is important to  consider the effect of the
PPMS C:N ratio on soil nitrogen immobilization which in  turn
affects crop yield (Camberato et al., 2006). Problems with soil
nitrogen immobilization can be avoided by the addition of mineral
nitrogen fertilizer combined with applied PPMS or use of legumes
(Camberato et al., 2006). Optimum nitrogen rates will depend on
the crop, soil and PPMS characteristics (Camberato et al., 2006).
Land application of PPMS in  agriculture is generally well accepted
and common in areas where pulp and paper mills are localized but
some factors can limit this practice (Camberato et al., 2006; Rashid
et al., 2006). For instance, heavy metal content is  one of the major

public concerns although it is usually less than municipal biosolids
and below the regulatory limits (Camberato et al., 2006). In some
cases, other considerations such as site and soil characteristics,
distance from surface water and wells, depth to groundwater,
potential erosion and runoff, and proximity to  floodplains or
wetlands can be obstacles to land application (Camberato et al.,
2006). However, PPMS land application is  usually well monitored
for the dosages and times of application and must respect the state
rules in order to avoid soil and water contamination (Camberato
et al., 2006; Rashid et al., 2006).

3.2. Land application of PPMS in silviculture

Land application of PPMS is  practiced in silviculture to improve
soil properties after harvesting and promote stand regeneration
(Tables 2 and 4). However, this practice seems to  be less com-
mon than the application on agricultural lands according to  the
fewer studies on the topic (Tables 2 and 4). As it does onto agri-
cultural land, PPMS applied as an organic amendment in managed
forests affect soil properties by increasing nitrogen content as well
as cation exchange capacity, base saturation and pH (Table 4). PPMS
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application has also positive effects on managed stand growths and
foliar nutrient status (Table 4; Macyk, 1999). Macyk (1999) reported
that PPMS application (from mechanical pulp mill) increased white
spruce (Picea glauca)  and lodgepole pine (Pinus contorta var. latifo-

lia)  seedling height and diameter by  up to 2.5 times compared with
the control. Application of composted primary PPMS could also
be an acceptable recycling alternative as it was found to  improve
plantation productivity (Jackson et al., 2000). However, contrasting
results were also reported on the effect of mixed and de-inking
PPMS applications as it did not benefit maple, aspen and willow
stand growths and affect soil  properties (Feldkirchner et al., 2003;
Quaye et al., 2011).

Primary PPMS can also act as herbicide on clear-cut areas tar-
geted for stand regenerations (Table 2). Lo et al. (1996) applied
primary PPMS as a substitute for herbicides, one year prior to  the
plantation of hybrid poplar cuttings. Weed growth was decreased
by 75–90% and the effect lasted during the second year without
additional application.

The use of mixed PPMS on forest soil  for stand regener-
ation could have adverse effects on wildlife as they contain
2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), a  chlorinated organic
compound, known to be toxic and/or sublethal on adult animals
and bird embryos (Table 2). Nevertheless, Vera and Servello (1994)
reported that mixed PPMS application at a  rate of 45 Mg  dry ha−1 on
regenerating spruce-fir (Picea spp. – Abies balsamea) forest stands
did not affect breeding birds or small mammal  communities in
the first and second years following application. However, species
known to be affected by TCDD were in negligible abundance in the
studied forests, which most likely explained the absence of notice-
able adverse effects (Vera and Servello, 1994). TCDD levels in PPMS
used in silviculture should therefore remain a  cause for concern as
more research is  needed on their impacts on the surrounding fauna.

PPMS can be combined with various industrial residues to  be
used as forest soil amendments (Table 2). Mäkelä et al. (2010)
developed such an amendment by incorporating de-inking PPMS
as a reactive aggregate with other residues from Finnish steel and
pulp and paper industries. The resulting forest soil amendment had
properties comparable to commercial ground limestone products
(Mäkelä et al., 2010). The total concentration of chrome exceeded
the Finnish statutory limit value for forest soil amendment only
under severe leaching tests (Mäkelä et al., 2010). Thus, there could
be a potential to integrate PPMS with residues from different indus-
tries to produce forest soil amendments as long as it does not
counteract climate change mitigation actions.

3.3. Land application of PPMS for land reclamation

PPMS is a  valuable soil organic amendment for land reclama-
tion (Table 2). Examples of degraded soils are eroded agriculture
sites, oil and gas well sites, mine tailing sites, abandoned quarries
and temporary roads on managed forest sites (Larney and Angers,
2012). Such types of soils lack organic matter, which can be  reme-
diated by the high organic content of PPMS (Shipitalo and Bonta,
2008; Larney and Angers, 2012). Sludge application on degraded
soils can also increase its biota by sustaining earthworm commu-
nities (Piearce et al., 2003). Moreover, soil aggregate formation
favored by PPMS application can become hotspots for microbial
and faunal activity (Larney and Angers, 2012). Nitrogen content
immediately available for plant growth (i.e., mineralized nitro-
gen) is also increased, as long as a  high C:N ratio does not favor
nitrogen immobilization (Larney and Angers, 2012; Thangarajan
et al., 2013), which could seriously hinder a  land reclamation opera-
tion. Cation-exchange capacity of amended degraded soil increases,
especially if the PPMS composted prior to their application (Fierro
et al., 1999; Larney and Angers, 2012). As measured for agricultural
land, PPMS application on degraded soils increases water-holding

capacity (Fierro et al., 1999; Larney and Angers, 2012), which can be
an important improvement for coarse textured soils. Therefore, the
positive effects of PPMS amendments on degraded soil  properties
can decrease its erosion and favor plant growth on reclaimed land
(Shipitalo and Bonta, 2008; Larney and Angers, 2012). Shipitalo and
Bonta (2008) showed that mixed PPMS applied to reclaim a  surface-
coal mine at  rates of 224 and 672 Mg dry ha−1 increased plant
growth and decreased soil erosion from 47 Mg ha−1 to 1  Mg  ha−1

compared with the control. Although water runoff was decreased,
it contained significant amounts of dissolved organic carbon and
increased the chemical oxygen demand (Shipitalo and Bonta, 2008).
The authors concluded that PPMS application for surface-mine
reclamation could reduce the operational costs as the size of the
sediment basins could be smaller than standard practices due to
lower water runoff (Shipitalo and Bonta, 2008).

3.4. PPMS composting prior to land application

Composting of PPMS prior to land application enhances its
overall quality as a soil amendment (Table 2; Joo et al., 2015). Com-
posting is a  biological process that converts lignocellulosic residues,
such as PPMS, into a  stabilized and non-hazardous material, rich in
humic-like substances devoid of pathogens (Hubbe et al., 2010).
Composting of primary and de-inking PPMS with other types of
nitrogen-rich wastes decreases C:N ratio, prevents soil nitrogen
immobilization and renders the resulting amendment suitable for
plant growth (Camberato et al., 2006; Hubbe et al., 2010). Some
studies reported on the co-composting of PPMS with municipal
biosolids, fertilizers, animal manures and chicken broiler floor lit-
ter (Table 2). De-inking PPMS was  composted with poultry manure
and chicken broiler floor litter during 24 weeks at three initial nitro-
gen contents of 0.6%, 0.7% and 0.9% (Charest and Beauchamp, 2002;
Charest et al., 2004). Results showed that the composting pro-
cess occurred in  two steps: the first eight weeks consisted of high
cellulose and hemicellulose degradation followed by the decompo-
sition of resistant carbon fractions (Charest et al., 2004). Microbial
biomass was  at the highest level at the 12th week (Charest et al.,
2004). The composting mixture with an initial nitrogen content
of 0.6% yielded the lowest C:N ratio after 24 weeks and was the
best to enhance de-inking PPMS composting by mechanical turning
(Charest and Beauchamp, 2002). The initial pH and C:N ratio were
found to be the key factors in the composting process however, the
24-week composting period was  not  long enough to produce full
mature compost (Charest and Beauchamp, 2002). The final product
met  the requirements of types AA and A  of the Canadian Compost
Standards, except for copper concentration corresponding to type
B (Charest and Beauchamp, 2002). Gea et al. (2005) showed the
feasibility of composting de-inking and secondary PPMS alone and
combined with each other both at the laboratory and pilot scales.
No bulking agents were needed when secondary PPMS was  co-
composted with de-inking PPMS. Composting of de-inking PPMS
did not need any amendments or bulking agents, which would
reduce the operating costs if the process was to  be  applied on a
larger scale (Gea et al., 2005). The pilot scale composting experi-
ment showed that C:N ratio of the de-inking PPMS was decreased
(Gea  et al., 2005).

4.  PPMS energy recovery

PPMS is a type of biomass that allows a  variety of energy recov-
ery practices (Table 5), thereby reducing the volume that would be
otherwise directed to landfilling. The substrates resulting from the
energy recovery of PPMS, such as ashes and biochar (see Section
4.3 below), can also be recycled or  reclaimed as soil amendments
and/or used in construction materials. Energy recovery can be
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Table  5

Summary of the technologies in which pulp and paper mill sludge (PPMS) is used in energy recovery practices.

Type of PPMS Technologies References

Combustion

-All types -Reviews or reports presenting technologies for PPMS combustion CANMET (2005)
Oral et al. (2005)
Gavrilescu (2008)

-All types -Technologies on drying pretreatments that increase the energy recovery from
combustion

Krogerus et al. (1999)
Frei et  al. (2006)
Navaee-Ardeh et al. (2006)
Stoica et  al. (2009)
Velis et  al. (2009)

-ND -Effects of combustion parameters (i.e., water content, feeding rate, secondary
air injection; lab-scale experiment with an  internally cycloned circulating
fluidized bed) on  carbon conversion ratio, mean carbon conversion time,
pollutant emission ratio and estimated areal mass burning rate

Shin et al. (2005)

Anaerobic digestion

-All types -Review on the anaerobic digestion of PPMS Meyer and Edwards (2014)
-All types -Modeling approach evaluating the potential for the substitution of fossil fuel by

biogas from the pulp and paper industry in Sweden
Magnusson and Alvfors (2012)

-All types -Modeling approaches estimating GHG emissions Ashrafi et al. (2013a)
Ashrafi et al. (2013b)
O’Connor et al. (2014)
Ashrafi et al. (2015)

-Secondary -Pretreatments aiming to  increase the  PPMS digestibility and decrease digester
sizes

Elliott and Mahmood (2007)
Wood et al. (2009)
Elliott and Mahmood (2012)

-Secondary -MicroSludge process: an  alkaline pretreatment (900 mg L−1 NaOH for 1 h) to
weaken the cell membrane combined with high pressure homogenizer (≈
83  MPa) to  lyse the cells, resulting in  an  increased biogas yield

Rabinowitz and Stephenson (2005)
Stephenson et al. (2005)
Wood et al. (2009)
Saha et al. (2011)
Caulfield (2012)

-Secondary -Co-digestion with municipal biosolids: the substitution of up to  50%  of the
mixture with secondary PPMS did not decrease the CH4 yield compared with a
full  mixture of municipal biosolids

Hagelqvist (2013)

-ND -Pretreatments with rumen microorganisms to  increase lignocellulose
degradation

