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Abstract: The pulp industry in Taiwan discharges tons of wood waste and pulp sludge
(i.e., wastewater-derived secondary sludge) per year. The mixture of these two bio-wastes, denoted
as wood waste with pulp sludge (WPS), has been commonly converted to organic fertilizers for
agriculture application or to soil conditioners. However, due to energy demand, the WPS can be
utilized in a beneficial way to mitigate an energy shortage. This study elucidated the performance
of applying torrefaction, a bio-waste to energy method, to transform the WPS into solid bio-fuel.
Two batches of the tested WPS (i.e., WPS1 and WPS2) were generated from a virgin pulp factory
in eastern Taiwan. The WPS1 and WPS2 samples contained a large amount of organics and had
high heating values (HHV) on a dry-basis (Hyp) of 18.30 and 15.72 MJ / kg, respectively, exhibiting a
potential for their use as a solid bio-fuel. However, the wet WPS as received bears high water and
volatile matter content and required de-watering, drying, and upgrading. After a 20 min torrefaction
time (tt), the Hyp of torrefied WPS1 (WPST1) can be enhanced to 27.49 MJ/kg at a torrefaction
temperature (Tt) of 573 K, while that of torrefied WPS2 (WPST2) increased to 19.74 M] /kg at a Tt of
593 K. The corresponding values of the energy densification ratio of torrefied solid bio-fuels of WPST1
and WPST2 can respectively rise to 1.50 and 1.25 times that of the raw bio-waste. The Hyp of WPST1
of 27.49 MJ/kg is within the range of 24-35 MJ/kg for bituminous coal. In addition, the wet-basis
HHYV of WPST1 with an equilibrium moisture content of 5.91 wt % is 25.87 MJ /kg, which satisfies the
Quality D coal specification of the Taiwan Power Co., requiring a value of above 20.92 M]/kg.
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1. Introduction

There has been an increasing demand for fossil fuels over the past decades. With the
consummation of fossil fuels, an increase in the emissions of greenhouse gases such as carbon dioxide
has been confirmed to result in a severe global warming effect [1]. Globally averaged CO; levels have
risen since the pre-industrial period from approximately 280 ppm in the 18th century to over 400 ppm
in 2015 [2]. Therefore, the task concerning how to reduce fossil fuel usage and mitigate the greenhouse
effect has been of vital importance towards creating a sustainable society [3,4].

One of the foremost solutions for a substitute energy source for fossil fuels is to accelerate the
deployment of renewable energy sources, which includes solar energy, biomass energy, hydroelectricity,
wind energy, wave energy, tidal energy, geothermal energy, and waste-derived energy [5]. Among
these types of renewable energy, biomass energy from vegetable-derived feedstock has a property
known as carbon neutrality and may not contribute to an increase in CO; in the atmosphere from a life
cycle viewpoint [6]. In other words, vegetable-derived bio-energy feedstock can effectively use carbon
derived from carbon dioxide in the atmosphere by way of photosynthesis during the growth process
of the plants. Hence, the effective utilization of biomass energy is a preventive and strategic measure
against global warming.

There are many successful examples of using biomass to produce bio-fuels such as bio-diesel
and bio-ethanol. Bio-diesel is mainly used in transportation, and it can replace traditional diesel
and be applied to a car engine directly. Biomass can come from agricultural products [7,8] and
bio-wastes [9-11]. The production and application of solid bio-fuel from waste biomass, also known as
refuse derived fuel, has been widely promoted [12,13]. However, the sources of biomass are complex
and diverse, and the characteristics vary greatly. Thus, the torrefaction process has been used to make
the characteristics of biomass more uniform [13-17].

Torrefaction is a mild pyrolysis process used to improve the properties of biomass as a fuel for
combustion and gasification applications. Pyrolysis is a thermal chemical decomposition process that
involves heating substances in the absence of oxygen with different heating rates [16-19]. The temperature
of the torrefaction process is usually from 523 to 623 K [20-22]. The time and temperature of torrefaction
can determine the quality of the torrefied product [23,24]. A higher heating rate results in a greater amount
of volatile material being released thereby resulting in different physical features of the char [25].During
the process, the biomass is decomposed into solid, liquid, and gas products [17,24]. The goal of torrefaction
is to remove part of the organic compounds and moisture, de-polymerize the long polysaccharide chains,
and produce hydrophobic solid products with high energy densities and grindabilities [26-29]. Torrefied
biomass yields range from 67% to 84%, and its energy yields about 77-90% [30].These advantages make
the transportation and packing of the char easier and more affordable [26,29]. Furthermore, torrefied char
can be utilized as a solid fuel for home or industrial use [31-34].

