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Syamsudin1, Andri Taufick Rizaluddin
Center for Pulp and Paper, Jl. Raya Dayeuhkolot 132, Bandung 40258, Indonesia.
.

Abstract
Pulp and paper industries have great potential and prospect for resources of renewable energy. These
resources are generated from almost all stages of the pulp and paper manufacturing process. Energy-rich
biomass in pulp mills includes bark, sawdust, wood waste, pins, fines, knots, black liquor, and sludge from
wastewater treatment plant (WWTP). Energy-rich rejects at the paper mill includes fiber and plastics from
the hydropulper unit, and sludge from WWTP. Among these biomasses, bark has the greatest quantity
while hydropulper rejects has the highest calorific value. The amount of bark reaches 100-300 kg/t pulp
or 60-90% of wood waste in pulp mills, while hydropulper rejects although only reach 5-10% of used paper
quantity, has a heating value of 28.81 MJ/kg (air dried basis). Biomass and reject can be converted into
renewable energy with a higher energy density through thermal-based conversion technologies such as
hydrothermal processing, torrefaction, pyrolysis, and gasification. The renewable energy products include
hydrated sludge, biomass pellets, torrefied biomass, bio-oil, and syngas. Several technologies such as
gasification are already operating commercially, while several other technologies such as hydrothermal
and pyrolysis are still being improved.
Keywords: biomass, pulp and paper, renewable energy, thermal conversion

1. Introduction
The potential for renewable energy in Indonesia is quite high but has not been optimally
utilized so that it has not been able to achieve the energy mix target as mandated in the national
energy policy [1]. The National Energy Policy (KEN) which is a government program as stated in
Presidential Regulation No. 79/2014 mandates the use of renewable energy in 2025 with 23%
share of the primary energy mix and increases to 31% in 2050 [2]. Currently, final energy
consumption is still dominated by the use of fuel oil with a share of 50% with the largest energy
users being the transportation sector (43%), the industrial sector (35%), and the household
sector (14%) [2]. Indonesia's oil reserves in 2018 amounted to 7.51 billion barrels. This reserve
has decreased 0.27% compared to 2017. Similar to petroleum, natural gas reserves in 2018 were
135.55 TSCF (trillions of standard cubic feet). This reserve also decreased by 5.02% against 2017
[2].
Limited fossil fuel reserves encourage the pulp and paper industry to conserve and
diversify renewable energy alternatives that are more environmentally friendly and cheaper.
Pulp and paper mills have great energy potential because they process large amounts of
lignocellulosic materials which contain varying amounts of cellulose, hemicellulose, lignin and
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small amounts of extractives [3]. These resources are produced in all stages of the pulp and
paper manufacturing process, namely wood preparation, pulp and paper manufacturing,
chemical recovery, recycled paper processing and wastewater treatment. The pulp mill is an
energy intensive industry, but it must be able to meet its own energy needs through the
integration of various biomass energy conservation technologies in the process. Currently, the
pulp mill meets its energy needs by burning heavy black liquor in the recovery boiler and bark
and other wood waste in the power boiler.

2. Renewable Energy Resources at the Pulp Mills
The main types of renewable energy resources produced from pulp mills can be classified
as biomass reject, black liquor, and sludge from wastewater treatment.
a. Biomass Reject
Biomass reject produced from the pulp mills includes bark from the debarking process,
sawdust from the wood cutting process, wood chips from wood storage, pins and fines from
chip filtering, knots from the deknoting process, pulp rejects from the screening process, black
liquor from the cooking process, and sludge from the wastewater treatment process (Table 1)
[4], [5]. These rejects generally have a relatively low moisture content, medium heating value,
easy to be dried and processed by burning in a boiler for energy recovery. The amount of bark
reaches 100-300 kg/t pulp or 60-90% of wood waste in pulp mills and has a calorific value of
about 20 MJ/kg, pins and fines reaches 50-100 kg/t dry pulp, knots reach 2-6% unfiltered pulp
or 25-70 kg/t pulp (dry basis) [4], [5], and pulp rejects up to 30 kg/t o.d. pulp.
Table 1. Source of biomass reject at Kraft mill (dry basis) [4], [5]
Amount
No.
Biomass reject
(kg/t dried pulp)
1.
Sawdust coming from the slasher
10 – 30
deck
2.
Bark from debarking drum
100 – 300
3.
Pins and fines from chip screening
50 – 100
4.
Wood waste from woodyard
0 – 20
5.
Knots from pulp deknotting
25 – 70
6.
Pulp reject
30