Gijzen et al. (1988)
Gijzen et al. (1990)

Pyrolysis

-All types -Assessments of PPMS:
•  Characteristics for pyrolysis: e.g.,  pH, electrical conductivity, cation exchange
capacity, metal content, organic matter and CaCO3 contents
•  Pyrolysis behavior: e.g., maximum weight loss rate and its  temperature
• Products: gases, bio-oil, biochar

Méndez et al. (2009b)
Strezov and Evans (2009)
Jiang and Ma  (2011)
Lou  et  al. (2012)
Hossain et al. (2013)
Ouadi et al. (2013)
Reckamp et al.  (2014)

Bioethanol production

-Fermentation processes:
• Separate hydrolysis and fermentation (SHF)

-De-inking Marques et al. (2008)
-From a bleached Kraft process Peng and Chen (2011)
-From a chemical pulping process Zhu et al. (2011)

• Simultaneous saccharification and fermentation (SSF)
-Primary and de-inking Kang et al. (2010)
-De-inking Lark et  al. (1997)

Marques et al. (2008)
-From a bleached Kraft process Fan et al. (2003)

Fan and Lynd (2007a, 2007b)
• Simultaneous saccharification and co-fermentation (SSCF)

-Primary and de-inking Kang et al. (2010)
-ND Zhang and Lynd (2010)

• Consolidated bioprocessing (CBP)
-Primary Moreau et  al. (2015)

Other energy recovery practices

-Hydrogen – biological production
-Primary Moreau et  al. (2015)
-Secondary Valdez-Vazquez et  al. (2005)
-ND Kádár et  al. (2003)

Kádár et  al. (2004)
-Hydrogen – Production with supercritical water processes:
• Supercritical water gasification (SCWG)

-Secondary Zhang et  al. (2010)
• Supercritical water oxidation (SCWO)

-All types • Review on the processes for PPMS Mahmood and Elliott (2006)
-ND Crain et al.  (2000)

-Direct liquefaction–production of liquid fuel
-Secondary Xu and Lancaster (2008)

Zhang et  al. (2011)

ND: PPMS type not determined or specified in the study.
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practiced directly by combustion or  indirectly by microbiologi-
cal and physicochemical processes leading to  the production of
biogas (through anaerobic digestion) and biofuel (through pyrol-
ysis and bioethanol production). A complete process of PPMS to
energy recovery typically includes (1) dewatering and (2) drying
to increase the effective thermal heat capacity, (3) thermal conver-
sion or recovery of biofuel or direct use of the aqueous phase in
which PPMS is processed for biofuel production (CANMET, 2005).
The intensity of the dewatering and drying processes depend on
the technology. Combustion requires dewatering and drying prior
to burning, dewatering is  also needed for anaerobic digestion for
biogas production whereas fermentation for ethanol production
can  use PPMS with low solid content (as low as 20%), reducing
energy consumption for pretreatments (CANMET, 2005; Meyer and
Edwards, 2014).

4.1. Combustion of PPMS

Some paper mills use PPMS as a renewable source of fuel in
biomass boilers and recovery furnaces (Table 5). The main benefits
of using PPMS as fuel are: the hygienic disposal, volume reduction,
recovery of thermal energy by production of steam or super heated
water used further for heat in the paper production operations
and power generation, for instance electricity (CANMET, 2005;
Gavrilescu, 2008). PPMS combined with other biomass residues
from the pulp and paper industry can be an economically attractive
option. The use of biomass instead of fossil fuel reduces the overall
operating costs at the mills and may  lead to fuel self-sufficiency
(Gavrilescu, 2008). The report from CANMET (2005) suggests that
5–34% of the thermal load from fossil fuel may  be substituted with
PPMS, based on a  dry sludge generation rate of 5–15% of mill pro-
duction and depending on the net energy consumption of the mill.

One of the main limiting factors of using PPMS as fuel is  the
high water content (CANMET, 2005; Gavrilescu, 2008). Dewatering
the sludge is essential in order to  achieve an efficient combus-
tion (CANMET, 2005; Ruohonen et al., 2010). PPMS type affects the
dewatering potential: mixed PPMS, which contains higher propor-
tions of cellulosic fibers, is  easier to dewater than de-inking PPMS
containing ink particles, adhesives, mineral fillers (e.g., kaolin, clay
and calcium carbonate) and some cellulosic fibers (Gavrilescu,
2008; Mäkinen et al., 2013). Mechanical dewatering is a  common
practice resulting in  dry contents between 15% and 50% whereas
the  critical level is  ∼42% for an efficient and stable combustion
(Krogerus et al., 1999; Navaee-Ardeh et al., 2006; Stoica et al.,
2009). Biological drying (biodrying) is a  practice that consists of
drying PPMS with ventilated heat generated by microbial activity
from the PPMS itself (Navaee-Ardeh et al., 2006). Biodrying is  a
promising technology that can be cost-effective (Frei et al., 2006;
Navaee-Ardeh et al., 2006).

The low heating value of PPMS is  also a  limiting factor for com-
bustion (Table 1). Sludge is usually co-fired in  small proportions
with other residues from paper mills (Gavrilescu, 2008; Stoica
et al., 2009). Dewatered PPMS has a heating value commonly
ranging between 0 and 6 MJ  kg−1 dry solids but  can reach up to
25 MJ  kg−1 dry solids in rare cases (Table 1; Elliott and Mahmood,
2007). Thus, the common PPMS heating values are low compared,
for instance, with wood that has heating values ranging between
17 and 21 MJ kg−1 dry solids (Raitio, 1992; Mabee and Roy,
2003). The heating value of mixed PPMS on dry basis can reach
14–19 MJ  kg−1, which is similar to wood and peat, but only if the
sludge is dried to above the critical level of 42% dryness for good
combustion (Navaee-Ardeh et al., 2006). When PPMS is  mixed with
bark and other lignin residues from the paper mills, the heating
value can reach up to 26 MJ  kg−1 dry solids (Mabee and Roy,
2003). Combustion in fluidized bed boiler seems to  be the most
efficient technology to  recover energy from PPMS nowadays when

considering the low heating value, economic and environmental
aspects (Mabee and Roy, 2003; CANMET, 2005; Gavrilescu, 2008).

4.2. Anaerobic digestion of PPMS: biogas production

Anaerobic digestion of organic material is a  biological process
leading to biogas production, which is  further used to  produce
energy. Several types of organic wastes can be processed by  anaer-
obic digestion such as food wastes, municipal biosolids, manure
and agricultural wastes (Wang et al., 2008; Magnusson and Alvfors,
2012). Magnusson and Alvfors (2012) investigated the potential of
using PPMS as a  substrate for  biogas production in Sweden. The
modeling approach demonstrated that one third of the national
biogas production could be  achieved if all pulp and paper mills in
Sweden would use PPMS as a substrate for anaerobic digestion. This
biogas could be  used in the transport sector to substitute fossil fuel,
which would be a  step forward to reduce the impact of this sector
on climate warming (Magnusson and Alvfors, 2012).

The modeling approach of Magnusson and Alvfors (2012)
encourages to  go forward with anaerobic digestion, but biogas
production from PPMS is in its infancy and faces technical and
economic challenges such as investment costs to  install the tech-
nology and the appropriate pretreatment leading to an increased
biogas yield (Elliott and Mahmood, 2012; Meyer and Edwards,
2014; Ashrafi et al., 2015; Sawatdeenarunat et al., 2015). Actual
biogas production from PPMS can be  costly for paper mills due
to  long retention times required by the process and large invest-
ments to  install efficient bioreactors (Elliott and Mahmood, 2012;
Meyer and Edwards, 2014; Sawatdeenarunat et al., 2015). However,
the review of Meyer and Edwards (2014) showed that pretreated
PPMS leads to increased biogas yield, the most effective meth-
ods being thermal and microwave treatments and high-pressure
homogenization. Several studies reported on pretreatments that
can decrease the retention time and digester size to produce bio-
gas and increase the biodegradability of PPMS (Table 5; Carlsson
et al., 2012). Retention times for anaerobic digestion of PPMS in
conventional bioreactors usually used for  municipal biosolids can
range from 20 to 30 days, but a series of pretreatments have been
reviewed and applied at the laboratory scale to  reduce the reten-
tion time down to three to seven days (Elliott and Mahmood, 2007,
2012). Rumen microorganisms were found to  have high cellulolytic
activity and increase the rate of lignocellulose degradation com-
pared with conventional inocula such as anaerobic sewage sludge
(Gijzen et al., 1990; Yue  et al., 2013; Sawatdeenarunat et al., 2015).
Meyer and Edwards (2014) concluded that future research should
focus on the relationships between the anaerobic digestibility and
PPMS properties, as biogas yields from non-pretreated PPMS are
largely variable. Moreover, more research should be conducted on
the anaerobic digestion of primary PPMS as it is  the most abun-
dant (Meyer and Edwards, 2014). For instance, in  Canadian pulp
and paper mills, the average ratio primary:secondary PPMS is  esti-
mated to  be 70:30 (Elliott and Mahmood, 2005), although it can
differ among mills (e.g., 50:50, 40:60 or  67:33; Rashid et al., 2006;
Stoica et al., 2009; Meyer and Edwards, 2014; Pervaiz and Sain,
2015). Future research should also focus on the anaerobic diges-
tion of the high content of lignocellulosic material in PPMS (Meyer
and Edwards, 2014; Sawatdeenarunat et al., 2015). Thus, new tech-
nologies for biogas production from PPMS are emerging and have
a concrete potential to  be used in the near future.

4.3. PPMS pyrolysis

Pyrolysis decomposes organic matter by thermochemical con-
version practiced at elevated temperature in the absence of  oxygen.
The end products of pyrolysis are gases and liquids that are used
as fuel (e.g., pyrolytic oil, bio-oil) and a  solid residue similar to
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charcoal, commonly named char or  biochar. Energy produced by
pyrolysis can be used in  pulp and paper mills or sustains the pyrol-
ysis itself. For instances, bio-oil can be adapted and used in  modified
diesel engines, or  in  conventional engines, if blended with conven-
tional fuel (Ouadi et al., 2012, 2013). There are studies reporting on
the use of PPMS as an organic input for pyrolysis (Table 5), another
alternative to landfill disposal.

De-inking PPMS can be used for energy recovery by pyrolysis
(Lou et al., 2012; Ouadi et al., 2013). Paper mills that recycle paper
need high amounts of energy which could be partly produced by
pyrolysis of de-inking PPMS at the mill site (Ouadi et al., 2013). Lou
et al. (2012) reported that tubular furnace pyrolysis of de-inking
PPMS, as a low-quality biomass, produced high-quality fuel and
chemicals on a pilot scale. Yields from pyrolysis at 800 ◦C  of de-
inking PPMS were 46% as solids, 30% as gaseous products (CO2, CO,
CH4, C2H4 and H2) and 24% as bio-oil (Lou et al., 2012). Thus, some
of the gases can be considered as fuel and energy sources (Lou et al.,
2012). Ouadi et al. (2013) addressed some of the research questions
raised by Lou et  al. (2012) by  applying an intermediate pyrolysis
technique using dried and pelletized de-inking PPMS to produce
combined heat and power. Bio-oil produced by  this technique had
a high heating value of 36–37 MJ kg−1,  similar to  biodiesel. This bio-
oil was fully miscible with biodiesel and could be used in modified
or conventional diesel engines (Hossain et al., 2013; Ouadi et al.,
2013). The obtain gases had a  heating value of 5–6 MJ N m−3 (Ouadi
et al., 2013). This intermediate pyrolysis technique did not fully
decompose the organic matter from de-inking PPMS, which pro-
duced solid residues with a  heating value of 3–5 MJ kg−1 (Ouadi
et al., 2013). This technique was feasible in principle and could
be applied at secondary fiber paper mills with a  potential payback
period of less than five years in  terms of savings from the changes
in  the disposal practices and energy recovery (Ouadi et al., 2013).

