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Abstract

To prevent the spread of pine wilt disease (PWD), a transportable carbonization equipment was designed for in-situ
treatment of infected pine wood (IPW). The equipment killed all pine wood nematodes (PWNs) in IPW when carboni-
zation temperature was up to 200 °C. The optimal laboratory process of infected pine wood charcoal (IPWC) was car-
bonization temperature of 500 °C, heating rate of 3 °C min~' and holding time of 0 min. Based on the optimal labora-
tory process, the transportable carbonization equipment produced IPWC with a fixed carbon content of 79.82%,

and ash content of 1.14% and a moisture content of 7.83%, which meets the requirements of EN 1860-2:2005(E)
standard. The economic efficiency of incineration (T1 mode), crushing (T2 mode), and transportable carbonization
(T3 mode) was evaluated. For each ton of IPW treatment, the profit generated was —75.48 USD in T1 mode, 26.28 USD
inT2 mode, and 51.91 USD in T3 mode. T3 mode had the highest economic efficiency. These findings will be helpful
to provide guidance for the control of PWD and value-added utilization of IPW.

Highlights

- Atransportable carbonization equipment was designed for in-situ treatment of IPWs

- The transportable carbonization equipment killed all PWNs of IPW when carbonization temperature was up to
200 °C.

- In the transportable carbonization mode, the income generated from treating each ton of IPW was 51.91 USD.
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1 Introduction

Pine wilt disease (PWD) is considered as a type of devas-
tating and infectious forest disease (Ikegami and Jenkins.
2018). In 2022, about 1.04 X 10° pines were destroyed by
PWD in China. To date, in-situ incineration of IPW has
the potential to control the spread of PWD (Shang 2023).
However, it increases the risk of forest fires and reduces
carbon storage in forests (Wen et al. 2022). Most impor-
tantly, it doesn’t produce any economically valuable by-
products, which results in a waste of wood resources in
China. According to the International Standard for Phy-
tosanitary Measures No. 15 (ISPM No. 15), pine wood
nematodes (PWNs) can be eliminated if the tempera-
ture of IPW core is up to 56 °C for 30 min (Back 2020),
indicating that thermal treatment of IPW is an effec-
tive method. Based on this conclusion, the ISPM No. 15

declares that kiln-drying and microwave treatment are
applied thermal treatment methods (Allen et al. 2017).
However, neither of these two methods can treat IPW
in-situ. In fact, nearly 80% of the PWD infected areas in
China are due to the transportation of IPW trade (Guo
2021). Therefore, the development of in-situ treatment
method for converting IPW into high-value product is
crucial for PWD control and sustainable utilization of
wood in China.

Carbonization is a conventional thermal treatment
with temperatures between 220-900 °C (Abou Rjeily
et al. 2021). Equipment plays an important role in the
carbonization process. The fixed carbonization equip-
ment is used to commercially manufacture carbon
materials around the world. However, transportable car-
bonization equipment lacks sufficient information such
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as reactor construction, system configuration, operating
conditions, etc. (Brown et al. 2013). Compared with fixed
carbonization equipment, transportable equipment pro-
vides flexibility in the treatment time and location to sim-
plify the handling, transportation and storage of seasonal
biomass (Kang et al. 2021). The research of transportable
carbonization equipment mainly focuses on commercial
applications for manufacturing bio-oil (Kang et al. 2021;
Wang et al. 2021). Although bio-oil has the high energy
density to facilitate transportation, the requirement for
particle sizes and moisture contents of feedstock shows
that transportable carbonization equipment needs to
own crushing and drying systems, which is unfavorable
to the flexibility of equipment transportation (Bridgwa-
ter 2018). Furthermore, most transportable carboniza-
tion equipment requires additional energy supplies to
maintain them operation, such as electricity and liquefied
petroleum gas (Thengane et al. 2021), which increases
the operating costs and energy consumption of equip-
ment. Compared with large-scale carbonization plants,
transportable carbonization equipment has smaller
combustion chambers and lower oxygen supply, result-
ing in insufficient combustion of materials and release of
substandard flue gases (Williams et al. 2012). Although
large-scale carbonization plants are equipped with com-
prehensive flue gas treatment systems, such as electro-
static precipitator, bag filter, flue gas scrubber tower,
etc., these systems can’t be applied to transportable car-
bonization equipment due to its special working condi-
tions. Therefore, it is necessary to systematically design
the flue gas cleaning system of transportable carboniza-
tion equipment. Although IPW has the lower density and
extractive content than uninfected pine wood (Reva et al.
2015), they have similar carbon, oxygen, sulfur, and ash
content. Therefore, IPW is a type of renewable energy
with potential for development, which can be converted
to value-added bio-oil, bio-gas, and bio-char through
carbonization technology (Campbell et al. 2018; Kim
et al. 2010). In the field of IPWs treatment, no research
has been reported on transportable carbonation equip-
ment. The application of fixed carbonation equipment
implies an increasing range of PWN infection during the
transport of IPWs. Therefore, it is important to develop
a transportable carbonization equipment to in-situ treat
IPWs.