Calorific Value
(MJ/kg)

20.00

15.44
15.30

b. Black Liquor
Black liquor is spent cooking liquor that contains organics from the wood (mostly lignin)
and the inorganic chemicals used for the delignification. In the Kraft pulp process, the addition
of sodium hydroxide (NaOH) and sodium sulfide (Na2S) to wood chips results in the extraction
of lignins and hemicellulose from the insoluble cellulose fraction [6]. Black liquor comes out of
the cooking process with 15-18% dry solids content. Coming out of the evaporation plant, the
black liquor has a dry solid content of about 70-83% [7]. The inorganic part (about 45% dry mass
of the black liquor) mainly consists of sodium carbonate and sodium sulfate. Due to presence of
the inorganic materials, the lower heating value (LHV) per tonne of black liquor solids is relatively
low (LHV, 12.3 MJ/kg) [8]. A pulp mill produces 1.7–1.8 tonnes dry solids of black liquor per
tonne of pulp and represents a potential energy of 250–500 MW per mill producing 1000–2000
ADt per day of pulp [9]. Energy content of spent liquor obtained from different type of feedstock
and different pulping process are shown in Table 2.
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c. Sludge from Wastewater Treatment
The wastewater treatment process produces sludge, consisting of primary sludge
collected in primary clarifier and biological sludge collected in secondary clarifier. Primary sludge
comprises short fibers (fines) that cannot be retained on the paper machine. Secondary sludge
is a high-protein by-product (biosolids) from the secondary (biological) wastewater treatment
that contains bacterial cells, minerals, polysaccharides, nucleic acids, enzymes, etc. [10]. The
primary sludge can be dried relatively easily. The primary sludge can be dried to about 70%
moisture by belt press, or up to 50% by screw press. Compared to primary sludge, secondary
sludge is more difficult to drain. The presence of intracellular water makes secondary sludge
difficult to be dried by conventional mechanical dewatering. Mechanical drying can only reduce
moisture content by about 85%. This sludge is generally mixed with polymers and dried together
to become 25–40% dry solids content [5]. The calorific value of the pulp mill sludge is around
20-24 MJ/kg (dry basis and ash free). The total sludge cake production per ton of product varies,
depending on the production process and wastewater treatment process. The kraft pulp mill
produces sludge about 58 kg/ton product, sulfite pulp mill about 102 kg/ton product [11].
Table 2. Energy content of spent liquor obtained from different type of feedstock and different
pulping process [12]
Proximate analysis (%)
Ultimate analysis (%)
Pulping
Feedstock
HHV (MJ/kg)
Volatile Fixed
process
Ash
C
H
N
S
matter carbon
Kraft
Pine & spruce
35.93 56.92
7.15
30.67 3.74 0.67 0.00
14.51
Kraft
Reed
24.39 50.00
25.61 33.76 4.15 0.38 0.95
13.35
Soda
Wheat straw
26.74 54.43
11.65 39.84 3.03 0.31 0.64
9.70
Soda
Wheat straw
20.63 65.98
13.39 39.05 4.54 1.00 0.78
14.43
NSSC
Broadleaf wood 24.17 50.62
25.21 36.32 3.43 0.04 5.45
14.98
NSSC
Recycle paper
23.27 66.19
10.54 38.30 4.74 0.39 0.00
15.71
and wood