Bio-oil and biochar can be used for other purposes than energy
recovery. Components of the bio-oil produced by the pyrolysis of
de-inking PPMS have the potential for many uses once isolated (Lou
et al., 2012). For instance, toluene can be used as an organic solvent
(Lou et al., 2012). The compound o-cresol can be used in the syn-
thesis of antioxidants, adhesives and explosives (Lou et al., 2012).
Phenols can be used for the synthesis of phenolic resin and syn-
thetic fiber whereas naphthalene is actually used in spices, plastics,
synthetic dyes and as an intermediate for certain drugs (Lou et al.,
2012).

4.4. Bioethanol production from PPMS

PPMS is a source of lignocellulosic biomass which is used
for bioethanol production, classified as second-generation biofuel
(Mtui, 2009; Demirbas et al., 2011; Joshi et al., 2011; Nigam and
Singh, 2011; Guo et al., 2015). Materials used for second-generation
biofuel generally are from the biological or thermochemical
processing of agricultural lignocellulosic residues, which are non-
edible crop residues (Nigam and Singh, 2011). Second-generation
biofuel does not compete for arable lands as it is the case for
first-generation biofuel produced from basic feedstock (i.e., sugar,
starch, vegetable oil or animal fat; Demirbas et al., 2011; Nigam
and Singh, 2011; Guo et al., 2015). Commercial-scale production
of second-generation bioethanol from lignocellulosic biomass has
recently been reached (Guo et al., 2015), although further research
is needed on the processes to  be economically viable (Baeyens et al.,
2015). Briefly, the review of Baeyens et al. (2015) discussed on five
possible interventions that could improve bioethanol production:
(1) energy integration within the current production process, (2)
use of very high gravity fermentation, (3) development of hybrid
systems, (4) final ethanol dewatering to  fuel grade and (5) other
developments such as cross-flow filtration of bioethanol fermen-
tation broth, novel distillation concepts and improved bioethanol

production plant. Thus, PPMS could be an option for the production
of second-generation biofuel, which would increase the land use
efficiency and have lower environmental impacts compared with
first-generation biofuel (Fargione et al., 2008; Nigam and Singh,
2011; Morales et al., 2015; Nanda et al., 2015).

Several studies reported on PPMS conversion into bioethanol
(Table 5). Bioethanol production is  economically feasible when
the process leads to  concentrations above 4%  (w/v) which is
achievable and can be surpassed (Zacchi and Axelsson, 1989; Fan
et al., 2003; Kang et al., 2010; Zhang and Lynd, 2010). Conver-
sion into bioethanol is controlled by different factors such as the
fermentation process, the cellulose and hemicellulose contents
and the type of PPMS. Three common fermentation processes
have been applied to PPMS for their conversion into bioethanol:
separate (or sequential) hydrolysis and fermentation (SHF), simul-
taneous saccharification and fermentation (SSF), and simultaneous
saccharification and co-fermentation (SSCF; Table 5). Moreover,
consolidated bioprocessing (CBP), which is the direct microbial
conversion of cellulose to ethanol, was recently performed with
primary PPMS (Moreau et al., 2015). Different bacteria are used in
the SHF, SSF, SSCF and CBP processes affecting the bioethanol yields.
Energy required for the conversion can also depend on the process
used, as it has been reported for sugarcane bagasse following an
exergy analysis (Ojeda et al., 2011). As mentioned, PPMS conversion
into bioethanol also depends on the cellulose content as it will pro-
portionally affect the concentrations in fermentable sugars (Monte
et al., 2009; Zhang and Lynd, 2010) and the PPMS types (e.g., from
Kraft vs. thermo-mechanical processes) affect the bioethanol yields
(Monte et al., 2009). Technological advances have been achieved to
convert PPMS into second-generation bioethanol. The five inter-
ventions discussed by Baeyens et al. (2015) could be considered to
upscale the production at low costs for pulp and paper mills.

4.5. Other energy recovery practices

Biowastes, biomass and industrial wastewater have been used
for the biological production of hydrogen (Mizuno et al., 2000;
Noike et al., 2002; Kádár et al., 2003, 2004; Valdez-Vazquez et al.,
2005; Kothari et al., 2012; Rama Mohan, 2015; Sharma and Ghoshal,
2015). Hydrogen is an energy carrier (not a  fuel) and is one of  the
potential options to replace fossil fuel, as it is  a  renewable source
with a  moderate footprint on GHG emissions following combustion
(Kothari et al., 2012; Amoo and Fagbenle, 2014). PPMS has been
investigated as a  potential residue for the biological production
of hydrogen (Table 5). Anaerobic fermentation of PPMS using
thermophile bacteria had a  hydrogen yield that remained lower
compared with other types of sugars, such as glucose and xylose
(Kádár et al., 2003, 2004). A successive application of three incu-
bation cycles of PPMS with microbial consortia of solid substrate
anaerobic digesters increased the hydrogen yield compared with
one incubation cycle (Valdez-Vazquez et al., 2005).  This procedure
was named as “intermittently vented solid substrate anaerobic
hydrogen generation” (IV-SSAH) and claimed to be a feasible strat-
egy for obtaining higher hydrogen yields from the fermentation of
industrial solid wastes (Valdez-Vazquez et al., 2005). Moreau et al.
(2015) succeeded in producing biohydrogen from primary PPMS
fermentation, but  their work was conducted at the laboratory scale.
Biological production of hydrogen from PPMS and other types
of bioindustrial wastes is  still in  its early stage and need further
developments (Kothari et al., 2012). In ideal conditions, about 40%
of the chemical energy in  industrial wastewater can be converted
into hydrogen energy while by-products from the process (acids
and alcohols) require further treatments for full energy recovery,
which requires the development of a  sustainable technology
(Kothari et al., 2012). Isolations of new bacterial strains resulting
in efficient hydrogen production should also be  performed in
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combination with genetic engineering, reactor optimization and
use of low cost raw materials (Kothari et al., 2012).

Technologies involving supercritical water can also produce
hydrogen from biomass. Supercritical water has a  pressure and
temperature that are, at or above their critical points (22.1 MPa
and 374 ◦C). In the supercritical phase, water has a high diffusion
capacity, a low viscosity and acts as a solvent for organic molecules
(Gloyna et al., 1994; Matsumura et al., 2005; Mahmood and Elliott,
2006; Yanik et al., 2007; Zhang et al., 2010). Supercritical water
treatments were successfully applied to PPMS to produce energy
and remove contaminants (Table 5).  Supercritical water gasifica-
tion (SCWG) produces hydrogen from the biomass with the main
advantage of having a high solid conversion, i.e., with low or no for-
mation of char and tar (Xu and Antal, 1998; Matsumura et al., 2005;
Yanik et al., 2007; Zhang et al., 2010).  SCWG from biomass also
produces other gases such as CH4,  CO2 and CO (Yanik et al., 2007).
Unlike combustion and pyrolysis, biomass treated with supercriti-
cal water does not need to be dewatered/dried prior to the process
(Furness et al., 2000; Mahmood and Elliott, 2006; Zhang et al.,
2010), which is one of the benefits of this technology as PPMS dewa-
tering can be costly. Zhang et al. (2010) reported that secondary
PPMS treated by SCWG had the highest gas yield with 37.7% of PPMS
(on dry basis) converted into gases, from which hydrogen yield
was 14.5 mol  H2 kg−1. Gas yield from secondary PPMS was  higher
than municipal biosolids treated by SCWG (Zhang et al., 2010).
Supercritical water oxidation (SCWO) of secondary PPMS has been
reviewed by Mahmood and Elliott (2006).  SCWO produces water,
CO2, nitrogen (without the formation of NOX and SOX),  acids and
salts (Mahmood and Elliott, 2006; Wang et al., 2008). SCWO was
efficient in removing contaminants from various types of PPMS,
which could be applied in sludge remediation technology (Crain
et al., 2000). SCWO also has the potential to  produce energy (hot
water and high-pressure steam) as reported for the treatment of
municipal biosolids (Svanström et al., 2004; Wang et al., 2008).
SCWG and SCWO processes applied on various types of wet biomass
(e.g., sewage sludge, wood sawdust and glucose) were reported to
be  effective for the production of hydrogen (Xu et al., 1996; Xu and
Antal, 1998).

Direct liquefaction is a  one-step process that converts biomass
into liquid fuel without the gasification step (Behrendt et al., 2008).
Direct liquefaction is  practiced at temperatures varying between
150 and 420 ◦C, lower than pyrolysis, and pressures ranging from
0.1 to 24 MPa  (Behrendt et al., 2008). Water can be an effective sol-
vent for liquefaction, which is one of the benefits when the process
is applied to PPMS as dewatering is not required (Table 5; Zhang
et al., 2011). Catalysts are also used during liquefaction in  order to
improve the fuel yield and decrease the formation of char (Xu and
Lancaster, 2008; Zhang et al., 2011). Xu and Lancaster (2008) per-
formed liquefaction experiments on dried secondary PPMS powder
in suspension in distilled water using a  bomb reactor (temperature
range of 250–380 ◦C), with and without catalysts. Yields of heavy
and water soluble oil were affected by  the liquefaction tempera-
ture, residence time, initial biomass concentration, catalysts and
liquefaction air (inert or reducing). The highest heavy oil yield was
26% with a heating value above 35 MJ  kg−1,  obtained in  the pres-
ence of a catalyst (0.1 M Ca(OH)2)  and a pressurized hydrogenous
(2 MPa  of H2) air  (Xu and Lancaster, 2008). Xu and Lancaster (2008)
pointed out that they first aimed to understand the controlling fac-
tors of the process and that future work should be realized at the
commercial-scale, where secondary PPMS is  treated as received
(i.e., without any drying treatment). Zhang et al. (2011) experi-
mented on the co-liquefaction of various ratios of secondary PPMS
mixed with waste newspapers using different catalysts. The heavy
oil yield increased at temperatures ranging between 250 and 350 ◦C
with a maximum of 28% at 350 ◦C. The heavy oil  yield increased to
34.4% when using the most effective catalyst HCO2H (Zhang et al.,

2011). Their experiments were performed in a  bench-scale batch
reactor.

5. Integration of PPMS in materials

There are numerous options for using PPMS as a  material com-
ponent (Table 6). It is integrated in a  variety of materials such as
biocomposites of wood and plastic and other construction materi-
als. PPMS is also used in the adsorbent–absorbent productions.