Huangshan city is located in the south of Anhui Prov-
ince, China, with longitude 117°02—118°55E and lati-
tude 29°24'—-30°24'N. The forest area of this city is about
8.0x10° hm? with forest coverage rate of 82.9% (Liu
2022). Pine forests account for about 16% of the forest
land area, masson pines comprising more than 97% of the
total pine forest. They are the main species infected by
PWD in Huangshan city. (Cai 2019). A total of 6.4x 10°
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IPWs were treated from 2021 to 2022, most of which
were incinerated without producing any value-added
products (Fang 2022). Especially, the local government
spent approximately 3.15x10” USD on treating these
IPWs in 2022 (Fang 2023). Therefore, it was assumed to
be representatively selected as a pilot for transportable
carbonization equipment to treat IPWs in-situ. In this
research, transportable carbonization equipment was
designed. The influences of carbonization temperature,
holding time and heating rate on the energy characteris-
tics of IPWs were investigated. The energy and combus-
tion characteristics of both laboratory-produced IPWCs
and equipment-produced IPWCs were determined.
The lethal temperature of PWNs under the operation
of transportable carbonization equipment was deter-
mined. Finally, the economic efficiency of incineration
mode, crushing mode, and transportable carbonization
mode in Huangshan city were compared. The aim of this
research is to develop a commercially available transport-
able carbonization technology, which is expected to fill
the research gap in the high-value utilization of IPW and
improve the severe situation of PWD control in China.

2 Material and methods

2.1 Preparation of IPWC in the lab

The IPWs were infected masson pines taken from
Huangshan city, Anhui province, China. Discs measur-
ing 5 cm in thickness were taken from the base of IPWs
and placed in sealed bags. The moisture content of discs
was about 12.31%. In the laboratory, they were cut into
small blocks to facilitate drying in the oven with temper-
ature of 103+ 2 °C for 12 h. About 400+ 5 g of the blocks
were carbonized using a digitally controlled furnace
(SN 333301, Nabertherm, Germany). Table 1 shows the
experimental design of carbonation temperature, heating
rate and holding time based on the single-factor experi-
mental method. The operating parameters were opti-
mized according to EN 1860—2:2005(E). The IPWCs were
crushed into particles with sizes of 180-250 um using a
pulverizer (Yunbang 2500a) for testing. The samples were
labeled as C-H-R (C is carbonization temperature, H is
holding time and R is heating rate).

2.2 Preparation of IPWC in the equipment

2.2.1 Transportable carbonization equipment set-up
Transportable carbonization equipment was built
on a truck to easily transport in the forestry farm, as
shown in Fig. 1. The size of equipment was 4670 mm
(length) x2300 mm (width) x2200 mm (height). Fig-
ure 2 shows that the equipment was composed of a
carbonization system, a combustion system, a cooling
system and a flue gas cleaning system, whose operation
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Table 1 Parameters of carbonization process

Process Carbonization Holding time (min)  Heating rate
temperature (C) (‘C min™")

1 200 0 2

3 300 0 2

5 400 0 2

7 500 0 2

9 600 0 2

11 Optimization-1 30 2

12 Optimization-1 60 2

13 Optimization-1 90 2

14 Optimization-1 120 2

15 Optimization-1 Optimization-2 1

17 Optimization-1 Optimization-2 3

18 Optimization-1 Optimization-2 4

19 Optimization-1 Optimization-2 5

20 Optimization-1 Optimization-2 Optimization-3

Optimization-1 is the selected carbonization temperature, optimization-2 is the
selected holding time and optimization-3 is the selected heating rate. Among
these, process 20 is the optimal operating parameter

was divided into drying stage, carbonization stage and
cooling stage.

In contrast to fixed carbonization equipment, this
equipment had the following special characteristics:
(1) An enclosed cooling technique was adopted to
reduce the risk of fire in the forest area,as shown in
Fig. 3a. There were two methods of charcoal cooling,
including natural cooling and artificial cooling (Bustos
2018). Natural cooling was widely applied in charcoal
manufacturing due to the low operating costs. How-
ever, this method resulted in the cooling stage occupy-
ing a main part of charcoal manufacture cycle (Oliveira
et al. 2010). Liquid water was the typical refrigerant
of artificial cooling, which could significantly reduce
the cooling time (Oliveira et al. 2015). Based on the