3. Renewable Energy Resources at the Paper Mills
The main types of solid waste generated from paper mills can be classified as rejects from
recycled paper, sludge from deinking, and sludge from wastewater treatment [13]. The use of
recovered paper results in large volumes of wastes, such as rejected plastics, fibers, and other
coarse materials; “stickies” (adhesive residues); and in the case of some mills, deinking sludge
(fibers, minerals, and ink). Sludge can be categorized into four sections: (a) primary sludge, which
is produced in the primary clarifier and contains mainly fines and fillers; (b) de-inking paper
sludge, which is produced during the floatation process for recycled papers; (c) secondary sludge
or biological sludge, which is the effluent of the microbial wastewater treatment system and is
made of microbial masses; and (d) combined primary and secondary sludge, which is a mixture
of primary and secondary sludges from the same plant [14].
a. Hydropulper Reject
Hydropulper reject is waste that is discharged from the repulping process at the initial
stage of the pulping process from recovered paper. Plastic-fibre reject are additional wastes that
originate primarily from paper recycling processes and contain both fibrous wastes and plastic
contaminants [15]. The rejects from recovered paper are impurities and consist of bundle of
fibres, foil, staples and metals from ring binders, sand, glass and plastics and paper constituents
as fillers, sizing agents and other chemicals with the amount depending on the quality of
39
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recovered paper as raw material. Rejects have a relatively low moisture content, high heating
values, and easily dewatered [16]. At present, there are forty-five paper industries in Indonesia
that operate using recovered paper as raw material. The Indonesian Pulp and Paper Association
(IPPA) reports that the consumption of recovered paper for paper production reaches 6,598,464
tons per year [17]. Most of the Indonesian paper industry produces hydropulper reject in the
amount of 5-10% of recovered paper, or around 329,923 to 659,846 tons of air dried
hydropulper reject per year [18]. The waste component consists of mostly 51% fiber and 49%
plastic [19]. Reject generation form different recovered paper grade are shown in Table 3.
Table 3. Reject generation form different recovered paper grade [5], [18]
Rejects (% by dry mass)
Paper grade
Recovered paper grade
Heavy-mass and coarse
Light-mass and fine
Market DIP
Office paper
<1
4-5
Graphic paper News, magazines
1-2
3-5
High grades
<1
≤3
Sanitary paper News, magazines, office
1-2
3-5
paper, medium grades
Liner, fluting
Old
corrugated
1-2
3-6
containers, Kraft papers
Board
Sorted mixed recovered
1-2
3-6
paper, old corrugated
containers
b. Sludge from Deinking
Deinking sludge is produced at a paper mill that produces recycled fiber from recycled
paper. This residue contains mainly short fibres or fines, coatings, fillers, ink particles, extractive
substances and deinking additives [16]. The amount of deinking paper mill sludge on a dry mass
basis generates in the range of 170-600 kg for production of one tonne newsprint to tissue paper
[16]. Total solids suspended in the deinking sludge can be categorized into organic materials
(such as short or fine fibers) and inorganic materials (such as kaolin, clay, calcium carbonate,
titanium dioxide produced from coating materials, ink particles, ink removal additives, dyes,
contaminants other pigment-based, and other chemicals used for paper production) [5]. The
deinking sludge has a high moisture content in the range of 35-60% with a typical gross calorific
value (HHV) of 6-7 MJ/kg on a dry basis [20] and high ash content in the range of 45-65%
depending on the quality of the fibre initially brought into the mill [21].
c. Sludge from Wastewater Treatment
About 40–50 kg of sludge (dry) is generated in the production of 1 tonne of paper and of
that approximately 70% is primary sludge and 30% secondary sludge [16]. Balwaik and Raut [22]
have reported that around 300 kg of sludge is produced for every tonne of recycled paper.
Primary sludge consists mainly of cellulose fine fibers and a papermaking filler (such as calcium
carbonate) that are lost due to incomplete solid-liquid separations in the production process
and is relatively easy to be dried. Secondary sludge consists of high microbial protein content,
making it difficult to be dried. The volume of secondary sludge is lower than the volume of
primary sludge, as most of the heavy, fibrous or inorganic solids are discharged in the primary
clarifier. Secondary sludge often needs to be mixed with primary sludge or other filtration aids
to allow adequate drying [16].
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Paper mill sludge can be efficiently utilized to produce fuels and chemicals [23]. Paper
sludge has a high ash content and low calorific value so it is necessary to improve the
temperature of the combustion chamber to allow the co-combustion of sludge with other fuels,
to maintain combustion stability and reduce toxic emission [24]. Comparation of proximate,
ultimate and heating values of biomass waste from pulp and paper mills are shown in Table 4.
Table 4. Proximate, ultimate and heating values of biomass waste from pulp and paper mills
Pulp
Pulp
Recycled
Paper
Black
No.
Analysis
sludge
reject
Knot
paper
reject
Coal
liquor
[25]
[25]
sludge
[19]
1.
Proximate analysis (adb)
a. MC
9.08
9.42
13.74
28.0
4.83
3.93 12.21
b. VM
57.53
68.16
60.30
29.5
42.60
81.93 41.86
c. FC
8.72
17.00
18.81
8.5
4.96
6.98 39.18
d. Ash
24.67
5.42
7.15
34.0
47.61
7.10
6.75
2.
Ultimate analysis (adb)
a. C
31.21
39.43
40.12
44.5
23.09
n.a 55.78
b. H
5.10
6.50
6.02
4.3
2.73
n.a
6.32
c. O
37.33
47.79
45.73
44.7
25.81
n.a 30.24
d. N
1.29
0.35
0.18
0.1
0.49
n.a
0.69
e. S
0.40
0.51
0.80
6.4
0.27
n.a
0.22
3.
LHV, MJ/kg
12.26
15.30
15.44
13.05
3.56
29.30 22.43
Notes:

MC
= moisture content
VM
= volatile matter
FC
= fixed carbon
LHV
= lower heating value
C = carbon; H = hydrogen; O = oxygen; N = nitrogen; S = sulfur.