In this study, the target biomass is a mixed waste consisting of wood waste and pulp sludge
(i.e., wastewater-derived secondary sludge), denoted as wood waste with pulp sludge (WPS), from
a pulp factory. The raw material used by the factory is mostly pure wood. There should therefore
be a large portion of combustibles in the WPS. The main purpose of this study was to apply the
torrefaction process to treat the WPS, enhancing its heating value and converting it into solid bio-fuel.
The experimental factors include torrefaction temperature (Tt) and torrefaction times (tr) for the
optimal heating value of the torrefied products.

2. Results and Discussion

2.1. Basic Properties of WPS

As received, the WPS is slurry-like containing a very large amount of water. Each sample has
been prepared by open-airsun-drying over 3—4 days and then by oven treatment at 378 K over 24 h.
Therefore, its water content was not measured. Instead, dry-basis contents were determined. As shown
in Table 1, the values of dry-basis combustibles content (Mc), fixed carbon (Mgc), volatile matters



Energies 2017, 10, 910 30f13

(Mywm), and ash (M) (i-e., Mcp, Mrcp, Mymp, and Map) are 95.19, 20.79, 74.41, and 4.81 wt % for
WPSI, and 80.30, 18.75, 61.55, and 19.70 wt % for WPS2, respectively. The dried sample when exposed
to air gained equilibrium moisture content (Mwg). For WPS1 and WPS2, the values of My are 12.75
and 3.77 wt %, respectively. It is noted that the initial moisture content of the WPS batches would vary
depending on the source and pretreatment procedures. The results of this study showed two cases of
WPS samples with high and low amounts of initial equilibrium moisture.

Table 1. Characteristics of WPS and torrefied WPS.

Properties or . Torrefied Rice
Compositions WPS1 WPST1-300-20 WPS2 WPST2-320-20  Rice Straw [35] Straw-280-50 [35]
Heating Value (MJ/kg) @
Hup 18.30 £ 0.07 27.49 15.72 £ 0.01 19.74 16.64 21.63
Proximate Analyses (wt %) ?
Combustibles, Mcp 95.19 £ 0.05 91.414 80.30 £+ 3.09 74.61 £2.56 88.7 78.8
Fixed carbons, Mgcp 20.79 £ 0.09 42.74 18.75 £ 2.16 20.86 £ 2.46 16.7 45.5
Volatile matter, Myyp ~ 74.41 £0.12 48.67 61.55 +1.27 53.75 4+ 0.10 72.0 334
Ash, Map 4.81 +0.09 8.59 ¢ 19.70 £ 3.04 25.39 4+ 2.56 11.3 21.2
Equilibrium Moisture (wt %) ?
Mwg 12.75 £ 0.13 5.91 + 0.01 3.77 £0.49 2.15+0.01 9.6 2.8
Ultimate Analyses (wt %) ¢
C 49.07 £+ 0.05 54.35 + 0.87 44.53 +0.33 50.46 4 1.27 38.96 50.89
H 6.10 + 0.00 5.32+0.14 5.82 £ 0.09 512+0.24 6.05 4.40
(@] 43.56 +3.29 39.00 +0.33 4523 + 0.05 40.28 +£0.32 43.33 23.74
N 1.06 £ 0.06 1.16 &+ 0.05 2.44 +0.021 2.74 +0.035 0.55 0.89
S 0.18 £0.01 0.17 £0.09 1.84 £0.75 1.30 £ 0.40 0.79 0.15
Cl 0.02 +1.12 0.00 + 4.06 0.14 + 2.66 011 +1.12 0.12 0.31
Atomic H/C 1.49 1.18 1.57 1.22 1.86 1.04
Atomic O/C 0.67 0.54 0.76 0.60 0.83 0.35

2 Dry basis. P Equilibrium moisture content of sample. € Dry ash free.d Calculated by balance of Map. ¢ Computed
from mass yield (Yy) = 0.56 by assuming all ash in WPS1 were retained in WPST1. ND: Not detected. WPST1-T-t or
WPST2-T-t (e.g., WPST1-300-20): T-t denotes torrefaction temperature (°C) and time (min), respectively.