Fig. 1 Operation of transportable carbonization equipment
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previous research on water fogger of charcoal cool-
ing (Bustos 2018), this equipment designed a recy-
clable cooling system, including a water tank, four
spiral nozzles, a centrifugal pump, and a sedimenta-
tion tank. When carbonization process was completed,
the side seal door was opened by the external pulley.
The carbonized IPWs (IPWCs) were dragged into the
cooling system and were rapidly cooled by circulat-
ing sprays. Especially, the carbonization system could
continuously work during the cooling of the IPWCs to
increase the efficiency of this equipment. (2) Fig. 3b
shows a combined flue gas treatment technique, which
was specifically developed for this equipment, includ-
ing a centrifugal pump, a turbulent tower and cyclone
dust collector. Separation efficiency of cyclone dust
collector was around 85% for PM10 and decreased to
below 20% for particulates with less than 5 pm aerody-
namic diameter (Jiao and Zheng 2007). Furthermore,
it could remove particles of 2-3 mm in flue gas under
high temperature and pressure conditions, which was
always set as a pretreatment device for flue gas puri-
fication (Lee et al. 2008). The turbulent tower was
composed of a supporting plate, plastic balls, strainers,
etc. A number of plastic balls were placed on the sup-
porting plate. During the operation of the turbulent
tower, the plastic balls inside the tower were turbu-
lently rotating and hitting each other under the influ-
ence of the flue gas. Meanwhile, water sprayed from
the top of the tower produced a liquid layer on the sur-
face of the plastic balls, which was constantly renewed.
This resulted in a significant enhancement of the heat
transfer process, extending the service life of the tur-
bulent tower. The turbulent tower had high absorp-
tion efficiency and could be set up for flue gas terminal
treatment, because it cannot withstand high tempera-
tures. (3) The heat of transportable equipment was
from the combustion of IPWs and combustible gases




Ni et al. Biochar (2024) 6:50

Flue gas

Page 5 of 17

Flue gas
cleaning system

Flue gas

Control box

] T @ @
Carbonization
H chamber Cooling chamber
Flue gas !

N Circulating

H nbust 1 ‘

bl GEEER '
Combustion chamber

Sedimentation tank-1

o
collection room

Sedimentation
tank-2

Blower-1

Fig. 2 Mechanism of transportable carbonization equipment

of carbonization process, coupled with the fumigation
of flue gas. The carbonization system was positioned
in the middle of the combustion system and insulation
was added to the combustion system’s exterior to pro-
mote heat radiation.

Figure 4a shows the smoke fumigation device and the
change in smoke temperature. The application of smoke
fumigation device resulted in 59.04% of the heat in the
flue gas that was utilized, which reduced the consump-
tion of fuel. Meanwhile, the reduced temperature of the
flue gas facilitated the operation of the flue gas clean-
ing system. Figure 4b shows the Y-burner nozzles and
the change in equipment temperature. The temperature
profiles of the carbonization system and the combus-
tion system showed that the application of the Y-burner
nozzles increased the heating rate by 2.80°C min™! and
2.84°C min™, respectively. This indicates that it played
an important role in the heating up of the equipment.
In addition, the Y-burner nozzles increased the relative
velocity of air/combustible gas and reduced the risk of
coking at the gas outlet, thus improving the flame sta-
bility and heating efficiency during combustion process
(Albert-Green and Thomson 2018).

2.2.2 Preparation process of IPWC

IPWs with diameters of 30-40 cm and lengths of 90+5
cm were selected for thermal treatment in the trans-
portable carbonization equipment. Carbonization tem-
peratures were set at 100 °C, 150 °C and 200 °C. This test
was designed to investigate the lethal temperature of the
PWN. In addition, IPWs with diameters of 5-10 cm,
10-20 c¢m, and 20-30 c¢m, and length of 90+ 5 cm, were
selected. The carbonization temperature of equipment
was set at 500 °C. Charcoal from IPW with a diameter of

5-10 cm was used for testing. This test was conducted to
investigate the carbonization efficiency of the equipment.

2.3 Quarantine of PWNs

Figure 5a shows that quarantine process for PWNs.
According to GB/T 23476-2009, the thermal-treated
masson pines were cut to wooden blocks and the PWNs
were extracted by the Baermann funnel method (Jung
etal. 2021). 15 ml of the sample liquid from the bottom of
the funnel was placed in a centrifuge tube. A centrifuge
(Eppendorf 5430) was used to stir the sample liquid at a
speed of 1500 r min~"! for 2 min. The sample liquid at the
bottom of the centrifuge tube was placed in a petri dish
by pipetting and the PWNs were observed using a micro-
scope (OLMPUS DSX1000). Figure 5b shows that no live
or dead nematodes were found in the IPW at a tempera-
ture of 200 °C, indicating that the IPW met the quaran-
tine requirements at this thermal treatment. Therefore,
the initial temperature of carbonization was set at 200 °C
in the laboratory.

2.4 Proximate analyses and ultimate analyses

The moisture, volatile matters and ash of the IPWCs were
determined with a proximate analyzer (SDTGA5000a,
Sundy, China) according to GB/T 212-2008, D 1102-84,
and ASTM E 711. Carbon (C), hydrogen (H), nitrogen
(N) and sulphur (S) were determined with an element
analyzer (SDCHN 435, Sundy, China) according to GB/T
476-2008 and an infrared sulfur determination instru-
ment (SDS 350, Sundy, China) according to GB/T 217-
2007. The oxygen (O) and fixed carbon content (FC) were
calculated using Eqgs. (1) and (2) (Ni et al. 2022). Three
replicates of each experiment were performed.
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O(wt%) = 100 wt% — C(wt%) — H(wt%) — N(wt%) — S(wt%)
(1)
FC(wt%) = 100 wt% — Ash (wt%) — VOL (wt%) — MC(wt%)
2)