4. Renewable Energy Production Based on Thermal Conversion in the Pulp and
Paper Mills
Renewable energy with a higher energy content can be produced from the pulp and paper
mills waste through thermal-based technology. Thermal conversion based technologies include
hydrothermal treatment, torefaction, pyrolysis, and gasification.
a. Hydrothermal Treatment
Hydrothermal treatment processes can convert waste into value-added resources such as
solid fuels such as coal or organic fertilizers. Hydrothermal processing technologies have
significant potential for biomass with high moisture content. Hydrothermal liquefaction (HTL)
involves the thermochemical conversion of biomass in the presence of subcritical water into a
liquid product known as bio-oil. HTL requires an operating temperature of 300–350°C at 5–20
MPa for 5–60 min, wherein water is in the liquid phase. Hydrothermal carbonization (HTC)
converts biomass into solid fuel at a lower temperature (180–250°C) and saturated pressure (2–
10 MPa). The solid product has carbon content similar to lignite with mass yields varying about
35-60% [26].
HTC of paper mill sludge has been extensively studied in the last few years. Areeprasert
et al. [27] performed HTC of paper sludge in the lab-scale experiment at 180–240oC for 30 min
and resulted the highest HHV can achieve about 13.6 MJ/kg at 240°C. Afterwards, HTC was
performed at the optimized condition (197oC at 1.9 MPa for 30 min) in the pilot-scale experiment
and resulted the HHV of 14.7 MJ/kg. The combustion behavior of the products showed that the
activation energy of the treated paper sludge was lower than the original material in range of
113–147 kJ/mol [28]. Makela et al. [29] investigated the effect of acid and base additions to the
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properties of hydrochar produced through hydrothermal carbonization of mixed sludge from
the pulp and paper industry. Saha et al. [14] evaluate the fuel properties of the hydrochars
produced from various types of paper mill sludges. HHVdaf of hydrochar produced at 260oC varied
between 11.4 MJ/kg and 31.5 MJ/kg depending on the feedstock. Carbonization of various
sludge residues from the pulp and paper industry have also been studied for fuel properties and
process energetics, combustion characteristics, and potential use as adsorbents for
environmental applications [29].
The hydrothermal conversion of black liquor solid was investigated for producing
phenolics and hydrochar [30]. The maximum bio-oil yield of 53.3% was achieved at 50 wt% ethyl
acetate/water cosolvent under 300oC for 30 min where phenolics were the main products in
bio-oil. Chu et al. [31] investigated the HTC of black liquor acid sediment into phenolics
performed in a batch-type reactor at a temperature range of 260-340°C for 0-120 min, the total
bio-oil yield was 16-26 wt% based on black liquor solid.
According to Kumar et al. [26], hydroprocessing technology has not been commercialized
due to a number of technological and economic crises, namely technology related to process
development and optimization to achieve high thermal efficiency, challenges in the field of
catalyst recycling and regeneration to increase service life and hydrothermal efficiency
processes, and the technology uses high pressure equipment so that the process has a high
capital investment.
b. Torrefaction
Torrefaction is a thermochemical conversion process that occurs in a temperature range
of 220–320oC, with oxygen limited under atmospheric pressure. The process is based on the
breakdown of hemicellulose molecules, with minor changes in the structure of cellulose and
lignin. During the process, there is a partial devolatilization that leads to a decrease in mass,
whereas the initial energy content is mostly preserved, lead higher energy density [32]. About
70% of the mass is retained as a solid product, and retains 90% of the initial energy content. The
torrefied product can then shaped into pellets or briquettes which contain more energy density
than ordinary wood pellets [33].
Huang et al. [34] used a laboratory scale batch reactor to perform the torrefaction of
waste from pulp industries at 300-320oC with 20 min. The energy densification ratios of the
torrefied products of pulp sludge were enhanced as high as 1.50 and 1.26, respectively. The
corresponding dry-basis heating values increased to high values of 27.49 and 19.74 MJ/kg.
Severy et al. [35] demonstrate a pilot-scale plant for torrefaction of tanoak logs for pulp and
paper production and produce torrefied biomass with a higher heating value of 21.2 to 23.0
MJ/kg (dry basis) compared to 19.6 MJ/kg for the original biomass.
c. Pyrolysis
Pyrolysis is the thermal decomposition of organic components in biomass starting at 350–