5.1. Biocomposite: PPMS in wood and plastic materials

PPMS contains organic (e.g., cellulose fibers) and inorganic com-
ponents (e.g., clay, calcium carbonate) that improves the properties
of composites such as polypropylene, polyethylene and rubber
(Table 6). For instance, PPMS can replace the inorganic fillers in
the production of rubber and polypropylene–ethylene propylene
diene terpolymer (PP-EPDM; used in rubber industry) composites
to improve the product properties and reduce the production cost
(Ismail et al., 2005, 2006). Their incorporation increased the tensile
modulus (i.e., Young’s modulus or elasticity) but decreased the ten-
sile strength and elongation at break (Ismail et al., 2005, 2006). The
sludge also increased the thermal stability above 500 ◦C and water
absorption of PP-EPDM composites (Ismail et al., 2005).

PPMS can be used in the composition of wood and polyethyl-
ene materials (Table 6). Soucy et al. (2014) determined the impact
of using primary and secondary PPMS, from thermo-mechanical,
chemithermomechanical and Kraft pulping, on the development of
high density polyethylene-wood-plastic composites (HDPE-WPC).
HDPE-WPC properties were better when using PPMS from Kraft
pulping, with its high cellulosic content and longer fibers, compared
with PPMS produced by thermo-mechanical and chemithermo-
mechanical pulping (Soucy et al., 2014). The composite strength,
water absorption and thickness swelling improved by increasing
PPMS proportion (Soucy et al., 2014). However, Hamzeh et al.
(2011) reported that water absorption and thickness swelling were
decreased with increasing PPMS proportion using different PPMS-
composite formulations than Soucy et al. (2014).  Primary PPMS
fibers reinforced HDPE-WPC whereas secondary PPMS content neg-
atively affected the physical and mechanical HDPE-WPC properties
(Soucy et al., 2014).

PPMS can also be used to substitute wood in the production
of pallets (Table 6). In the U.S., pallets made of wood represent
approximately 95% of the pallet market share and the annual pro-
duction is estimated to 450 million new pallets (Kim et al., 2009).
The substitution of 10% of wood particle by PPMS resulted in  pal-
lets having the same mechanical properties than pallets made with
only wood particles and meeting the minimum requirements for
standard manufacturing (Kim et al., 2009).

Some studies demonstrated that PPMS can be incorporated
(partly or totally) in the production of medium density fiberboards
(MDF) and particle boards (Table 6). Primary and secondary PPMS
have natural adhesive properties enabled by their fiber and protein
contents, which can be used as a  fiber source and particle binders
in  MDF  and particle board productions (Migneault et al., 2011a,
2011b; Pervaiz and Sain, 2011, 2012; Xing et al., 2012a, 2012b,
2013). Secondary PPMS was tested as a  co-adhesive in MDF  resin
(Migneault et al., 2011b; Xing et al., 2012a, 2012b, 2013), its use
reduced the formaldehyde emissions by up  to 68% compared with
control panels and did  not affect the internal bond strength of  the
MDF product (Migneault et al., 2011b). However, the short fibers
length and the high non-fibrous content of the secondary PPMS
negatively affected the mechanical properties of the MDF, although
it still met  the highest standards of the American National Standard
Institute (ANSI; Migneault et al., 2011b). On the other hand, tests
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Table  6

Summary of the emerging options in which pulp and paper mill sludge (PPMS) is  integrated in materials.

Type of PPMS Emerging options: materials in which PPMS is integrated Reference

Biocomposite: wood and plastic materials

-Polypropylene (PP) composites:
-De-inking • Coupled with PP and maleic anhydride grafted polypropylene (MAPP) Qiao et al. (2004)
-ND • Tested as a  filler/reinforcement Girones et al.  (2010)
-ND • Thermoplastic polymer composites:

• PP
• High impact polypropylene (HIPP)
• High-density polyethylene (HDPE)
•  Low-density polyethylene (LDPE)

Son et al. (2004)

-ND -Polypropylene-ethylene propylene diene terpolymer composites
(PP-EPDM composites)

Ismail et al. (2005)

-ND -Rubber composites Ismail et al. (2006)
-All types -Wood-plastic composites:

• High density polyethylene-wood-plastic composites (HDPE-WPC)
Hamzeh et  al. (2011)
Hamzeh et  al. (2012)
Huang et  al. (2012)
Migneault et  al. (2014)
Soucy et al.  (2014)

-ND -Wood pallets (i.e., green composite pallets) Kim et  al. (2009)
-All types -Medium density fiberboards (MDF):

• Used as a  fiber source and adhesive
Davis et al. (2003)
Geng et al. (2007a)
Geng et al. (2007b)
Migneault et  al. (2010)
Migneault et  al. (2011a)
Migneault et  al. (2011b)
Pervaiz and Sain (2011, 2012)

-Particle boards:
• Used a  fiber source and particle binder

-Secondary Xing et al. (2012a, 2012b)
Xing et al. (2013)

-From chemimechanical and neutral
sulfite semichemical pulping

Taramian et  al. (2007)

-Primary -Nanocellulose (i.e., nano sized cellulose) Leão et al.  (2012)
-ND -Lactic acid leading to bioplastic production Tong et  al. (2004)

Shabna et al. (2011)
Cement and asphalt productions

-Integrated in cement, concrete, clinker and brick productions:
-Secondary • Used as secondary raw materials to  produce cement and clinker and

tested in mortar preparations
Buruberri et al. (2015)

-De-inking • Addition in cement mortar Yan et al. (2011)
-From Kraft pulping • Addition in clay brick Demir et al. (2005)
-ND • Replacement of the  mineral filler material in concrete Ahmadi and Al-Khaja (2001)
-De-inking
-Sludge from the final filter cakes from
the wastewater treatment

-Integrated as fiber additive in asphalt Mari et  al. (2009)

Adsorbent–absorbent productions

-Adsorbents for environmental decontamination:
-Secondary • Activated carbon made from pyrolyzed PPMS and KOH-activation

tested for the  adsorption of metals (copper, cadmium and chromium)
Kang et al. (2006)

-Mixed • Removal of heavy metals from contaminated water Calace et  al. (2002)
Calace et  al. (2003)

-De-inking • Comparison between pyrolyzed PPMS and the commercial activated
carbon BPL on the adsorptive capacity for mercury

Almquist and Qin (2013)

-De-inking
-Sludge from eucalyptus virgin pulp
mill

• Pyrolyzed PPMS for the removal of copper ions and malachite green
from  contaminated water

Méndez et al. (2009a)
Méndez et al. (2010)

-ND • Paper mill  waste tested for the  removal of heavy metals from
contaminated water

Lister and Line (2001)

-ND • PPMS tested for the removal of lead from contaminated soil He et al. (2010)
-ND • Activated carbon made from PPMS to remove dyes from dying,

textile, leather, paint and plastic industries
Li et al. (2011)

-ND • Pyrolysis and physical activation of PPMS tested for NO2 removal Hofman and Pietrzak (2012)
-Absorbents:

-De-inking • BIODAC granules: carrier for microorganisms (bacteria and fungi)
tested for soil  bioremediation

Ilyina et al. (2000)

-De-inking • PPMS tested as animal bedding Beauchamp et al. (2002)
-De-inking
-From chemo-mechanical pulping

• Treated PPMS (hydrophobation, mechanical and thermal treatments)
tested as a  substitute of mineral and synthetic absorbents for the
removal of hydrophobic substances from contaminated water

Likon et al. (2009)

-ND • A patent for a  cellulose absorbent made from a fibrous cellulose
component including wood fibers, fiber pile, chip wash solids, fiber
waste and wood fiber fines

Eifling and Ebbers (2006)

ND: PPMS type not determined or specified in the study.
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on different secondary PPMS proportions (Xing et al., 2012a, 2012b,
2013)  only partly met  the ANSI standards, making proportions of
secondary PPMS, used as a  co-adhesive in MDF resin, a  critical issue
in order to meet the highest product standards. Migneault et al.
(2011a) evaluated the properties of binderless fiberboard made
from combinations of primary and secondary PPMS in different
ratios. Among the ratios tested, the secondary:primary PPMS ratio
of 3:7 from thermo-mechanical pulping was the only one meeting
the ANSI standards for basic hardboard (Migneault et al., 2011a).

There is emerging research on the extraction of nanocellulose
from primary PPMS by using high pressure defibrillation and chem-
ical purification processes (Table 6). The extracted nanofibers can
be used to form a nanocellulose-polyurethane nanocomposite hav-
ing a wide range of biomedical and biotechnological applications
(Leão et al., 2012). PPMS could be integrated in  bioplastic produc-
tion (Table 6; Vijayakumar et al., 2008)  and substitute fossil-based
plastic. Studies reported that PPMS could be used as a cellulosic
source and growing medium for bacteria producing lactic acid
entering in the synthesis of biodegradable polylactic acid leading to
bioplastic production (Tong et al., 2004; Vijayakumar et al., 2008).

5.2. PPMS integrated in cement and asphalt productions

Studies have shown that PPMS can be integrated in cement,
clinker, mortar, concrete and asphalt productions (Table 6). Ahmadi
and Al-Khaja (2001) reported that PPMS can substitute mineral
fillers in concrete mixes for non-structural masonry construction.
Replacement of mineral fillers by  PPMS increased concrete water
absorption and met  the compressive strength requirements for
concrete uses in  masonry (Ahmadi and Al-Khaja, 2001). Yan et al.
(2011) demonstrated that de-inking PPMS has the potential to be
used as an additive in cement mortar systems for masonry prod-
ucts. The optimal addition of 2.5% of de-inking PPMS in cement
increased water absorption and did not significantly affect the
mechanical and physical properties (Yan  et al., 2011). Moreover,
de-inking PPMS increased cement setting time, indicating that it
could be used as a  retarding chemical admixture (Yan et al., 2011).
Buruberri et al. (2015) also showed that  it is  possible to  incorpo-
rate a large amount of secondary PPMS in clinker preparation. Mari
et al. (2009) tested PPMS produced by four paper mills for its use
as a fiber additive in stone mastic asphalt in the Philippines. An
addition of 0.3–0.5% of any of the PPMS tested in the stone mastic
asphalt met  the standards for medium and heavy traffic road pave-
ments, according to  the Department of Public Works and Highways
in the Philippines (Mari et al., 2009).

5.3. PPMS used in adsorbent–absorbent productions

PPMS was tested as such or  as a  precursor to be used as
an adsorbent–absorbent in  environmental decontamination, soil
bioremediation and animal bedding (Table 6). Motives to use PPMS
as an adsorbent–absorbent are based on environmental and eco-
nomic reasons (Li et al., 2011; Almquist and Qin, 2013). Using PPMS
as an adsorbent–absorbent represents an environment-friendly
alternative to the conventional disposal in  landfill sites. PPMS has
a low cost and is  easily available to produce adsorbent–absorbent
compared with the expensive commercial products (Li et al., 2011;
Almquist and Qin, 2013).