2.5 Determination of energy properties

According to ASTM E711-87, the higher heating value
(HHV) was determined by the calorimeter system
(IKA-C 2000). Three replicates of each experiment were
performed. The formulas (3) to (10) were used to calcu-
late energy properties, including carbon densification
factor (CDF), H/C molar ratios, O/C molar ratios, energy
enrichment factor (EEF), calorific value improvement
(CVI), energy vield (EY), fuel ratio (FR), IPWC yield
(Yipw), the mass of IPW (M|py,), and the mass of IPWC
(Mpyc)-

CDF = Cpwc/Crpw (3)

H/C = (Hipwc/Hmw)/(Crpwe/Cymw) (4)
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CVI= (EEF—1) x 100 (7)
FR = FCipwc/VOLipwc (8)
Yipwe = (Mipw — Mipwc)/Mipw X 100 9)

EY = YIPWC x EEF (10)

where, Hypw, Cyw, and Oy are molecular weights of
H, C and O. Hypwc, Opwe Crpwe and Cipy are contents
of C, H, and O, HHV py, and HHVypy, are high heating
values of the IPWCs and IPWs, FC\pyc and VOLpyc are
fixed carbon and volatile matter of IPWCs.
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2.6 Determination of combustion properties

Cone calorimeters (Fire Testing Technology Ltd., UK)
were used to determine combustion properties of the
IPWCs including time to ignition, heat release rate
(HRR), total heat release (THR), total smoke produc-
tion (TSP), etc. (Xu et al. 2015). The samples were
placed evenly in a mold with 100 mm (long) X 100 mm
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(wide) x 8 mm (high). The experiments were performed
according to the standard method of ISO 5660-1:2002
"Experiment on Heat Release, Smoke Production and
Mass Loss Rate in Fire Reaction Part 1: (Heat Release)
at a constant incident heat flux 50 kW m~2 Two repli-
cates of each experiment were performed.
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Table 2 Main economic indicators
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Parameter

Formula

Total production value
Total cost

Net production value
Profit

Cost production rate

Cost net production rate
Materialized cost rate
Cost utilization rate
Investment output rate
Net investment production rate
Net labor production rate
Investment utilization rate

Material cost+labor cost+ net income after taxes
Material cost +labor cost

Labor cost+net income after taxes

Net income after taxes

Total production value/ total cost

Net production value/ total cost

Material cost/ total cost

Net income after taxes/ total cost

Total production value/ material cost

(Labor cost+ net income after taxes)/ material cost
Net production value/ labor cost

Net income after taxes/ material cost

2.7 Economic efficiency analysis

Table 2 shows the main economic indicators to evalu-
ate economic efficiency of incineration, crushing and
transportable carbonization for treating IPWs (Zhang
et al. 2021). Incineration, crushing and transportable
carbonization modes were named as T1, T2 and T3
modes. The economic efficiency of different modes
was comprehensively analyzed by entropy weight
method and grey correlation coupling method (Wen
et al. 2021). The analysis steps regarding the gray cor-
relation method were listed as follows. Firstly, the
original evaluation matrix A was established from 12
economic indicators. Secondly, the maximum values
of 12 economic indicators were selected to form the
reference row vector R,. Thirdly, the original matrix A
and the reference row vector R, were used as matrix
elements, which were normalized by the formula (11).
Finally, the correlation coefficient matrix R was calcu-
lated through the formula (12).

xij — min xij
Kij=———————(i=1,2,3;j=1,2.,12)
max xij — min xij
14 l

(11)

min min |x'0j — «ij| + p max max |x'0j — «'ij|
i i

§ij =

|¥'0j — x'ij| + p max max |x'0j — «’ij|
i

(i=1,23j=12.,12)

indicator in the mode (j=1, 2..., 12), p is usually taken as
0.5, C is the total economic efficiency score of the differ-
ent modes, R is the transpose matrix of R, and W is the
weight vector of the 12 economic efficiency indicators
using the entropy weighting method.

3 Results and discussion

3.1 Fundamental characteristics of Lab-produced IPWCs
Table 3 shows the ultimate and proximate analysis of
IPWCs. The content of volatile matter decreased with
the increase of carbonization temperature, whereas the
content of fixed carbon increased. When carbonization
temperature was up to 500 ‘C, the fixed carbon, ash, and
moisture content of IPWCs met the requirements for
barbecue charcoal under EN 1860-2:2005 (E). Further-
more, the ash content of 500-0-2 was significantly lower
than the standard requirement for barbecue charcoal
(8%), indicating that it had high heat efficiency and low
risk of fouling (Ma et al. 2022). The C content of IPWCs
increased while the O content decreased, confirming that
the purity of IPWCs were improved (Zhou et al. 2021).
Since the oxygen and hydrogen groups of IPWCs were
released as volatile matter with the increase of holding
time, the C content gradually increased. Compared with

(12)

C=Ww xRT (13)

where, x;; is an element in matrix A, x ;; is the element of
the matrix after normalization, ¢j; is an element in matrix