550°C and rising to 700–800°C in the absence of air/oxygen by releasing volatile matter from the
biomass [36]. The long chain of carbon, hydrogen and oxygen compounds in biomass breaks
down into smaller molecules in the form of gases, condensable vapor, and solid char [37].
Pyrolysis is attracting more interest in producing liquid fuel products due to its advantages in
storage, transport and versatility in applications such as combustion engines, boilers, turbines,
etc. [37].
Mondal et al. [38] studied the pyrolysis behaviors of various lignin samples from Kraft
pulping black liquor of Loblolly pine at 600°C under N2 atmosphere. The yields of char were 3042
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46%. Chutia et al. [39] pyrolyzed dry black liquor solids at 500°C with the heating rate of
40°C/min and produced bio-oil with a calorific value of 29.86 MJ/kg.
Tarelho et al. [40] had studied the production of biochar by pyrolysis of biological sludge
from wastewater treatment in the pulp and paper industry in the peak temperature range of
300-600oC which produce biochar in the range 0.40-0.73 kg/kg dry sludge with the organic
matter content in the range 55.9 to 75.3%wt. (dry basis).
Pyrolysis of fibre recycling mill contaminated with plastic wastes at 350°C resulting char
in calorifc values 20.9-35.1 MJ/kg which are comparable to common bituminous coal used for
power generation. Pyrolysis at 550°C produced condensable volatiles with yields of up to 54
wt.%, with the calorifc value up to 41.7 MJ/kg comparable to heavy fuel oil. The estimated net
energy yield for the waste streams about 10-25 MJ/kg dry feedstock [41]. Salan et al. [42]
investigated catalytic pyrolysis of pulper rejects with catalysts from activated clinoptilolite and
meerschaum. The highest liquid (61.4%) and char (32.19%) yields were obtained using 15%
clinoptilolite and 5% meerschaum, while the highest gas yield (21.44%) was obtained via the
non-catalytic process.
d. Gasification
Gasification is the thermochemical conversion of solid fuels with a gasification agent to
produce syngas or synthesis gas, which can be used for the production of energy (heat and/or
electricity generation), chemicals, and biofuels [43], [44], [45]. Syngas consists of a mixture of
CO, H2, CO2, CH4 (primary components) and H2O, H2S, NH3, tar, and other trace species
(secondary components), with a composition dependent on feedstock type and characteristics,
operating conditions, and gasification technology [44], [45]. The gasification agent can be water,
oxygen, steam, or CO2 [44], [45], [46].
Gasification of blend composed of 95% of paper rejects and 5% of de-inking sludge
produce syngas with net calorific value of 5 MJ/Nm3 and a total tar content of 11.44 g/Nm3 at
an equivalence ratio of 0.3 [47].
In the pulp and paper mills, black liquor is considered as a major energy source that can
be gasified to produce synthesis gas producing various valuable energy products (electricity,
dimethyl ether, synthetic natural gas, methanol, hydrogen, or synthetic diesel) and has potential
to replace conventional black liquor recovery system with the recovery boiler [8]. Black liquor
gasification technologies are distinguished in two major classes: (1) Low temperature
gasification, and (2) High temperature gasification. Low temperature gasifier operates at 600–
850oC, below the melting point of inorganics, thus avoiding smelt-water explosions, whereas
high temperature gasifier operates in the 900–1000oC range and produce a molten smelt [48].
Black liquor gasification can also be integrated with combined cycle technology which has the
potential to generate more electricity, or the syngas can be used for the synthesis of biomethanol and bio-dimethyl ether. Black liquor gasification on a commercial scale has begun to
be developed, among others SCA-Billerud process, MTCI fluidized bed gasification, direct alkali
regeneration system (DARS) process, BLG with direct causticization, Chemrec gasification, and
catalytic hydrothermal gasification [48].
Most of the lime kilns at the pulp mills are heated up with the oil or gas, being biggest
users of the fossil fuels. The conversion of the bark and screening fines into product gas using
the gasification process enables the replacement of fossil fuels in the lime kiln. The circulating
fluidized bed (CFB) gasification process is well suited to bark and screening fines, due to the high
share of volatiles and the relatively high reactivity of the solid compounds in the fuel. Valmet
has lime kiln bark gasification plants at PT. OKI Pulp & Paper Mills in South Sumatera, Indonesia
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with capacity of 2 x 110 MW. The fuel for gasification included Eucalyptus bark and screening
fines. The bark gasification plant could reduce 85% of fossil energy consumption in lime kiln [49].