The dry-basis high heating value (HHVp or Hyp), wet-basis HHV of a sample with equilibrium
moisture (HHVwg), and wet-basis low heating value of a sample with equilibrium moisture
(LHVwg)are 18.30, 15.97, and 14.60 wt % for WPS1, and 15.72, 15.13, and 14.19 wt % for WPS2,
respectively. These results indicate that WPS1 possesses a higher amount of combustibles and a higher
heating value while possessing lower ash content than WPS2. Thus, the quality of WPS1 is better than
WPS2 and would yield a better torrefied biomass. The dry-basis metal compositions of Na, Ca, and
Mg of WPS1 are 0.059, 0.761, and 0.089 wt %, respectively, which are much lower than those of WPS2,
which are 0.168, 5.27, and 0.842 wt %, respectively. The high contents of Na, Ca, and Mg of WPS2 are
attributed to its high ash content which was discharged from the process using alkaline oxides and
would hinder the pyrolysis and torrefaction.

2.2. TGA Characteristics of Pyrolysis and Torrefaction

Figure 1 depicts the diagrams of thermal gravimetric analysis (TGA) for WPS1 and WPS2.
It presents the variation of the residual mass fraction of the WPS (Mg, wt %) with temperature
(T) during the pyrolysis process. The T started from 378 K (105 °C) because the My was calculated
by the initial WPS on a dry-basis. Before the pyrolysis process, the WPS was maintained at 378 K in
order to remove the moisture. According to the study by Bergman et al. [20], the pyrolysis process
can be divided into three regions. Under 473 K, it involves de-polymerization, re-condensation, and
softening. Before 523 K, the process consists of limited de-volatilization and carbonization. After 523 K,
the biomass begins to proceed with extensive de-volatilization and carbonization.
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Figure 1. TGA curves of residual mass fraction (M) vs. temperature (T) for WPS with conditions:
pre-heating at 378 K for 20 min, heating rate of 10 K/min, sample weight of 20 mg.

The results of Figure 1 show that the WPS exhibits no extensive decomposition at a temperature
below 523 K. It starts to decompose significantly (e.g., mass loss of 5 wt %) at around 553 K and 573 K,
respectively, for WPS2 and WPS1, which implies that the torrefaction process has begun. The WPS1
decomposed easier than WPS2 at 773 K by mass amounts of about 87 and 50 wt %, respectively. This is
consistent with the assertion that WPS1 has a higher content of volatile matter. A significant residual
mass is left in the case of WPS2, due to its high ash content.

The DTG (differential thermogravimetric) curves reveal a rough composition ratio of the constituents
in WSP1 and WPS2, which allows for the estimation of the mild temperature for torrefaction [20].
The value of —dMg/dT is related to the time variation of My, i.e., the reaction rate —dMpg/dt is related by
—dMg/dt = (—dMg/dT) HR, where HR represents the heating rate (10 K/min). A higher peak indicates
a higher reaction rate. As reported by previous studies [36], hemi-cellulose has a sharp pyrolysis rate
around 550-585 K. As soon as 628 K is reached, the intense decomposition of cellulose can be observed.
However, the decomposition of lignin is difficult to identify in the DTG curve because the temperature at
which this occurs overlaps with that of cellulose [36]. As shown in Figure 2, the DTG curves indicated
that both WPS1 and WPS2 possess low hemi-cellulose composition, and they are both predominantly
composed of cellulose and lignin. This is because the WPS is a mixed waste of waste wood and pulp
sludge with no significant hemi-cellulose content. Figure 2 reveals that WPS1 and WPS2 exhibit four and
three significant peaks, respectively, and that their first peaks appear at about 593 K at about 10 wt % of
the WPS having been decomposed. Notice that the highest peak of WPS1 at around 683 K is twice as high
as that of WPS2 at about 633653 K. This again indicates that the properties of WPS1 make it easier and
faster to decompose than WPS2. Furthermore, the significant peak at 820 K for WPS1 is similar to the
DTG pattern of secondary pulp mill sludge obtained from the aerobic biological treatment [37].