R, iis the mode number (i=1, 2, 3) and j is the evaluation

holding time, the content of fixed carbon decreased and
volatile matter increased when heating rates increased.
The higher heating rate caused the sample to reach the
final carbonization temperature, resulting in a large
amount of volatile matter remaining in it (Qin et al.
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Table 3 Ultimate and proximate analysis of Lab-produced IPWCs
Sample Proximate analysis (wt%) Ultimate analysis (wt%)

M4 A VM, 4 FCyq C H N S Oyqir)
control 7.63 0.36 76.11 15.90 49.51 546 0.06 0.04 4493
200-0-2 4.08 042 79.31 16.17 51.16 559 0.03 0.04 43.18
300-0-2 2.36 047 71.88 2540 57.04 5.22 0.05 0.05 37.64
400-0-2 2.09 0.88 33.38 63.66 76.61 3.36 0.15 0.05 19.83
500-0-2 3.14 1.06 19.28 76.52 83.27 3.05 0.29 0.06 1333
600-0-2 333 1.31 12.51 82.85 88.92 1.89 0.38 0.07 8.74
500-30-2 222 1.94 17.42 7842 84.72 2.84 0.34 0.06 12.04
500-60-2 2.79 0.79 14.03 82.39 85.93 2.77 045 0.06 10.79
500-90-2 2.80 0.69 13.97 82.54 86.03 2.70 045 0.06 1049
500-120-2 1.85 1.68 13.33 83.14 86.30 2.54 048 0.05 10.63
500-0-1 7.63 0.36 17.26 79.92 85.19 2.38 048 0.06 11.89
500-0-3 325 0.59 21.22 76.17 82.36 3.01 0.24 0.06 14.39
500-0-4 3.02 0.70 20.57 74.86 81.61 3.25 0.28 0.05 14.81
500-0-5 1.94 0.99 24.33 7277 81.14 337 032 0.05 15.12

M,q is the moisture content, A, is ash content, VM, is content of volatile matter, FC,4 is fixed carbon content

2020a, b). Furthermore, the deposition of hydroxyl
groups (—~OH) and carboxyl groups (-COOH) on the
samples surface caused the increase of H and O content
(Shen et al. 2010). Especially, the content of fixed carbon
could not meet the requirements of EN 1860-2:2005 (E),
when heating rate was higher than 3 °C min™'. In conclu-
sion, the influence of carbonization temperature on the
fundamental characteristics was more significant than
that of heating rate and holding time. All IPWCs had low
S and N content, indicating that it could be used as an
environmental-friendly fuel due to the low release of SOx
and NOx. The moisture content, volatile matter, ash and
fixed carbon of 500-0-3 met the requirements of the EN
1860-2:2005 (E). Although the higher carbonization tem-
perature improved the combustion stability of IPWCs,
it also meant more energy consumption. Therefore, the
optimized process of IPWCs was carbonization tempera-
ture of 500 °C, holding time of 0 min, and heating rate of
3 °C/min.

3.2 Energy properties of lab-produced IPWCs

Figure 6a shows H/C and O/C ratios of IPWCs. The
H/C and O/C ratios were used to illustrate the differ-
ences in the chemical composition of fuel and evalu-
ate the energy density (Chiang et al. 2012). Because the
carbon (C) content of IPWCs was densified by elimi-
nating volatile matter and moisture, the H/C and O/C
ratios gradually decreased with the increase of car-
bonization temperature. Interestingly, the H/C ratio
slightly varied when holding time increased from 60 to
120 min, although the O/C ratio gradually decreased.
When holding times increased, the O element was

escaped in the form of CO, and the H element reserved
in the IPWCs (Liu et al. 2017). The increase in H/C
and O/C ratios showed that polar oxygen functional
groups and aromatic compounds were reserved in
IPWCs with the increase of heating rates (Ghani et al.
2013). Figure 6b shows the CDF and EEF of IPWCs.
The increase in CDF was more significant than that of
EEF when carbonization temperature was higher than
550 °C. As holding time exceeded 60 min, the varia-
tion in EEF was slight. This indicated that the longer
holding time did not significantly improve the EEF of
IPWCs at the higher carbonization temperature. The
C content remained stable when most volatiles were
released, resulting in slight variations of CDF at dif-
ferent holding times. The longer holding time resulted
in sufficient time for the organic macro-molecules to
fully decompose and re-combine into a solid with good
thermal stability (Tian et al. 2020). Therefore, the low
heating rate was helpful to increase the CDF of IPWCs.
Although the higher heating rate promoted release of
volatiles and reduced the solid product yield, heat-
ing rate did not have a significant effect on the yield of
solid products during the slow carbonization process.
The CDF of IPWCs ranged between 1 and 1.9, which
was located in the typical ranges of conventional solid
chars (Kannan et al. 2017). This indicated that the
IPWCs were an ideal type of solid fuels, which owned
a great potential for commercial development. Fig-
ure 6¢ shows the FR and CVI of IPWCs. The FR was
divided into two stages of room temperature to 300
°C and 300 to 600 °C. The variation in FR was slight
because the volatile matter of IPWCs remained above
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Fig. 6 Energy properties of lab-produced IPWCs