The use of PPMS as an adsorbent for environmental decon-
tamination, either as a  raw material or after being transformed
by pyrolysis and/or physical activation, was demonstrated in sev-
eral studies (Table 6). PPMS could be an interesting precursor for
adsorbents, considering the high carbon content and proportion
in cellulose fibers. Contaminated water can contain large amount
of heavy metals that need to  be removed (Méndez et al., 2009a).
Conventional methods such as precipitation, ion-exchange and

adsorption with commercial activated carbon are not efficient and
too costly when dealing with a large amount of contaminated water
(Méndez et al., 2009a). Pyrolyzed de-inking PPMS and PPMS pro-
duced by an eucalyptus virgin pulp mill were tested as precursors
for adsorbents that could remove copper ions (Cu2+)  and mala-
chite green from contaminated water (Méndez et al.,  2009a, 2010).
Both types of pyrolyzed PPMS led to mesoporous and high micro-
porous adsorbents, respectively (Méndez et al., 2009a). Adsorbent
made from pyrolyzed de-inking PPMS had the highest capacity to
remove copper ions, which could be due to the elevated oxygenated
surface groups, high average pore diameter, elevated superficial
charge density and calcium and magnesium exchange contents
(Méndez et al., 2009a). Water pH was  also increased by both types
of adsorbents (Méndez et al., 2009a). They also both were able
to adsorb malachite green but the affinity and adsorption inten-
sity was  highest for pyrolyzed PPMS from eucalyptus mill (Méndez
et al., 2010). Calace et al. (2003) reported that mixed PPMS was
able to retain lead, copper, silver and cadmium ions from water
and that  the sorptive capacity was increased with increasing pH.
Thus, mixed PPMS could be used as an adsorbent matrix to remove
heavy metals from contaminated water and increase the pH value
(Calace et al., 2003). Li et al. (2011) tested PPMS as a precursor of
activated carbon for its capacity to  remove dyes (cationic methy-
lene blue and anionic reactive red)  released from dying, textile,
leather, paint and plastic industries, as an alternative to the more
expensive, but commercially available, activated carbon. PPMS was
converted into activated carbon by physical activation with steam
(Li et al., 2011). The activated carbon made from PPMS showed
better adsorptive capacities than the commercially available acti-
vated carbon for both types of dyes tested (Li et al., 2011). PPMS can
also be used as an adsorbent in air decontamination. For  instance,
Almquist and Qin (2013) compared pyrolyzed de-inking PPMS and
the commercial activated carbon BPL (Calgon Carbon, Pittsburgh,
PA) in  their adsorptive capacity for mercury. Such adsorbents are
needed in coal-fired power plants that are responsible for more
than 50% of the anthropogenic mercury emissions in the United
States (Almquist and Qin, 2013). Adsorbent made from pyrolyzed
de-inking PPMS at 750 ◦C  and 950 ◦C  demonstrated higher mer-
cury adsorption capacities compared with commercial BPL mainly
due to pore size distribution (Almquist and Qin, 2013). Pyrolyzed
de-inking PPMS with pore sizes between 25 and 100 nm favored
the kinetics for mercury compared with the pore sizes of less than
10 nm for commercial BPL (Almquist and Qin, 2013). Hofman and
Pietrzak (2012) showed that adsorbent made from the pyrolysis
and physical activation of PPMS was efficient to remove NO2 in
wet and dry conditions.

PPMS has absorptive properties that could be used in  soil biore-
mediation and animal bedding (Table 6). The absorptive capacity
of PPMS can be used as a  vector to release chemicals and inocu-
lated bacteria in agriculture and horticulture (Ilyina et al., 2000).
De-inking PPMS was tested to be a  carrier for microorganisms for
potential use in soil bioremediation. Ilyina et al. (2000) reported
that granulated de-inking PPMS was able to  sustain inoculated
microorganisms for at least two  months. However, de-inking PPMS
decreased soil capacity to  retain moisture, which is likely due to  the
PPMS porosity that favored water evaporation (Ilyina et al., 2000).
Beauchamp et al. (2002) investigated the animal product safety
and performance in  presence of de-inking PPMS. One of the treat-
ments consisted of feeding broilers with 0, 5 or 10% of their ration
with de-inking PPMS. Broilers and pigs were also subjected to a
growth experiment in  which bedding treatments were de-inking
PPMS compared with wood shavings (Beauchamp et al., 2002).
Results showed that blood and bone contents in  aluminum and
copper were not  affected by de-inking PPMS for both broilers and
pigs (Beauchamp et al., 2002). Moreover, feeding and bedding with
de-inking PPMS did  not  affect the polycyclic aromatic hydrocarbon
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contents of liver, fat, meat or  urine, neither the growth for broilers
and pigs. This study showed that  de-inking PPMS could be safely
used as low cost material for animal bedding.

6. Determinants of GHG emissions from PPMS

management practices: knowns and unknowns

Some studies presented in this paper provide information on
known determinants of GHG emissions from PPMS management
practices (Table 7). This information could constitute a  basis on
which upcoming research challenges should focus in order to
increase the comprehension of known GHG determinants and
reveal unknown factors. Future research should aim to increase the
amount of robust GHG emission assessments from the life cycles of
various PPMS management practices (Table 7).

The GHG emissions from PPMS landfilling can be estimated
using approved methods but the uncertainties are large and no
measurements at the industrial scale are available for all countries
neither for each type of PPMS (Table 7; NCASI, 2005; IPCC, 2006;
Faubert et al., 2015). It is crucial to perform such measurements
that would isolate the PPMS contributions to the GHG emissions
from a landfill site. As  a common baseline scenario for several juris-
dictions, a pulp and paper mill that would reduce the amount of
PPMS managed by landfilling could generate tradable GHG off-
set credits on carbon markets, such as those of the WCI  and
European Union Emissions Trading Systems (EU ETS). In this con-
text, reliable comparisons of the GHG assessments between PPMS
landfilling and alternative practices would be necessary. These
assessments should be based on measurements, follow the six
principles of a project-based GHG reductions (relevance, complete-
ness, consistency, transparency, accuracy and conservativeness)
and demonstrate additionality to the baseline scenario (WBCSD,
2005).

Although literature on PPMS land application in agriculture
is relatively abundant (Tables 2 and 3), the impacts on GHG
emissions remain largely unknown (Table 7). Part of the nitrogen
contained in PPMS and other organic fertilizers is emitted from
agricultural soils as N2O (IPCC, 2006; Rochette et al., 2008). In
Canada, agriculture is  responsible for 70% of the anthropogenic
N2O emissions (Environment Canada, 2015). N2O  emissions from
agricultural soils are  caused by denitrification and nitrification
processes driven by a myriad of factors such as the form under
which nitrogen is present in the soil (e.g., NH4,  NO3),  labile carbon
and water contents, organic matter, pH and meteorological factors
(Rochette et al., 2008; Thangarajan et al., 2013). The percentage of
applied nitrogen lost as N2O–N emissions from agricultural soils is
called the fertilizer-induced N2O  emission factor (FIEF; Bouwman,
1996, 1998; IPCC, 2006; Rochette et al., 2008; Chantigny et al.,
2013). The IPCC guidelines for national greenhouse gas inventories
(IPCC, 2006) ruled on a  default FIEF of 1% for all types of nitrogen
additions (i.e., mineral and organic amendments). Uncertainties
on this default FIEF are large ranging from 0.3 to 3% (IPCC, 2006).
Moreover, the studies preoccupied with the FIEF reported that
it varies according to the type of nitrogen addition (mineral vs.
organic; Baggs et al., 2002; Gregorich et al., 2005; Rochette et al.,
2008; Chantigny et al., 2013; Thangarajan et al., 2013). So far, FIEFs
from PPMS land application have only been reported by  few studies
(Baggs et al., 2002; Chantigny et al., 2013; Faubert et al., 2015). A 2-
yr mean FIEF of 1% was measured for mixed PPMS applied on a  soil
cropped with wheat (Faubert et al., 2015). Chantigny et al. (2013)
measured 2-year mean FIEFs of 0.9 ± 0.2% and −0.4 ± 0.2% for mixed
and de-inking PPMS applications, respectively (the negative FIEF
means that de-inking PPMS application had lower N2O emissions
than the control). The N2O emissions from mixed and de-inking
PPMS applications were also compared with other types of mineral

and organic amendments on a  corn crop. FIEFs from mixed and
de-inking PPMS applications were lower than from nitrogen fertil-
ization using mineral fertilizer and pig slurry (2-year mean FIEFs:
mineral fertilizer, 4.2  ± 0.9%; pig slurry, 2.5 ± 0.5%; Chantigny et al.,
2013). On  the other hand, Baggs et al. (2002) reported a 5% FIEF from
PPMS application on a  soil that had been cropped with calabrese
(Brassica oleracea italic var. cymosa)  after two  years (N2O emissions
measured over 67 days). Such results are important as it shows
that N2O emissions from PPMS land application on agricultural
soils can differ considerably from the 1% default value currently
used (IPCC, 2006). Research on N2O  emission dynamics from PPMS
land application is  in its infancy and must be pursued. More data
on GHG emissions linked to  a  variety of agricultural practices, a
large array of soils, crop types and PPMS characteristics are needed
(Table 7). Using PPMS as a  soil amendment can be a  GHG offset
when it substitutes mineral fertilizers. Such usage avoids scope 3
GHG emissions due to  the life cycle of mineral fertilizer production
(Wood and Cowie, 2004; Murray et al., 2008; Brown et al., 2010).

One study reported on GHG emissions induced by PPMS applica-
tion in silviculture, in managed forest stands (Table 7).  Chuan-kuan
et al. (2005) observed that PPMS (ratio C:N = 23:1, type not
specified) application in  a  sugar maple (Acer saccharum) forest, sig-
nificantly increased maximum soil CO2 emissions by 91% and 126%
compared with the mineral fertilizer treatment and control, respec-
tively. As the CO2 released from the PPMS decomposition in soil
is from biogenic sources it may  not  be  included in  a  GHG emis-
sion inventory (IPCC, 2006). No studies were found on the effect
of PPMS application on N2O and CH4 emissions from forest soils.
The default values for N2O  emissions from managed temperate
and boreal organic nutrient rich and poor forest soils are 0.6  kg
N2O–N ha−1 (uncertainty range of 0.16–2.4) and 0.1  kg N2O–N ha−1

(uncertainty range of 0.02–0.3), respectively (IPCC, 2006). Further
research should be conducted on the effect of PPMS application
on forest soil N2O emissions notably to assess if  they would be
within the range of the IPCC (2006) default emission factors. More-
over, GHG emissions from the application in  forest stands should be
estimated by life cycle analyses including all emissions related to
the machinery required by this practice, such as trucks transporting
PPMS from the paper mill to the forest sites and so on. PPMS spread-
ing also requires that some temporary trails are  used in the forest
by machinery, which can have an effect on the whole forest man-
agement and final stand production. Nevertheless, as discussed for
land application in agriculture, PPMS application in managed forest
stands could represent a GHG offset because it reduces the use of
mineral fertilizers, which production generates GHGs (Wood and
Cowie, 2004; Murray et al., 2008; Brown et al., 2010). Increased for-
est productivity from PPMS application can result in  a  net carbon
uptake from the atmosphere. Under certain conditions, this could
be considered as a carbon absorption, which can be offset from life
cycle emissions. More research is needed on that particular topic
(Table 7).