-AMR/AT (wt%/K)
2

0.1 1 | ‘Y R X\
;’C—)‘\A"r‘*\-""’(\/\/ . i ”
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Figure 2. DTG curve of —dMg/dT vs. T for WPS1 and WPS2 in Nj: Pre-heating at 378 K for 20 min,
heating rate of 10 K/min, sample weight of 20 mg.
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Simulated torrefactions by TGA were performed at Tt in the range of 533 to 593 K with 10 K
intervals. Figure 3 shows the influences of tt on My at various Tt values for WPS1 and WPS2. For both
WPS1 and WPS2, a higher Tt as well as a longer tt induces higher mass reduction. Most of the biomass
torrefaction tests have been set to retain a torrefied biomass of about 70 wt % while allowing for the
decomposition of the hemi-cellulose and cellulose constituents. For WPS1, the Mg was about 72 wt %
after 40 min of torrefaction at 573 K. However, the My decreased to about 68 and 61 wt % at 583 and
593 K, respectively. This suggests that the Tt for WPS1 may be properly operated at 573-583 K or
lower. For WPS2, the mass reduced slightly after 60 min of torrefaction for the cases with Tt lower
than 553 K (e.g., 533 and 543 K). At 40 min, the values of Mg were 75, 71, and 68 wt % at 573, 583, and
593 K, respectively, suggesting the appropriate Tt value of 583-593 K for WPS2.
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Figure 3. Simulated torrefaction of (a) WPS1 and (b) WPS2 via TGA at different setting temperatures.
STGA1-260 and STGA2-260: torrefaction of WPS1 and WPS2 via TGA at 260 °C, respectively. tr:
torrefaction time.

2.3. Energy Densification

Key parameters reflecting the performances of the torrefaction system assessed are the mass yield
(Ym), energy yield (Yg), and energy densification ratio (Ep). Yy is the ratio of the mass of the product to
the feed, as calculated by Equation (1). Yg is the ratio of the energy output of the product to the input of the
feed, as computed by Equation (2), or the multiplication of Yy; and the ratio of Hyp of the product to the
feed (Huprp/Huprp)- Ep can be calculated from Yg /Yy or Hyprp/Huprp by Equation (3). A higher
energy densification ratio implies a higher enhancement of the heating value of the torrefied product:

Ym = m7p/mgp, 1

Yg = mrpHuprp/mrpHuprp = YMHuDTD /HHDRD), )
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Ep = Yg/YMm = Hupro/Huprp, 3)
where

Hpyp = dry-basis high heating value,
Huprp, Haptp = Hup of dried raw and torrefied samples,
mgp, mTp = mass of dried raw and torrefied samples.

Referring to the TGA results of Section 2.2, the lab-scale torrefactions using a tubular furnace
were conducted at Tt = 533, 553, and 573 K for WPS1 and 553, 573, and 593 K for WPS2, both with
tr = 20, 40, and 60 min. The heating values for the torrefied WPS are shown in Table 2. For WPST1, the
Hpyp generally increases with an increasing tt at a moderate Tt of 533 and 553 K. However, at high a
Tt of 573 K, the torrefaction is vigorous, resulting in a reduction of Hyp as tr increases. For WPST2,
similar enhancing trends at 553 and 573 K were observed, while a tendency to decrease at 593 K with
time resulted. The Tt as Hyp decreased with the tr at 573 K for WPST1 was lower than that at 593 K for
WPST2, because WPS1 contains more combustibles making it easier to decompose. In general, a higher Tt
produced a higher Hyyp, except at Tt = 573 K with a tt value of 60 min for WPST1. The Hyp was raised
from 18.30 MJ /kg for WPSI to its highest value of 27.49 M]/kg for the WPST1, which occurred at 573 K
with a tr value of 20 min (WPST1-300-20). That of WPS2 was raised from 15.72 MJ / kg to 19.74 MJ /kg for
the WPST2, which occurred att593 K with a tr value of 20 min (WPST2-320-20). Again, the values of Hyp
for WPS1 were higher than those of WPS2, as expected. The Hyp values of WPST1-280-60, WPST1-300-20,
WPST1-300-40, and WPST1-300-60 were 25.19, 27.49 (highest), 24.98, and 24.58 M] /kg, respectively, and
are all within the Hyp range of bituminous coal which is 24-35 MJ/kg [38]. Table 2 also presents the
HHVwg values of WPS1, WPS2, torrefied WPS1 (WPST1) and WPS2 (WPST2), and the LHVwg values of
WPS1, WPS2, WPST1-300-20, and WPST2-320-20. The wet-basis HHVwyg of the above mentioned cases
of WPST1-280-60, WPST1-300-20, WPST1-300-40, and WPST1-300-60 were 23.75, 25.87 (highest), 23.51,
and 23.13 MJ/kg, respectively, which also satisfy the Quality D coal specification of the Taiwan Power Co.
(TPC) (City, Country), which is 20.92 MJ/kg minimum [39].