70% from room temperature to 300°C. When the car-
bonization temperature was increased from 300 to 600
°C, thermal decomposition of volatiles occurred, which
further caused a significant increase in FR. The higher
FR indicated that the fuels released fewer pollutants
during the combustion process (Ge et al. 2020). The
similar trends of CVI and FR confirmed that IPWCs
released more pollutants and provided less heat dur-
ing combustion when heating rate increased or holding
time decreased. Figure 6d shows the variation in yield,
HHYV and EY of IPWCs. Carbonization temperatures
had a significant influence on the EY of IPWCs, which
decreased with the increase of carbonization tempera-
tures. This indicated that the IPWCs with the higher
energy content could be generated at a lower carboni-
zation temperature. The HHV of optimal IPWCs was
30.56 MJ kg™!, which was significantly higher than that
of conventional fuels, such as bituminous coal, lignite
and peat with HHV ranging from 13.8 to 23.25 MJ kg™*
(Afolabi et al. 2017). When the carbonization tempera-
ture was up to 500 °C, cellulose and hemicellulose were
completely decomposed (Qin et al. 2020a, b), while the
lignin slowly decomposed throughout the carboniza-
tion process. This resulted in a slight decrease in the EY
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of the IPWCs when holding time extended to 120 min.
Although the HHV of IPWCs decreased to 29.71 M]J
kg™ when the heating rate increased to 5 °C min™’, the
HHYV of 500-0-5 was still higher than charcoal made
from other materials such as corncob (Ghani et al.
2013), coconut fiber (Liu and Han 2015), and semi-coke
(Yao et al. 2019). Therefore, it confirmed the potential
of IPWCs as a type of promising solid fuel.

3.3 Appearance of equipment-produced IPWCs

Figure 7 shows that IPWs were divided into three groups
with diameters of 5-10 cm, 10—20 cm and 20-30 c¢m for
the experiments. The length of IPWs was in the range
of 90+ 5 cm. The final temperature of transportable car-
bonization equipment was set to 500 °C according to the
optimized process in the laboratory. Compared with the
conventional fixed equipment, the transportable carboni-
zation equipment had the higher heating rate, resulting
in some cracking of the IPWs, especially for IPW with a
diameter of 10-20 cm. Figure 7a shows that IPW with a
diameter of 5-10 cm was completely carbonized and had
a similar appearance with commercial charcoal. When
the diameter of IPW was in the range of 10-20 cm,
the depth of carbonization at the two ends of the IPW
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Fig. 7 Appearance of IPW with different diameters after carbonization

reached 10 cm. When the diameter of the IPW was fur-
ther increased to 20-30 cm, the depth of carbonization
at the two ends of the IPW decreased to 4 cm. This indi-
cated that the increase in the diameter of the infected
wood led to a decrease in the carbonization efficiency of
the equipment, but the effect of the length of the infected
wood on the carbonization efficiency was slight. In con-
clusion, when the target product was charcoal, it was
necessary to split the IPW with a diameter of more than
10 cm to make it completely carbonized.

3.4 Energy properties of equipment-produced IPWCs

Table 4 shows a comparison of the fundamental proper-
ties of charcoal. The IPWC-L and IPWC-T had high fixed
carbon content and met the requirements of EN1860-
2:2005 for barbecue charcoal (>75%). Because trans-
portable carbonization equipment utilized recirculating
water to cool the IPWC-T, this resulted in high mois-
ture content. IPWC-T and PWC had similar fundamen-
tal properties. Notably, the ash content of IPWC-L and
IPWC-T was significantly lower than that of the related
charcoals. This suggested that IPWC-L and IPWC-T had
higher combustion efficiency and lower risk of slagging.
Among the charcoals concerned, RHC had the highest
ash content of 28.8%, which was unfavorable for its use
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as a biofuel. All charcoals had low S content compared to
coal, which indicates that charcoal was environmentally
friendly. Overall, IPWC-L and IPWC-T with extremely
low ash content and high fixed carbon content were
excellent precursors for biofuel.

Figure 8 shows the energy characteristics of samples.
The CDEF, EEF and CVI of IPWC-L, IPWC-T and CMC
were similar. Compared with IPW, the H/C and O/C of
IPWC-L and IPWC-T significantly decreased, implying
that the hydrogen and oxygen were gradually removed
along with the deoxygenation and dehydration reac-
tions during the carbonization process. The lower H/C
and O/C of IPWC-T suggested that it had a more com-
plete carbonization process and a more stable combus-
tion process than IPWC-L. The FR of IPWC-T was 7.12,
which was higher than that of IPW and IPWC-L. There-
fore, IPWC-T could release more heat and less pollutants
during the combustion process.

3.5 Smoke and heat release of equipment-produced
IPWCs

Figure 9 shows the heat release and smoke release behav-

ior of charcoals during the combustion. The heat release

rate (HRR) and carbon dioxide production (CO,P) curves

of IPWC-T and IPWC-L showed the similar trend. Mean-

while, IPWC-T and IPWC-L showed higher heat release
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Fig. 8 Energy properties of IPWCs

and carbon emission than CMC. The total heat release
(THR) of IPWC-T and IPWC-L gradually increased
with the increase of combustion time, indicating that
most of volatiles were released after carbonization. How-
ever, the increase rate of the HRR curve was lower than
that of IPWC-L at the beginning of combustion due to
the higher water content of IPWC-T. Furthermore, the
smoke production rate (SPR) and total smoke produc-
tion (TSP) of IPWC-T were lower than those of IPWC-
L because it had the lower content of volatile matter. In
conclusion, IPWC-T released lower pollutants during the
combustion process.