5. Conclusion
The pulp and paper industry has renewable energy resources that are produced in all
stages of the pulp and paper manufacturing process. Currently, the pulp mill meets its energy
needs by burning heavy black liquor in the recovery boiler and bark and other wood waste in
the power boiler. Research results have shown that biomass waste could be converted into
renewable energy with higher energy density through thermal-based conversion technologies
such as hydrothermal processing, torrefaction, pyrolysis, and gasification. The renewable energy
products including hydrated sludge, biomass pellets, torrefied biomass, bio-oil, and syngas.
Several technologies such as gasification are already operating commercially, while several other
technologies such as hydrothermal and pyrolysis are still being improved.

6. References
[1]. Adiarso, Hilmawan E, Sugiyono A. Indonesia energy outlook 2020 - Special edition. The
[2].
[3].
[4].
[5].
[6].
[7].
[8].
[9].
[10].
[11].
[12].
[13].

impact of the Covid-19 pandemic on the energy sector in Indonesia (in Indonesian).
Agency for the Assessment and Application of Technology. Jakarta. 2020.
Sugiyono A, Anindhita, Fitriana I, Wahid LOMA, Adiarso. Indonesia energy outlook 2019:
The Impact of increased utilization of new and renewable energy on the national
economy. Agency for the Assessment and Application of Technology. Jakarta. 2019.
Hamaguchi M, Cardoso M, Vakkilainen E. Alternative technologies for biofuels production
in kraft pulp mills-potential and prospects. Energies. 2012; 5(7): 2288–2309. doi:
10.3390/en5072288.
Gavrilescu D. Solid waste generation in kraft pulp mills. Environ. Eng. Manag. J. 2008; 3:
399–404.
Bajpai P., Management of pulp and paper mill waste. Springer International Publishing.
2015. doi: 10.1007/978-3-319-11788-1.
Heeres A, Schenk N, Muizebelt I, Blees R, De Waele B, Zeeuw AJ, Meyer N, Carr R, Wilbers
E, Heeres HJ. Synthesis of bio-aromatics from black liquors using catalytic pyrolysis. ACS
Sustain. Chem. Eng. 2018; 6(3): 3472–3480. doi: 10.1021/acssuschemeng.7b03728.
Muweke K, Petrusson F. Modelling methanol content in condensates from a black liquor
evaporation plant. A case study of the SCA Östrand pulp mill. Chalmers University of
Technology, 2019.
Naqvi M, Yan J, Dahlquist E. Energy conversion performance of black liquor gasification to
hydrogen production using direct causticization with CO2 capture. Bioresour. Technol.
2012; 110: 637–644. doi: 10.1016/j.biortech.2012.01.070.
Larson ED, Consonni S, Kreutz TG. Preliminary economics of black liquor gasifier/gas
turbine cogeneration at pulp and paper mills. Journal of Engineering for Gas Turbines and
Power. 2000; 122(2): 255–261. doi: 10.1115/1.483203.
Zambare VP, Christopher LP. Integrated biorefinery approach to utilization of pulp and
paper mill sludge for value-added products. J. Clean. Prod. 2020; 274: 122791. doi:
10.1016/j.jclepro.2020.122791.
Scott GM, Abubakr S, Smith A. Sludge characteristics and disposal alternatives for the pulp
and
paper
industry.
Int.
Environ.
Conf.
1995;
269–279.
doi:
10.1017/CBO9781107415324.004.
AL-Kaabi Z, Pradhan R, Thevathasan N, Arku P, Gordon A, Dutta A. Beneficiation of
renewable industrial wastes from paper and pulp processing. AIMS Energy. 2018; 6(5):
880–907. doi: 10.3934/ENERGY.2018.5.880.
Méndez A, Fidalgo JM, Guerrero F, Gascó G. Characterization and pyrolysis behaviour of
44

Syamsudin, Rizaluddin AT. Review on Renewable Energy … . 2021

[14].
[15].
[16].
[17].
[18].
[19].
[20].
[21].
[22].
[23].
[24].
[25].
[26].
[27].
[28].