Table 2. Heating values of WPS and torrefied WPS of WPST at different torrefaction conditions.

Sample Hyp (MJ/kg) HHVyg (MJ/kg) LHVwg (MJ/kg)
WPS1 18.30 = 0.07 15.97 14.60
WPST1-260-20 19.99 18.81 -
WPST1-260-40 21.79 20.50 -
WPST1-260-60 23.20 21.83 -
WPST1-280-20 23.05 21.69 -
WPST1-280-40 22.96+0.07 21.67 -
WPST1-280-60 25.19 23.75 -
WPST1-300-20 (optimal) 27.49 25.87 -
WPST1-300-40 24.98 23.51 -
WPST1-300-60 24.58 23.13 -
WPS2 15.72 £ 0.01 15.13 14.19
WPST2-280-20 17.03 £ 0.03 16.87 -
WPST2-280-40 17.30 £ 0.12 16.82 -
WPST2-280-60 17.48 4+ 0.10 17.00 -
WPST2-300-20 17.52 17.14 -
WPST2-300-40 17.55 4 0.01 17/17 -
WPST2-300-60 17.89 17.50 -
WPST2-320-20 (optimal) 19.74 19.31 18.57
WPST2-320-40 19.46 19.05 -
WPST2-320-60 18.10 17.71 -

WPS1, WPS2: Batches 1 and 2 of wood waste with pulp sludge (WPS).WPST: Torrefied WPS.WPST1-T-t or WPST2-T-t
(e.g., WPST1-300-20): T-t denote temperature (°C) and time (min), respectively.Hyp: High heating value (HHV) in
dry basis. HHVg: Wet-basis HHV of sample with equilibrium moisture. LHVwg: Wet-basis low heating value of
sample with equilibrium moisture.
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Figure 4 presents the Yy and Yg values for WPST1 and WPST?2 at various conditions. The values
of Yg are higher than those of Yy, indicating that more energy was retained than mass for the torrefied
product. In general, both Yy and Yg decrease with increasing tr and Tt, revealing that more energy and
mass are lost as tt and Tt increase. The corresponding values of Ep are listed in Table 3 and all listed
values are higher than 1, indicating that the torrefaction is beneficial for the energy densification of the
WPS. The Ep, is generally enhanced with increasing Tt. At moderate Tt values, e.g., 533 and 553 K for
WPST1 and 553 and 573 K for WPST2 (depending on the raw materials), a longer tr yields a higher Ep.
However, at a high Tt value such as 573 K for WPST1 and 593 K for WPST?2, the extent of torrefaction is
very significant resulting in a reduction of Ep with an increasing energy loss as tr increases.

WPST1-300-60
WPST1-300-40
WPST1-300-20
WPST1-280-60
WPST1-280-40
WPST1-280-20
WPST1-260-60
WPST1-260-40
WPST1-260-20

040 050 060 0.70 080 090 1.00

WPST2-320-60 -
WPST2-320-40 +
WPST2-320-20
WPST2-300-60 -
WPST2-300-40
WPST2-300-20
WPST2-280-60 -
WPST2-280-40 -
WPST2-280-20

040 050 060 070 0.80 0.90 1.00
(b)

Figure 4. Energy yield (Yg) and mass yield (Yy) at different torrefaction conditions for (a) WPST1 and
(b) WPST2.