3.6 Economic efficiency analysis

3.6.1 The process of three modes

In the T1 mode workers incinerated the harvested IPWs
in-situ, and the ash was directly discarded without gener-
ating value-added products. The manufacturing process
for the crusher in the T2 mode and the transportable
carbonization equipment in the T3 mode were similar
including labor, power supply, and parts procurement.
Meanwhile, the waste generated during the assembly
and coating phases of equipment manufacturing was also
considered in the calculation of the economic efficiency.
The treatment process of IPWs in T2 and T3 modes was
similar, except for the target product. The target prod-
uct of the crusher in the T2 mode was IPW chips, while
that of transportable carbonization equipment in the T3
mode was IPWCs. This research didn’t include the con-
structing process of infrastructure during IPW treatment
of equipment.

3.6.2 Operating costs of different modes

Table 5 shows the operating costs of T1 mode. In this
research, T1 mode was in-situ incinerated the IPWs
without operating value-added equipment. Therefore,
only material and labor costs were considered in T1
mode. According to the survey of Huangshang area, 5.6 L
diesel was needed to incinerate 1 t of the IPWs. The aver-
age price of diesel for the whole year 2021 in China was
0.83 USD L1 Each worker harvested and transported a
scale of 1.5 t IPWSs, and a labor cost was 41.10 USD/day.
Overall, incineration of 1 ton IPW could generate an eco-
nomic efficiency of —75.48 USD.

Table 6 shows the operating costs of T2 mode. The
manufacturing cycle of equipment was 30 days, and 60
workers were required to work 8 h each day to complete
the equipment. The parts of crusher mainly included
racks of 4383.56 USD, steel of 7945.25 USD, paint of
1986.30 USD, transmission unit of 7671.23 USD, elec-
tric unit of 6383.56 USD, crushing parts of 3150.69 USD,
wind conveying unit of 1643.84 USD, pulley of 2054.79
USD, powder collector of 1452.05 USD, metal parts of
2465.75 USD and total of 38,890.41 USD. The stage of
waste disposal included the waste steel of 1643.84 USD
and 219.18 USD of the exhaust gas formed by paint
spraying. The transportation stage of waste to the treat-
ment plant included 1369.86 USD of the waste steel and
547.95 USD of the exhaust gas. The service life of crusher
was 10 years, and the daily capacity of equipment was 24
t of IPW. Then the operating cost of equipment was 14.82
USD/t. According to the market price of IPWs (41.10
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Table 5 Costs inventory of T1 mode (USD t™)
Process Parameters Material cost Labor cost
IPWs acquisition E. 2.05 12.33
Transported-1 Et 11.23 8.36
Incinerated Ea 233 7.67
Waste disposal Ep 11.64 6.44
Transported-2 Eq 3.15 10.27

Transport-1 is the process of taking IPW from the harvesting site to the
incineration site. Transport-2 is the process of incinerated waste to the disposal
site
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USD t™%), crushing 1 ton of IPW could generate an eco-
nomic efficiency of 26.28 USD.

Table 7 showed the operating costs of T3 mode. The
parts of transportable carbonization equipment included
6986.30 USD of steel, 958.90 USD of painting, 7671.23
USD of chassis, 8493.15 USD of crane, 1232.88 USD of
generator, 3287.67 USD of metal parts, 5205.48 USD
of flue gas treatment unit, and 1095.89 USD of refrac-
tory materials, 34931.51 USD of totaling. The service
life of equipment was 10 years, and the operating cost of
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Table 6 Costs inventory of T2 mode (USD/t)

Page 150f 17

Process Parameter Material cost of Manufacturing of equipment Operation of equipment
equipment
Electricity cost Labor cost Electricity cost Labor cost
Raw material acquisition Ec 0444 0.007 0.020 3.710 5.505
Manufacturing and operation E 0.041 0.006 0.026 3425 4.998
Waste disposal Ep 0.021 0.012 0.021 2312 -
Transported Eq 0.016 0.006 0017 1.742 -

Waste disposal is the process of treating waste during the manufacturing of the shredder. Transported is the process of taking the waste generated during the

shredder manufacturing process from the plant to the disposal site

Table 7 Costs inventory of T3 mode (USD/t)

Process Parameter Material cost Manufacturing of equipment Processing of infected wood
Electricity cost Labor cost Electricity cost Labor cost
Raw material acquisition Ec 0.607 0.039 0.014 5.650 7.736
Manufacturing and operation E, 0.048 0.041 0.019 4954 6.693
Waste disposal Ep 0.037 0.048 0.021 2216 -
Transported Eq 0.030 0.034 0.013 1.651 -

Waste disposal is the process of treating waste during the manufacturing of the shredder. Transported is the process of taking the waste generated during the

shredder manufacturing process from the plant to the disposal site

equipment was 35.01 USD t .. The daily capacity of IPW
treatment was 15.76 t and the yield of IPWC was 25.38%.
The market price of charcoal was 342.47 USD t™!. Then 1
ton of IPW treatment could generate an economic effi-
ciency of 51.91 USD.