[29].
[30].
[31].
[32].
[33].

different paper mill waste materials. J. Anal. Appl. Pyrolysis. 2009; 86(1): 66–73. doi:
10.1016/j.jaap.2009.04.004.
Saha N, Saba A, Saha P, McGaughy K, Franqui-Villanueva D, Orts WJ, Hart-Cooper WM,
Toufiq RM. Hydrothermal carbonization of various paper mill sludges: An observation of
solid fuel properties. Energies. 2019; 12(5): 1–18. doi: 10.3390/en12050858.
Petersen AM, Brown LJ, Collard FX, Görgens JF. Flowsheet analysis of valourising mixed
lignocellulose and plastic wastes via fast pyrolysis at a paper mill. Waste and Biomass
Valorization. 2020; 1-14. doi: 10.1007/s12649-020-01033-1.
Bajpai P. Generation of Waste in Pulp and Paper Mills. in Management of Pulp and Paper
Mill Waste, P. Bajpai, Ed. Switzerland: Springer International Publishing. 2015, 9–17.
Indonesian Pulp and Paper Association. Indonesian pulp and paper industry directory
2011. Jakarta, 2011.
Gavrilescu D. Energy from biomass in pulp and paper mills. Environmental Engineering and
Management Journal. 2008; 7(5): 537–546.
Setiawan Y, Surachman A. Reject waste pellets of paper mills as fuel and their Contribution
to Greenhouse Gas (GHG). Int. J. Technol. 2015; 6(5): 847–855. doi:
10.14716/ijtech.v6i5.1790.
Canmet Energy Technology Centre. Pulp and paper sludge to energy-preliminary
assessment of technologies. 2005: 12-136.
Ouadi M. Sustainable energy from paper industry wastes. Aston University, 2012.
Balwaik SA, Raut SP. Utilization of Waste Paper Pulp by Partial Replacement of Cement in
Concrete. Int. J. Eng. Res. Appl. 2011; 1(2): 300–309.
Salameh T, Tawalbeh M, Al-Shannag M, Saidan M, Melhem KB, Alkasrawi M. Energy saving
in the process of bioethanol production from renewable paper mill sludge. Energy. 2020;
196: 117085. doi: 10.1016/j.energy.2020.117085.
Yanfen L, Xiaoqian M. Thermogravimetric analysis of the co-combustion of coal and paper
mill sludge. Appl. Energy. 2010; 87(11): 3526–3532. doi: 10.1016/j.apenergy.2010.05.008.
Syamsudin, Purwati S, Surachman A, Wattimena RBI. Pirolisis isotermal sludge cake dan
pulp reject pabrik pulp kraft. J. Selulosa. 2016; 6(2): 71–82. doi: 10.25269/jsel.v6i02.90.
Kumar M, Olajire Oyedun A, Kumar A. A review on the current status of various
hydrothermal technologies on biomass feedstock. Renew. Sustain. Energy Rev. 2018;
81(November 2016): 1742–1770. doi: 10.1016/j.rser.2017.05.270.
Areeprasert C, Zhao P, Ma D, Shen Y, Yoshikawa K. Alternative solid fuel production from
paper sludge employing hydrothermal treatment. Energy and Fuels. 2014; 28(2): 1198–
1206. doi: 10.1021/ef402371h.
Areeprasert C, Chanyavanich P, Ma D, Shen Y, Prabowo B, Yoshikawa K. Combustion
characteristics and kinetics study of hydrothermally treated paper sludge by
thermogravimetric
analysis.
Biofuels.
2014;
5(6):
673–685.
doi:
10.1080/17597269.2015.1012695.
Mäkelä M, Benavente V, Fullana A. Hydrothermal carbonization of industrial mixed sludge
from a pulp and paper mill. Bioresour. Technol. 2016; 200: 444–450. doi:
10.1016/j.biortech.2015.10.062.
Zhao Y, Tian Y, Zhou H, Tian Y. Hydrothermal conversion of black liquor to phenolics and
hydrochar: Characterization, application and comparison with lignin. Fuel. 2020;
280(May): 118651. doi: 10.1016/j.fuel.2020.118651.
Chu J, Jiang W, Wu S, Lucia LA, Lei M. Hydrothermal-controlled conversion of black liquor
acid sediment directly to phenolics. Energy and Fuels. 2017; 31(2): 1638–1643. doi:
10.1021/acs.energyfuels.6b02792.
Sá LCR, Loureiro LMEF, Nunes LJR, Mendes AMM. Torrefaction as a pretreatment
technology for chlorine elimination from biomass: A case study using eucalyptus globulus
labill. Resources. 2020; 9(5): 1–25. doi: 10.3390/RESOURCES9050054.
Acharya B, Sule I, Dutta A. A review on advances of torrefaction technologies for biomass
45

Syamsudin, Rizaluddin AT. Review on Renewable Energy … . 2021

[34].
[35].
[36].
[37].
[38].
[39].
[40].
[41].
[42].