Table 3. Energy densification ratios Ep of WPS at various torrefaction temperatures.

tr (min) 533 K 553 K 573 K 593 K
T (min,
WPST1-260 WPST2-260 WPST1-280 WPST2-280 WPST1-300 WPST2-300 WPST1-320 WPST2-320
20 1.10 - 1.26 1.10 1.50 1.03 - 1.26
40 1.19 - 1.26 1.09 1.36 1.12 - 1.24
60 1.27 - 1.38 1.11 1.34 1.14 - 1.15

For the cases of WPST1-280-60, WPST1-300-20, WPST1-300-40, and WPST1-300-60, the values of
HHVywg qualify the Quality D coal specification (20.92 MJ/kg minimum). The obtained values of Hyp
are also within the range of bituminous coal (24-35 MJ/kg), and these Ep, values are 1.38, 1.50, 1.36, and
1.34 while those of Y) are 0.53, 0.56, 0.51, and 0.47, respectively. Excellent energy densification was
observed for these cases, however, with a low mass yield of the torrefied product. Some cases, such as
WPST1-260-60, WPST1-280-20, and WPST1-280-40, possess respective HHVyyg of 21.83, 21.69, and 21.67
M]J/kg, satisfying the Quality D coal specification, whereas the respective Hyp values of 23.20, 23.05,
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and 22.96 M] /kg are slightly lower than that of bituminous coal. The respective Ep values of 1.27, 1.26,
and 1.26 are satisfactory with corresponding Yy values of 0.58, 071, and 0.56. Hence, WPST1-300-20
with an Hyp, HHVwg, Ep, and Yy of 24.79 M] /kg, 25.87 M] /kg, 1.50, and 0.56, respectively, seems to
be the optimal case among all WPST1 samples. The highest Ep for WPST1 is 1.50 for the WPST1-300-20
torrefied at 573 K for 20 min; however, this sample possesses a low Y); value of 0.56.

As for the torrefaction of WPS2, the Ep and Y) values respectively range from 1.09-1.11 and
0.67-0.80 for WPST2-280, 1.03-1.14 and 0.59-0.69 for WPST2-300, and 1.15-1.26 and 0.57-0.61 for
WPST2-320. The highest Ep value of 1.26 was observed in the case of WPST2-320-20. The corresponding
Ym, Hup, and HHVwg values for this sample are 0.61, 19.74 MJ] /kg, and 19.31 MJ/kg, respectively.
The HHVwg value is close to the Quality D coal specification of the TPC.

2.4. Comparison of Results with Those of Others

The results of the proximate analysis, ultimate analysis, and equilibrium moisture content of
WPS1, WPS2, WPST1-300-20, and WPST2-320-20 are listed in Table 1. After drying, the dried WPS1
and WPS2 possessed the equilibrium moisture contents, Mwg, of 12.75 and 3.77 wt %, respectively.
By applying torrefaction, the My of torrefied WPST1-300-20 and WPST2-320-20 decrease to 5.91 and
2.15 wt %, respectively. The Mg of both torrefied samples are lower than those of WPS1 and WPS2,
suggesting that torrefaction beneficially reduces the equilibrium moisture content.

The respective Myymp values of WPS1 and WPS2, 74.41 and 61.55 wt %, were found to have
decreased to those of torrefied WPST1-300-20 and WPST2-320-20, 48.67 and 53.75 wt %, respectively.
On the other hand, the Mgcp values of WPS1 and WPS2 of 20.79 and 18.75 wt % increase to those of
torrefied WPST1-300-20 and WPST2-320-20 at 42.74 and 20.86 wt %, respectively. This signifies the role
of torrefaction in removing moisture and volatile matters at mild conditions while retaining most of
the fixed carbon in biomass. The decrease in Mcp (the sum of Myymp and Mgcp) then results in the
increase of Mp.

The results of the ultimate analysis show an increase in the contents of carbon and nitrogen,
while a decrease of hydrogen, oxygen, and sulfur were observed for torrefied WPST1-300-20 and
WPST2-320-20. Since the WPS is hydrophilic, a decrease in the oxygen content makes the WPST
comparatively more hydrophobic. From the results,it can be also inferred that the structure of the
WPS is altered such that C-H, C-O, and C-S bonds are broken during torrefaction, releasing the H-, O-,
and S-containing compounds. Thus, relatively larger amounts of carbon and nitrogen are retained.
These findings suggest that the hygroscopic nature of the WPS can be destructed to yield hydrophobic
products. Therefore, WPST would be easy to store and would not spoil easily. The characteristics
of the relative contents of C, H, and O can be expressed in a Van Krevelen plot as atomic ratios of
H/C vs. O/C as shown in Figure 5. A comparison with other carbon-containing materials is also
plotted in Figure 5. The characteristics of H/C and O/C of coals are near the low left corner [40], while
those of the raw WPS, rice straw, and bio-fiber are in the upper right region. After the torrefaction
process, the said characteristics of WPST are close to those of coal. Moreover, both the WPST1-300-20
and WPST2-320-20 samples exhibit better heating values and atomic ratios of O/C and H/C when
compared with torrefied rice straw at 553 K and 50 min [35], as shown in Table 1. Thus, the torrefaction
of WPS is suitable for improving the combustion and co-firing quality of the torrefied products,
WPST1-300-20 and WPST2-320-20, for use as solid-fuels.
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Figure 5. Van Krevelen diagram for products of this study and some carbon-containing matters.
Coal: data from Kurose et al. [40]; rice straw and bio-fiber: data from Yang [35].