Figure 10 shows significant differences in material
cost, labor cost and economic efficiency of the three
modes. The T1 mode had the highest percentage of
material cost, which was obviously higher than the T2
(456.84%) and T3 modes (111.08%). In terms of labor
cost, the T1 mode was 45.07 USD t~!, which was obvi-
ously higher than the T2 and T3 modes. In conclusion,
T2 mode had the lowest material and labor costs, while
T3 mode had the highest economic efficiency of 51.91
uUsD t™%

3.6.3 Comprehensive evaluation of economic efficiency

The weight vector (W) of 12 economic indicators was
obtained by the entropy weighting method. W =[0.0725
0.0607 0.0916 0.0926 0.0756 0.0927 0.0676 0.0927 0.0756
0.0928 0.0927 0.0928]. The correlation coefficient matrix
R for each indicator was derived from the gray correla-
tion method. From the weight vector (W) and the corre-
lation coefficient matrix R, the total economic efficiency
score (C) was 0.7087 for T1 mode, 0.7261 for T2 mode,
and 0.9465 for T3 mode. Therefore, T3 mode had good
economic efficiency, compared with T1 and T2 modes.
Table 8 shows the classification of the different mode
economic efficiency indicators into primary and sec-
ondary indicators. The primary indicators were general

100
50
“ — |
a o
%)
-
N
50 | [ ]Material cost
[ ]Labor cost
[ ] Economic efficiency
*100 1 1 1
T1 T2 T3
Modes
Fig. 10 Comparison of material cost, labor cost and economic
efficiency

economic efficiency, cost analysis and investment analy-
sis. The secondary indicators of general economic effi-
ciency under different modes included total production
value, total cost, net production value and total profit.
The total production value of T1 mode was the mini-
mum, and T3 mode was obviously higher than T2 mode
of 111.51%. The total cost of T1 mode was the maximum
at 75.48 USD t™ %, 409.31% and 115.60% higher than that
of T2 and T3 modes. The net production value of T3
mode was the maximum for 71.70 USD t™!, while that of
T1 mode was -30.41 USD t ™!, The total profit of T3 mode
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Table 8 Economic efficiency indicators of three modes

Primary indicator ~ Secondary indicator T1 T2 T3
Total economic Total production value 0.00 41.10 86.92
efficiency (USD/) Total cost 7548 1482 3501
Net production value -3041 3563 71.70
Profit -7548 2628 5191
Cost analysis Cost production rate 0.00 277 248

%) Cost net production rate -040 240 205
Materialized cost rate 040 037 043
—-1.00 177 148
Investment production rate 000 752 571

-100 652 471

Cost utilization rate
Investment analysis
(%) Net investment produc-
tion rate
—-067 381 3.62

—248 481 341

Net labor production rate
Investment utilization rate

was the maximum for 51.91 USD t™!, which was sig-
nificantly higher than T2 mode by 97.57%. The second-
ary indicators of cost analysis included cost production
rate, net cost production rate, materialized cost rate, and
cost utilization rate. There was no significant difference
in each secondary cost indicator for T2 and T3 modes.
The cost indicator of T1 mode was minimum with nega-
tive cost, net production rate and cost utilization rate.
The investment of IPW treatment could be different,
which depended on the mode. The secondary indicators
of investment analysis in this research mainly included
investment production rate, net investment production
rate, net labor production rate, and investment utilization
rate. The T2 mode had the highest of each investment
indicator, followed by the T3 mode and the T1 mode.

4 Conclusions

The transportable carbonization equipment was designed
for the in-situ treatment of IPWs. The energy character-
istics of equipment-produced and Lab-optimized IPWCs
were similar except for FR. The moisture content, fixed
carbon, and ash content of equipment-produced IPWCs
met the requirement for barbecue charcoal of EN 1860-
2:2005 (E), but its moisture content of 7.83% was higher
than that of Lab-optimized IPWCs of 3.14%. Although
both IPWCs had a stable combustion process, the HRR,
THR, TSP, COP, CO,P, COY, and CO,Y of Lab-opti-
mized IPWCs were higher than those of equipment-pro-
duced IPWCs. The T1 mode required the highest labor
and material costs, while the T2 mode had the lowest
labor and material costs. The T3 mode had the high-
est income. The total economic efficiency score of the
three modes was ranked as T3>T2>T1. The next work
is to diversify the utilization of IPWCs and to develop
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transportable carbonization equipment with high opera-
tional efficiency.

Abbreviations
PWD Pine wilt disease
IPW Infected pine wood

IPWC Infected pine wood charcoal
PWNs Pine wood nematodes

T1 mode  Incineration

T2 mode  Crushing

T3 mode  Transportable carbonization
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