Literature on GHG emissions from PPMS application for land
reclamation is scant (Table 7). This practice may favor true carbon
sequestration (where CO2 is removed from the atmosphere and
sequestrated into the vegetation and soil) by increasing overall
soil qualities and consequent increase in net primary productivity
from reclaimed soils that are poor in nutrients and organic matter
content (Larney and Angers, 2012). Larney and Angers (2012)
underlined the need for studies on the related GHG emissions,
using life cycle analyses, as does the present review. GHG emission
assessments of PPMS composting, using life cycle analyses, are also
non-existent, to the best of our knowledge (Table 7). This issue
deserves more attention as this practice is a  potential alternative
to landfill disposal. Two  studies on the management of municipal
wastes and biosolids showed that composting can reduce, or
maintain similar GHG emissions, when compared to  current



P. Faubert et al. /  Resources, Conservation and Recycling 108  (2016) 107–133 123

Table  7

Synthesis of the known determinants of greenhouse gas (GHG) emissions from the literature reviewed in this paper for the management practices of pulp and paper mill
sludge (PPMS). Upcoming research challenges leading to  the assessments of GHG emissions from the life cycle of PPMS management depending on the practice are also
presented.

PPMS management
practice

Determinants of GHG emissions Upcoming research challenges leading to  the assessments of
GHG emissions from the life cycles of PPMS management
practices

PPMS landfilling

-Direct GHG emission estimations using the first order of
decay method (FOD; NCASI, 2005; IPCC, 2006):
• The FOD method is  recommended by the IPCC guidelines for
greenhouse gas inventories (IPCC, 2006) to estimate GHG
emissions from solid waste disposal. The calculation tool of
NCASI (2005) estimates the  GHG emissions from landfill sites
of the pulp  and paper industry using a simplified approach of
the FOD method. In this simplified approach, the  degradable
organic carbon (DOC) in wastes is one of the  main parameters
affecting CH4 emissions (NCASI, 2005; IPCC, 2006). The FOD
method  assumes that the DOC in waste decays throughout a
few decades and produces CH4 and CO2 emissions (IPCC, 2006).
• GHG emission determinants related to the use of the FOD
method are attributable to  the uncertainties associated with
the method itself, activity data and parameters (IPCC, 2006):
• GHG determinants related to the method:
• CH4 emissions are induced by  a  series of complex chemical
reactions and a first-order decay reaction may  not always
occur in nature. Thus, reactions may involve higher orders or
be  limited according to specific landfill site conditions, access
to  water and local variations in populations of bacteria (IPCC,
2006).

-Assessment of GHG emissions from landfill sites should
include the monitoring of the specific site conditions such as
meteorological variables (e.g., precipitations, atmospheric
pressure), air and soil moisture/temperature and water table
depth. Analyses of the microorganism communities may also
be  recommended to  determine the local  variations on the site
leading to  methanogenesis and methanotrophy (Le  Mer and
Roger, 2001).

• GHG determinants related to the activity data and FOD
parameters:
• Amount, composition and water content of wastes affect the
DOC used to estimate CH4 emissions from landfill sites (IPCC,
2006).

-An accurate monitoring of the weight of PPMS and other pulp
and paper wastes disposed at the landfill site should be
performed in order to produce reliable GHG  emission
assessments (IPCC, 2006).
-DOC for industrial waste is poorly known (IPCC, 2006). Thus,
DOC  measurements of each type of PPMS (i.e., primary,
secondary, mixed and de-inking) as well as other wastes
should be achieved for each landfill to increase the accuracy of
CH4 emissions estimated by the FOD  method.

-Theoretical estimations of aerobic and anaerobic
decomposition (Buswell and Mueller, 1952; Likon et al., 2009;
Likon and Saarela, 2012; Likon and Trebše, 2012):
• Estimated GHG emissions from low-ash PPMS:
• 2.69 Mg  CO2 Mg−1 low-ash PPMS
• 0.24 Mg  CH4 Mg−1 low-ash PPMS

-These theoretical estimations of CO2 and CH4 emissions need
to  be validated based on  measurements from landfill sites, at
the industrial scale.

-Estimations and measurements of GHG emissions from PPMS
landfilling:
• CH4 generation potential used in Sweden in the FOD method:
0.045 Mg  CH4 Mg−1 PPMS (national value for any type of
PPMS; Swedish EPA,  2015); this value is  also reported in the
simplified FOD method of NCASI (2005).
• Measurements at the pilot scale, cumulated GHG emissions
(N2O and CH4) over two  snow-free seasons (Faubert et al.,
2015):
•  0.90 Mg CO2 equivalent Mg−1 dry mixed PPMS
• 0.017 Mg CO2 equivalent Mg−1 dry primary PPMS

-The CH4 generation potential used in Sweden is  specific to
this country and information on those values is  scarcely
known for other countries. Faubert et al. (2015) measured GHG
emissions at the pilot scale, which could be underestimated as
the experimental set-up could not simulate all operating
conditions of a  landfill site, at the industrial scale. Thus, CH4

emissions should be measured at the industrial scale, on  real
landfill sites, if the objective is to produce accurate GHG
emission assessments that represent each type  of PPMS.
Emission factors should be available at the country scale and
preferably at the local scale (for a mill), as landfill operating
conditions can  vary among mills. The most  important
techniques to measure direct GHG emissions are (1)  static or
forced flux chamber measurements, (2) mass balance
methods, (3) micrometeorological measurements and (4)
plume measurements (IPCC, 2006).

-No  methods exist to  estimate direct N2O  emissions from solid
waste disposal because they were assumed not significant by
the IPCC guidelines for greenhouse gas inventories (IPCC,
2006). However, certain determinants could induce significant
N2O emissions from PPMS landfilling:
• C:N ratio affects N2O emission in soils (Thangarajan et al.,
2013): a  low C:N ratio may lead to  N2O release.
• N2O emissions were measured at  the pilot scale from
primary and mixed PPMS (Faubert et  al.,  2015).
•  N2O emissions are estimated from the landfilling of
municipal biosolids in the biosolids emissions assessment
model (BEAM; Brown et al., 2010).

-Secondary and mixed PPMS have low C:N ratio that may lead
to  significant N2O  emissions. Thus, measurements of N2O
emissions from each type of landfilled PPMS should be
perform to  prevent an underestimation of the GHG  emissions.

-GHG emissions to consider in a life cycle approach:
• PPMS transportation to the landfill site (e.g., distance,
machinery type).
• Energy used (e.g., fossil fuel  consumption, electricity) for
PPMS handling and facility maintenance of the landfill site.

-GHG emissions related to  all  operations involved in PPMS
handling and site maintenance should be included in an
assessment using a life cycle analysis approach.
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Table 7 (Continued)

PPMS management
practice

Determinants of GHG emissions Upcoming research challenges leading to the assessments of
GHG emissions from the life cycles of PPMS management
practices

Land application of PPMS

Agriculture

-Soil and agricultural practices:
•  Soil  texture influences N2O  emissions: fine-textured soils
were  estimated to  induce N2O emissions that are 50% higher
than those from coarse- and medium-textured soils in eastern
Canada (Rochette et al., 2008).
•  Soil  tillage affects N2O  emissions (Gregorich et al., 2005;
Rochette et  al.,  2008).
•  Meteorological conditions: e.g., precipitations increase soil
water content, which is  a favorable condition for N2O
emissions (Rochette et  al.,  2008).
• Factors controlling direct and indirect N2O  and CO2 emissions
from managed soils are  presented in the IPCC guidelines for
national greenhouse gas inventories (IPCC, 2006).

-Future research should concentrate to  unravel the impact of
the  agricultural management practices on the  GHG emissions
from land application of PPMS in agriculture.

-PPMS decomposition once applied on  agricultural soils:
• Factors reported to influence N2O emissions from land
application of PPMS and organic fertilizers (Chantigny et al.,
2013; Thangarajan et  al., 2013):
•  C:N ratio: PPMS application with high C:N ratio, such as
de-inking PPMS, result in N immobilization which reduces N2O
emissions.
•  Denitrification/nitrification: N2O  emissions are related to
NO3 and NH4 availability.
•  Labile carbon and organic matter contents.
• Estimation of N2O emissions from PPMS application on a
fine-textured soil cropped with corn (Chantigny et al., 2013):
• Fertilizer-induced N2O emission factor (FIEF – i.e., percentage
of applied nitrogen lost as N2O–N emissions) for mixed PPMS:
0.9%.
•  FIEF for de-inking PPMS: −0.4% (a  negative value means that
the  application had lower N2O-N emissions than the control).
• Estimation of N2O emissions from mixed PPMS application
on  a fine-textured soil cropped with wheat (Faubert et  al.,
2015), FIEF: 1%.
•  Estimation of N2O emissions from PPMS application (type
not  determined in the study) on  a  soil (sandy loam) that had
been  cropped with calabrese, FIEF: 5% (Baggs et al.,  2002).
•  Default FIEF recommended by IPCC (2006) regardless of the
fertilizer type (i.e., mineral vs. organic): 1%.
•  Direct CH4 emissions from agricultural soils are not
significant (Ball et  al., 2004; Jones et al., 2006).

-Information on GHG emissions from  decomposition of PPMS
applied on  agricultural soils is  scant. Future research should
focus on increasing the knowledge on direct N2O  emissions for
each type of PPMS applied in order to increase the accuracy of
the  emission factors.

-Determinants of indirect GHG emissions and offsets that
should be  considered in a life cycle analysis approach:
•  Fuel consumption resulting from PPMS handling: e.g., by
transportation between the mill and the agricultural land and
machinery used to apply PPMS on land.
•  PPMS storage before application, if any: aerobic and
anaerobic decomposition of organic matter releases GHG
emissions (IPCC, 2006).
•  GHG offsets:
• Soil  carbon sequestration. BEAM uses an offset of 0.25 Mg
CO2 equivalent Mg−1 dry biosolid for land application of
municipal biosolids (Brown et  al.,  2010).
•  Offsets from the substitution of mineral fertilizers by land
application of organic fertilizers (Wood and Cowie, 2004;
Murray et al., 2008; Brown et al.,  2010).

-All these factors should be included in life cycle analysis
approaches. Future research should focus on measuring the
GHG emissions from PPMS storage prior to  land application, if
any,  as well as offsets for each type of PPMS applied.

Silviculture

-The  study of Chuan-kuan et  al. (2005) reported CO2 emissions
from  PPMS application from forest soil. The CO2 emission
determinants were:
•  Soil  temperature
•  Soil  moisture only when it was below the critical value of
18% (10  cm  depth)
• Possibly microbial respiration (not directly measured in the
study) affected by PPMS labile carbon content combined with
the low C:N ratio and nitrogen addition

-Upcoming research needs to  determine the factors controlling
direct and indirect GHG emissions from PPMS application on
forest soils as literature on the topic does not actually provide
substantial information.

Land  reclamation

-Literature reviewed did not provide information on
determinants of GHG emissions from this practice concerning
PPMS management.