3. Experimental Methods

The mixture of wood waste and the pulp sludge used in this study was a bio-waste obtained from
a pulp factory, which is located in the eastern part of Taiwan and produces virgin pulp and fine quality
papers. Two batches of WPS samples were received and tested, namely WPS1 and WPS2. Each sample
has been prepared by open-air sun-drying over 3—4 days and then by oven treatment at 378 K over 24 h.
It is noted that the open-air sun-drying method is usually used for the pre-treatment of waste sludge in
wastewater treatment plants in Taiwan before further re-utilization. Otherwise, the dewatering of the
waste sludge using other approaches (e.g., belt pressing) would still be required before disposal. Thus,
the application of torrefaction to the dewatered waste sludge is feasible, in place of disposal, which is
costly. In this study, the torrefaction process was applied to improve the qualities of WPS for use as a
solid bio-fuel. The TGA was used to determine the optimal operation conditions of the torrefaction
system in order to obtain the torrefied products fulfilling the quality specifications of coal.

3.1. Property Analysis

Properties of the WPS and torrefied WPS (WPST) were determined and compared with the
industrial quality specifications of coal, such as the Quality D coal specification of the TPC [39].
Triplicate experiments were performed to validate the torrefaction characteristics of the WPST samples.
Heating values were measured according to the ASTM D2015 method via calorimeter (Oxygen
bomb plain jacket calorimeter, model 1341, Parr Instrument, Moline, IL, USA). These included
HHVp (or Hyp), HHVywg, and LHVyyg. The proximate analyses determine the contents of the main
components, such as My, Mynm, Myc, and M. The sum of My, and Mgc is noted as Mc. A drying
oven (YF-OVP60, Yi Feng, Taipei, Taiwan) and muffle furnace (DF-40, Deng Yng, Taipei, Taiwan)
were used. Ultimate analysis was conducted using a Flash 2000 (Thermo Scientific, Fisher Scientific,
Milan, Italy) for C, H, N, and S, Vario III-NCSH (Heraeus, Postfach, Hanau, Germany) for O, and
Ion Chromatography (792 basic IC, Metrdm, Herisau, Switzerland) for Cl. Metal compositions were
measured using an inductively coupled plasma-mass spectrometer (Agilent 725-ICP-OES, Agilent
Technologies, Santa Clara, CA, USA).

3.2. Thermal Gravimetric Analysis

A TGA analyzer (TGA-51, Shimadzu, Kyoto, Japan) was used to simulate the pyrolysis and
torrefaction of the WPS. For each test, 20 g of pre-dried WPS was placed into the furnace in a container.
During pyrolysis or torrefaction, N, working gas was purged into the furnace at 50 mL/min, which was



Energies 2017, 10, 910 10 of 13

controlled by a mass flow controller (Manufacturer, Brooks, Hatfield, PA, USA). The final temperature of
the pyrolysis was set at 1073 K with an HR of 10 K/min. Various Tt values were set from 573 to 593 K (260
to 320 °C) with 10 K intervals. Detailed temperature control parameters of the TGA are listed in Table 4.
All the samples were pre-heated at 378 K (105 °C) for 20 min in order to avoid the interference of moisture.

Table 4. Temperature control of thermal gravimetric analysis (TGA).

Process TGA Simulated Torrefaction
1. Drying from 303 to 378 K
Heating rate, HR (K/min) 30 30
2. Drying at 378 K
Constant drying time (min) 20 20
3. Pyrolysis from 378 to 1073 K
HR (K/min) 10 NA

4. Pyrolysis from 378 K to Tt

Torrefaction temperature, Tt (K) NA 533, 543, 553, 563, 573, 583, 593
HR (K/min) NA 10

Time of torrefaction, tt (min) NA 80

NA: Not applicable.