[43].
[44].
[45].
[46].
[47].

[48].
[49].

processing. Biomass Convers. Biorefinery. 2012; 2(4): 349–369. doi: 10.1007/s13399-0120058-y.
Huang M, Chang CC, Yuan MH, Chang CY, Wu CH, Shie JL, Chen YH, Chen YH, Ho C, Chang
WR, Yang TY, Lin FC. Production of torrefied solid bio-fuel from pulp industrywaste.
Energies. 2017; 10(7): 1-13. doi: 10.3390/en10070910.
Severy MA, Chamberlin CE, Eggink AJ, Jacobson AE. Demonstration of a pilot-scale plant
for biomass torrefaction and briquetting. Applied Engineering in Agriculture. 2018; 4(1):
85–98.
Fisher T, Hajaligol M, Waymack B, Kellogg D. Pyrolysis behavior and kinetics of biomass
derived materials. J. Anal. Appl. Pyrolysis. 2002; 62(2): 331–349. doi: 10.1016/S01652370(01)00129-2.
Jahirul M, Rasul M, Chowdhury A, Ashwath N. Biofuels production through biomass
pyrolysis — A technological review. Energies. 2012; 5(12): 4952–5001. doi:
10.3390/en5124952.
Mondal AK, Qin C, Ragauskas AJ, Ni Y, Huang F. Preparation and characterization of various
kraft lignins and impact on their pyrolysis behaviors. Ind. Eng. Chem. Res. 2020; 59(8):
3310–3320. doi: 10.1021/acs.iecr.9b06690.
Chutia S, Narzari R, Bordoloi N, Saikia R, Gogoi L, Sut D, Bhuyan N, Kataki R. Pyrolysis of
dried black liquor solids and characterization of the bio-char and bio-oil. Mater. Today
Proc. 2018; 5(11): 23193–23202. doi: 10.1016/j.matpr.2018.11.050.
Tarelho LAC, Hauschild T, Vilas-Boas ACM, Silva DFR, Matos MAA. Biochar from pyrolysis
of biological sludge from wastewater treatment. Energy Reports. 2020; 6: 757–763. doi:
10.1016/j.egyr.2019.09.063.
Brown LJ, Collard FX, Görgens J. Fast pyrolysis of fibre waste contaminated with plastic for
use as fuel products. J. Anal. Appl. Pyrolysis. 2019; 138(October 2018): 261–269. doi:
10.1016/j.jaap.2019.01.007.
Salan T, Alma MH, Altuntaş E. The fuel properties of pyrolytic oils obtained from catalytic
pyrolysis of non-recyclable pulper rejects using activated natural minerals. Energy Sources,
Part A Recover. Util. Environ. Eff. 2019; 41(12): 1460–1473. doi:
10.1080/15567036.2018.1548522.
Safarian S, Unnþórsson R, Richter C. A review of biomass gasification modelling. Renew.
Sustain. Energy Rev. 2019; 110(May): 378–391. doi: 10.1016/j.rser.2019.05.003.
Molino A, Larocca V, Chianese S, Musmarra D. Biofuels production by biomass gasification:
A review. Energies. 2018; 11(4): 1–31. doi: 10.3390/en11040811.
Watson J, Zhang Y, Si B, Chen WT, de Souza R. Gasification of biowaste: A critical review
and outlooks. Renew. Sustain. Energy Rev., 2018; 83(October 2017): 1–17. doi:
10.1016/j.rser.2017.10.003.
Asadullah M. Barriers of commercial power generation using biomass gasification gas: A
review. Renew. Sustain. Energy Rev. 2014; 29: 201–215. doi: 10.1016/j.rser.2013.08.074.
Arenales Rivera J, Pérez López V, Ramos Casado R, Sánchez Hervás JM. Thermal
degradation of paper industry wastes from a recovered paper mill using TGA.
Characterization and gasification test. Waste Manag. 2016; 47: 225–235. doi:
10.1016/j.wasman.2015.04.031.
Naqvi M, Yan J, Dahlquist E. Black liquor gasification integrated in pulp and paper mills: A
critical
review.
Bioresour.
Technol.
2010;
101(21):
8001–8015.
doi:
10.1016/j.biortech.2010.05.013.
OKI Pulp and Paper mills. Greenfield pulp mill with renewable energy. Presented in the
2nd International Symposium on Resource Effciency in Pulp and Paper Technology,
November 15-17, 2016, Bandung, Indonesia.

46