-The review of Larney and Angers (2012) supports the  need for
further research that will unravel the factors controlling GHG
emissions from this practice.
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Table  7 (Continued)

PPMS management
practice

Determinants of GHG emissions Upcoming research challenges leading to  the assessments of
GHG emissions from the life cycles of PPMS management
practices

Composting prior to land application

-CO2 is the main GHG released from composting of organic
matter, thus not included in a  GHG inventory as it is  from a
biogenic source (IPCC, 2006). N2O  emissions vary between less
than 0.5–5% of the initial nitrogen content of the material and
CH4 emissions range from less than 1% to  a  few percent of the
initial  carbon content in the material (IPCC, 2006).
• Default emission factors presented by  IPCC  (2006) for waste
composting:
• CH4 emissions: 10 g CH4 kg−1 dry waste, uncertainty is
0.08–20 g CH4 kg−1 dry waste.
• N2O emissions: 0.6  g N2O  kg−1 dry waste, uncertainty is
0.2–1.6 g N2O  kg−1 dry waste.
-No GHG emission factors were specifically found for PPMS
composting.

-GHG emission factors need to be assessed for PPMS
composting.
-Estimations of GHG emissions from municipal biosolids
revealed large uncertainties (Bhunia et al., 2010). Research on
GHG emissions from PPMS composting need to be initiated if
this practice is  to  be applied as an alternative to landfilling.

PPMS  energy recovery

Combustion

-Known determinants of N2O  and CH4 emissions from biomass
boilers:
• Combustion temperature:
• N2O emissions were determined to be the  highest at  727 ◦C
(IEA GHG R&D, 2000; Tsupari et  al., 2007).

-This critical value should be validated with measurements as
it may  depend on  operating conditions (NCASI, 2005).

•  Fuel characteristics:
• N2O and CH4 emission factors from different types of
biomass (e.g., wood and wood waste) are presented in the
calculation tool of NCASI (2005) and the IPCC guidelines for
greenhouse gas inventories (IPCC, 2006), but no emission
factors are estimated for PPMS.
• N2O emissions may  increase with nitrogen and char contents
(Åmand and Leckner, 1991; Hämäläinen and Aho, 1996;
Tsupari et al., 2007).

-Data on GHG emissions from biomass combustion are scant
(NCASI, 2005). PPMS contribution to  GHG emissions within a
fuel  mixture should be isolated. As emissions vary with
combustion and operating conditions responsible for large
uncertainties (IPCC, 2006),  it would be appropriate that a  mill
measures its  own GHG emission factors instead of using
default values (NCASI, 2005; Faubert et al., 2015). Such factors
should be estimated for each type of PPMS.

• Incomplete combustion increases CH4 emissions (Flagan and
Seinfeld, 1988; Tsupari et al., 2007).
• N2O and CH4 emissions are often more directly associated to
combustion conditions than to  fuel type (NCASI, 2005):
• Variability of N2O and CH4 emission factors are  explained by
types and ages of boilers and operating conditions (NCASI,
2005).
• GHG emissions (N2O and CH4)  of 0.00057–0.13 Mg  CO2

equivalent Mg−1 dry mixed PPMS were measured from three
types of biomass boilers; lowest emissions were from the
fluidized bed  boiler (Faubert et  al., 2015).
-GHG offsets:
•  Energy production from biomass may  be a GHG emission
offset compared with the use of fossil fuel.

-The offsets should be identified, measured and integrated in a
life  cycle analysis approach.

Anaerobic digestion

-CH4 is the main GHG released from this process, which is
induced  by the anaerobic conditions (IPCC, 2006; Meyer and
Edwards, 2014).
-Direct CH4 emissions from gas collection systems are judged
negligible when it is  burned and converted to  CO2 , as it is  from
biogenic sources (NCASI, 2005).

-CH4 emissions should be included in a GHG inventory when
the gas is collected and directly released to  the atmosphere,
without being burned and converted to CO2 (NCASI, 2005;
IPCC, 2006).

-CH4 leakage from collection systems may  occur and represent
up to 10% of the total amount of CH4 generated (IPCC, 2006).
Specific information on CH4 leakage from gas collection
systems for anaerobic digestion of PPMS is  not available.

-CH4 emissions should be included in a GHG inventory only if a
substantial gas leakage occurs from  the  system (NCASI, 2005;
IPCC,  2006).

-Meyer and Edwards (2014) reported that CH4 emissions or
yields from anaerobic digestion of PPMS depend on:
• Chemical oxygen demand
• Volatile solid fed
• Pretreatment, if any. Highest CH4 yields were reported with
thermal pretreatment, microwave pretreatment and
high-pressure homogenization.
• PPMS type and properties

-Meyer and Edwards (2014) suggested that future research
should focus on these factors to increase CH4 emission yields
from anaerobic digestion of PPMS.

-The review of Meyer and Edwards (2014) reported CH4 yields
varying between 40–200 ml  g−1 volatile solid fed  for various
types of PPMS.
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Table 7 (Continued)

PPMS management
practice

Determinants of GHG emissions Upcoming research challenges leading to the assessments of
GHG emissions from the life cycles of PPMS management
practices

-N2O emissions from anaerobic digestion of organic matter
were  judged negligible (NCASI, 2005; IPCC, 2006)  and not
reported in the review of Meyer and Edwards (2014) for PPMS.
-GHG offsets:
•  CH4 produced by anaerobic digestion of PPMS is usually
collected and burned to produce steam and electricity (Meyer
and Edwards, 2014).
• Digestate can be used as a  fertilizer (Meyer and Edwards,
2014).

-These offsets should be measured and integrated in a life
cycle  analysis approach.

Pyrolysis

-This is  a  net energy positive process and not  known to be a
net GHG emission source as it sustains itself once it is initiated
(Laird et al., 2009; Miller-Robbie et  al.,  2015).

-Miller-Robbie et  al. (2015) presented one of the  first life cycle
analyses of the co-location of a pyrolysis plant with a
municipal wastewater treatment plant. GHG emissions were
evaluated in scenarios comparing pyrolysis with common
municipal biosolid management (landfilling, incineration and
land application). Such life cycle analyses should also be
performed for PPMS to assess the net effect of pyrolysis on the
GHG emissions.

-GHG emissions are related to energy required for biomass
handling (e.g., harvest and transport) and to build the pyrolysis
equipment and plant as well as for its maintenance (Laird
et  al., 2009).
-GHG offsets:
•  Bio-oil and gases are  used as fuel (Laird et al., 2009; Lou et al.,
2012; Ouadi et al., 2013; Miller-Robbie et  al., 2015)  that can
substitute fossil fuel.
•  Biochar contributes to  carbon sequestration (McGlashan
et  al., 2012; McLaren, 2012; Thornley et al., 2015).

Bioethanol production and other energy recovery practices

-Literature reviewed on these practices did not provide
information on  determinants of GHG emissions.

-The lack of information on these practices supports the need
for future research that would characterize the GHG emissions
and offsets (e.g., fossil fuel substitution).

Integration of PPMS in  materials: biocomposites (wood and plastic materials), cement, asphalt and adsorbent–absorbent

-Determinants of GHG emissions from these practices were
not  presented in the literature reviewed.
-A life cycle analysis was performed and compared the carbon
footprints of the combinations of these scenarios in which
de-inking PPMS is  used as sorbent (Likon and Saarela, 2012;
Likon and Trebše, 2012):
• Substitution of expanded polypropylene with PPMS as
sorbent for oil spill sanitation
•  PPMS used as sorbent instead of disposal by  landfilling

-These life cycle analyses were not based on measurements
specific to  PPMS utilizations in materials and used databases
and modeling to assess and compare the carbon footprints and
global warming potentials (Likon and Saarela, 2012; Likon and
Trebše,  2012; Deviatkin et al., 2015). Future research should
continue to  perform such analyses and improve the
assessments by  using measurements directly related to  PPMS,
which would decrease the uncertainties. These analyses are
decent starting points from which new offset credit protocols
could be built and widely used in the carbon markets.

-Deviatkin et  al. (2015) also reported the results of a life cycle
analysis in which the global warming potentials of baseline
and alternative scenarios were compared for de-inking PPMS:
•  Baseline scenario: landfilling disposal
•  Four alternative scenarios in which PPMS is used in two
cement plants, a  lightweight aggregate plant and stone wool
plant.

scenarios in which landfilling is  included (Brown et al., 2008; Pikon
and Gaska, 2010). On the other hand, a  review underlined that
composting of municipal biosolids can produce significant N2O
emissions that may  be greater than demonstrated by  the actual
studies (Bhunia et al., 2010). More research is obviously needed
to determine whether composting PPMS before land application
reduces or produces similar GHG emissions as landfilling (Table 7).

The technologies on the use of PPMS in  energy recovery prac-
tices have the potential to  offset GHG emissions as it substitutes the
consumption of fossil fuel to produce heat (Table 7; CANMET, 2005).
Several compounds are produced following biomass combustion
for energy recovery. Emissions of atmospheric contaminants must
be monitored on a  regular basis, as it is required by laws and
regulations in several countries. However, little data exist on the
contribution of PPMS combustion on the GHG emission budgets
from boiler and recovery furnaces (Gavrilescu, 2008). Emission
of CO2 from PPMS combustion is  usually excluded from GHG

inventories as it is  from biogenic sources (IPCC, 2006).  Emissions of
N2O and CH4 are important GHGs produced by PPMS combustion
and should be  included in GHG emission inventories. N2O  emis-
sions depend on combustion temperature and fuel type (Tsupari
et al., 2007), they were determined to be  the highest at a  tempera-
ture of 727 ◦C and negligible at temperatures below 527 ◦C or above
927 ◦C (IEA GHG R&D, 2000). N2O emissions may  increase with the
nitrogen and char contents in the fuel during combustion (Åmand
and Leckner, 1991; Hämäläinen and Aho, 1996; Tsupari et al.,
2007). CH4 emissions from boilers and furnaces arise when com-
bustion is incomplete and when oxidation reactions are quenched
at the beginning of the combustion (Flagan and Seinfeld, 1988;
Tsupari et al., 2007). Large boilers with efficient combustion rarely
emit CH4 compared to small scale combustion, heating stoves and
open fireplaces (IPCC, 2006; Tsupari et al., 2007). N2O and CH4

emissions from biomass boilers and recovery furnaces from pulp
and paper production are scarcely known and uncertainties are still
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rather large (IPCC, 2006). The IPCC (2006) estimated the uncertain-
ties for N2O and CH4 emission factors for stationary combustion
to be of one order of magnitude and ±50 to 150%, respectively.
The calculation tool built by NCASI (2005) estimates N2O and
CH4 emissions from biomass combustion practiced in pulp and
paper industry but no emission factors are available yet for PPMS
combustion. Therefore, further research should be conducted
to  decrease the large uncertainties and lack of emission factors
in order to estimate and isolate the contribution of PPMS com-
bustion on GHG emission budgets from pulp and paper industry
(Table 7).