3.3. Torrefaction System

A lab-scale torrefaction system with a tube furnace(TF-35, Cheng Huei Co., New Taipei City,
Taiwan) used in this study is illustrated in Figure 6. The tube is made of 314 stainless steel with an
inner diameter of 6.2 cm and a length of 15 cm. For an experiment, it was firstly purged by nitrogen gas
controlled via mass flow controller (Brooks Co., Charlotte, NC, USA) at 500 mL/min for 10 min before
loading the sample. Then, 5 g of WPS that was loaded in a sample boat was pushed and charged into
the reactor at the pre-set Tt. The flow rate of nitrogen was then reduced to 165 mL/min during the
torrefaction. The Tt values were set at 533, 553, and 573 K for WPS1 and 553, 573, and 593 K for WPS2.
The tt tested for each Tt were 20, 40, and 60 min. After reaching the set Tt and tr, a cooling fan was
employed to quickly reduce the temperature of the tube. When the tube temperature was below 378 K,
the torrefied samples were taken out from the tube and then kept in sealed glass jars with desiccants
before further analysis. All gaseous products with boiling points above 298 K were condensed and
collected by a condenser. Other non-condensable gases were then discharged.

- —

Gas analyzer

Mass flow controllers

777777 | | |
0@0 0@0 O@O O@O

§ Torrefaction reactor

| [ | @ Cooling water
oooo
Gas cylinder Thermo-controller Heater

Figure 6. Schematic diagram of torrefaction system.
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4. Conclusions

Wood waste with pulp sludge (WPS) can be used as a raw bio-mass material to produce solid
bio-fuel for use in co-firing with coal and can therefore reduce coal consumption and waste discharges.
The torrefaction process can be applied to effectively improve the properties of WPS such that they
become close to those of coal. The energy densification ratios of the torrefied products of WPS,
e.g., WPST1-300-20 (at 300 °C with 20 min) and WPST2-320-20 (at 320 °C with 20 min), 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 M]/kg. The respective wet-basis high heating values are 25.87 and
19.31 MJ /kg, with WPST1-300-20 satisfying the Quality D coal specification of the Taiwan Power Co.
of above 20.92 M] /kg.
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Nomenclature

dMg/dT Differential temperature variation of Mg (wt %/K or wt %/°C)

dMpg/dt Instantaneous reaction rate, =HR (dMg /dT) (wt %/min)

Ep Energy densification ratio (-)

Hyp or HHVp Dry-basis HHV (M]/kg or kcal/kg, 1 kcal = 4.184 x 10~3 MJ)

Huprp, HEDTD Hpyp of dried raw and torrefied samples (M]/kg or kcal/kg)

HHV High heating value (M]/kg or kcal/kg)

HHVwg Wet-basis HHV of sample with equilibrium moisture (M]/kg or kcal /kg)

HR Heating rate (K/min or °C/min)

LHVwEg Wet-basis low heating value of sample with equilibrium moisture (M]/kg or kcal/kg)
Ma, Map Ash contents of sample by proximate analyses in wet and dry bases (wt %)

Mc, Mcp Combustibles contents of sample by proximate analyses in wet and dry bases (wt %)
Mrc, Mrcp Fixed carbon contents of sample by proximate analyses wet and dry bases (wt %)
Mg Residual mass fraction (wt %)

Mym, Mymp Volatile matters contents of sample by proximate analysis wet and dry bases (wt %)
Mw Moisture content of sample as received by proximate analysis (wt %)

Mwg Equilibrium moisture content of sample in air by proximate analysis (wt %)
mgp, M1p m of dried raw and torrefied samples(g)

T Temperature (K or °C)

Tt Torrefaction temperature (K or °C)

t Time (min)

tr Time of torrefaction (min)

WPS-T-t (e.g., T and t denote temperature (°C) and time (min), respectively

WPST1-300-20)

Yg Energy yield (-)

Ym Mass yield (-)

Abbreviations

DTG Differential thermogravimetric

NA Not applicable

ND Not detected

TGA Thermal gravimetric analysis

TPC Taiwan Power Co.

WPS Wood waste with pulp sludge

WPST Torrefied WPS
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