The main GHG emitted from anaerobic digestion of PPMS is  CH4,
which yields vary between 40 and 200 ml g−1 volatile solid fed for
various types of PPMS (Table 7; Meyer and Edwards, 2014). CH4

yields depend on the factors presented in  Table 7 as reviewed by
Meyer and Edwards (2014).  The technologies increasing the effi-
ciency of biogas production from PPMS in bioreactors could lead
to GHG offsets. Such biogas production reduces electricity con-
sumption and PPMS production (Magnusson and Alvfors, 2012).
Anaerobic digestion of municipal biosolids was shown to decrease
GHG emissions compared to combustion (Zitomer et al., 2008;
Ashrafi et al., 2015). Fossil fuel can also be  replaced by biogas,
thereby potentially reducing GHG emissions, the impacts on the
environment and climate change (Poeschl et al., 2012). Digestates
from biogas production can be  substitutes for mineral fertilizers
applied on agricultural land, again reducing GHG emissions (IPCC,
2006; Murray et al., 2008; Wood et al., 2009; Brown et al., 2010;
Poeschl et al., 2012; Meyer and Edwards, 2014; Dahlin et al., 2015).
Modeling and simulations can estimate CH4 emissions from PPMS
anaerobic digestion in  the wastewater treatment plants of pulp and
paper mills (Ashrafi et al., 2013a, 2013b, 2015; O’Connor et al.,
2014). Hence, research on the assessments of GHG emissions is
advanced and this practice could be included in future PPMS man-
agement practices as an alternative to landfilling but the GHG
emissions need to  be compared to diverse landfilling current sce-
narios.

PPMS pyrolysis produces liquid fuel, gases and biochar that
come from biomass, a  renewable source. Life cycle analyses are
needed to quantify the effective impact of PPMS pyrolysis on the
GHG emission reduction among other impacts (Table 7). The solid
residue produced by pyrolysis, the biochar, can be applied on agri-
cultural soils as an amendment in combination with mineral and
organic fertilizers to improve soil properties (Camps Arbestain
et al., 2014). Biochar also stocks carbon in  soils and has the poten-
tial to reduce their GHG emissions, but more research is  needed
on the actual mechanisms (Lehmann, 2007; Cayuela et al., 2013,
2014). Miller-Robbie et al. (2015) performed a life cycle analy-
sis evaluating the potential of GHG emission reduction for the
co-production of biochar (from yard trimmings feedstock) and
municipal biosolids (Table 7). When compared to  the current US
biosolid disposal practice (55% land applied without biochar, 30%
landfilled, 15% incinerated), a GHG emission reduction of 26% was
achieved when 55% of the biosolids were combined with biochar
and land applied (Miller-Robbie et al., 2015). Biochar is  a form of
negative emission technology, which is  defined as a mean to with-
draw GHGs from the atmosphere (McGlashan et al., 2012; McLaren,
2012; Thornley et al., 2015). Thus, biochar production is  a technol-
ogy with real potential for atmospheric CO2 reduction, receiving
research attention from substantial levels of academic or privately
funded research, but  it seems unlikely that large scale productions
would be deployed before the 2020s or  2030s (McLaren, 2012).
Determinants of GHG emissions were not  reported from the liter-
ature reviewed on the production of bioethanol and biohydrogen
(fermentation and supercritical water treatments) from PPMS as
well as biofuel production from direct liquefaction, opening several
new research opportunities (Table 7).

All  the options aiming at using PPMS in a variety of materials
provide a  longer GHG storage period compared with landfilling,
which is beneficial to the carbon debt in  proportions to  the mate-
rial lifetime (Tables 6 and 7). Life cycle analyses comparing the
GHG emissions from various uses of PPMS in  materials show the
potential for emission reductions when compared to the baseline
scenario of landfilling (Likon and Saarela, 2012; Likon and Trebše,
2012; Deviatkin et al., 2015). Utilization of PPMS for its sorptive
property could be a  practice that extends its life cycle before being
definitely disposed of. Using databases, a  life cycle analysis was
performed to compare the carbon footprints between the uses of
de-inking PPMS (defined as “unwanted by-product in  paper and
cardboard recycling processes”) versus expanded polypropylene
as sorbents for oil  spill sanitation and/or de-inking PPMS disposal
by landfilling (Likon and Saarela, 2012; Likon and Trebše, 2012).
Results showed that the carbon footprint was decreased by 2.75
times if de-inking PPMS was  used as a  sorbent for oil spill sanitation
instead of expanded polypropylene and by 5.25 times compared
to  sending it straight to a  landfill site  (Likon and Saarela, 2012;
Likon and Trebše, 2012). Once the options of using de-inking PPMS
as a sorbent instead of expanded polypropylene and landfill dis-
posal were combined, the carbon footprint was  reduced by more
than 14 times (Likon and Saarela, 2012; Likon and Trebše, 2012).
Contaminated de-inking PPMS used as a  sorbent was assumed
to be  ultimately disposed of by combustion for energy recovery
(Likon and Saarela, 2012; Likon and Trebše, 2012). The GHG emis-
sion factor for landfilling was not based from measurements on an
actual landfill site but from an equation for aerobic and anaero-
bic decay (Table 7; Buswell and Mueller, 1952; Likon and Saarela,
2012; Likon and Trebše, 2012). Nevertheless, this modeling exer-
cise tended to demonstrate that using de-inking PPMS as a sorbent
could decrease the impact on climate change when the disposal
practice is  diverged from landfilling.

Using modeling and databases in a  life cycle analysis on de-
inking PPMS management, Deviatkin et al. (2015) compared the
global warming potentials of the landfilling baseline scenario with
alternative scenarios in which PPMS was integrated in  cement,
lightweight aggregate and stone wool (Table 7). GHG emission fac-
tors used for PPMS landfilling were from the landfilling of municipal
solids and industrial wastes (Deviatkin et al., 2015), which demon-
strates that  factors specific for PPMS are crucially needed as such
life cycle analyses may  become more common. The results showed
that using PPMS in cement production (substituting limestone and
petcoke) reduced the global warming potential by 13% (Deviatkin
et al., 2015). The authors concluded that utilization of  de-inking
PPMS in  the scenarios tested instead of landfilling can improve
environmental quality and support waste paper recycling as a  part
of circular economy and cleaner production (Deviatkin et al., 2015).
Thus, such analyses (Likon and Saarela, 2012; Likon and Trebše,
2012; Deviatkin et al., 2015)  should be performed to tend toward a
responsible PPMS management. Life cycle analyses based on field
measurements are needed to assess the carbon footprints of using
PPMS in  materials to compare with current scenarios. Most of  the
literature reviewed and presented in Section 5 did not mention
how PPMS was  disposed of after being used in  materials. There-
fore, GHG emissions from the ultimate PPMS disposal should also
be documented depending on the management practice.

7. Conclusions and recommendations

This review demonstrated that there are numerous PPMS man-
agement practices and alternative options to  disposal by landfilling,
which tends to be reduced or banned in certain jurisdictions
(Council of the European Communities, 1991; US EPA, 1994;
Ljunggren Söderman, 2003; EC-BiPRO, 2007; Fytili and Zabaniotou,
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2008; Monte et al., 2009; MfE, 2010; MDDEP, 2011; Gouvernement
du Québec, 2012). PPMS land application in  agriculture and energy
recovery through combustion actually are the most practiced
alternatives to disposal by  landfilling. However, these may  not be
applicable for the entire volume of PPMS generated by all pulp and
paper mills once/if landfilling is  banned. It  is therefore imperative
to find different usages. This review showed that  emerging prac-
tices have great potential to recycle and valorize PPMS by creating
industrial synergies in which the residual of one industry can be
used as a resource by  another industry.

As mentioned, GHG emissions from the actual PPMS manage-
ment are unknown for the current scenarios in which disposal
by landfilling is still allowed and practiced. These emissions need
to be assessed in order to plan responsible future PPMS manage-
ment practices that will effectively decrease GHG emissions. The
key to estimate GHG emissions from all the possible scenarios
is the life cycle analysis. Modeling approaches can estimate GHG
emissions from wastewater treatment plants (Ashrafi et al., 2013b,
2013a, 2015; O’Connor et al., 2014; Zang et al., 2015)  but the emis-
sions are unknown outside the mill operations. In Canada, GHG
emissions from municipal biosolid management can be assessed
by BEAM (SYLVIS, 2009; Brown et al., 2010). A similar modeling
approach would be  more than helpful for PPMS management. How-
ever, field measurements on the GHG emissions from the actual
and emerging PPMS management practices are missing to  feed life
cycle analysis models. Such GHG emission data could be integrated
in widely used databases such as Ecoinvent (2013) and life cycle
analysis models would ultimately lead to approved GHG emission
protocols to foster better management practices through the local
and global carbon markets. For  instance in  the province of Que-
bec, Canada, such life cycle analyses would be  essential to support
the objectives of the 2013–2020 climate change action plan aiming
at reducing GHG emissions of 20% below the 1990 level by 2020
(Gouvernement du  Québec, 2012).

PPMS management practices identified in  this review lead  to the
following recommendations on the next research issues in terms
of GHG emission quantification:

(1) PPMS landfilling
Future research should focus on measuring the GHG emis-

sions from landfill sites in which PPMS is disposed of, in order
to correctly assess the current management scenarios. As pulp
and paper mill landfill sites contain other residues than PPMS,
future research should also isolate the PPMS contribution to
the emissions. These GHG emission data will be essential in
planning future responsible management practices.

(2) PPMS land application
Future research should focus on measuring the actual GHG

emissions from PPMS decomposition after being applied as a
soil amendment in agriculture as it has been done for other
kinds of organic amendments, such as municipal biosolids and
manures. The impact of driving factors such as soil  type, crop,
application season and climate need to be better related to the
N2O emission dynamics of applied PPMS on agricultural soils.
Similarly, data on GHG emissions from PPMS used in silvicul-
ture, land reclamation and composting need to be acquired.

(3)  PPMS energy recovery
Future research should aim at isolating the GHG emission

contribution of PPMS within the fuel mixture when combustion
is practiced. The NCASI GHG calculation tool (NCASI, 2005) actu-
ally assesses the GHG emissions from biomass boilers but GHG
emission fraction from PPMS combustion is  not isolated, which
should be addressed. Studies on the GHG emissions from the
emerging practices of anaerobic digestion, pyrolysis, bioethanol
and hydrogen productions as well as direct liquefaction are
also needed. Emissions need to be measured or estimated by

life cycle analyses for each PPMS treatment according to the
relating practice. These emission assessments are essential if  to
be compared with landfilling practices in  order to determine if
GHG emissions are avoided and/or decreased when considering
the whole processes.

(4) PPMS integration in  materials
PPMS integration in  materials could be  interpreted as a

practice that delays the disposal by landfilling, as all materi-
als are ultimately disposed of after a  certain period of time.
Thus, future research should use life cycle analyses to assess if
GHG emissions of PPMS stored in various materials are lower
than direct landfill disposal or  other management practices.
GHG emission assessment from PPMS integration in materials
is important as it can lead to industrial synergies, which have
economic and environmental benefits.

As  research progresses and GHG data related to the different
PPMS management practices are obtained, models will gain in
accuracy and will contribute to assist decision makers in imple-
menting the best PPMS management practices i.e., those with the
least impact on climate change.
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