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Abstract: This study calculated the productivity and cost of extraction and processing of logging residues by cut-to-length
(CTL) and whole-tree (WT) harvesting methods. In addition, the comparative analysis of the characteristics of wood
chip fuel to examine whether it was suitable for the fuel conditions of the energy facility. In the harvesting and processing
system to produce the wood chips of logging residues the system productivity and cost of the CTL harvesting system
were 1.6 Gwt/SMH and 89,865 won/Gwt, respectively. The productivity and cost of the WT harvesting system were
2.9 Gwt/SMH and 72,974 won/Gwt, respectively. The WT harvesting productivity increased 1.3times while harvesting
cost decreased by 18.7% compared to the CTL harvesting system. The logging residues of wood chips were not suitable
for CTL wood chips based on International Organization for Standardization (ISO 17225-4:2021) and South Korea
standard (NIFoS, 2020), but the quality (A2, Second class) was improved through screening operation. The WT-unscreened
wood chips conformed to NIFoS standard (second class) and did not conform to ISO but were improved through screening
operation (Second class). In addition to the energy facility in plant A, all wood chips except CTL-unscreened wood
chips were available through drying processing. The WT-unscreened wood chips were the lowest at 99,408 won/Gwt.
Plants B, C, and D had higher moisture content than plant A, so WT-unscreened wood chips without drying processing
were the lowest at 57,204 won/Gwt. Therefore, the production of logging residues should improve with operation methods
that improve the quality of wood chips required for applying the variable biomass and energy facility.
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(a) Cut-to-length harvesting system (Site A)

(b) Whole-tree harvesting system (Site B)

Figure 1. Location of study site.

Table 1. Characteristics of the two study sites in harvesting methods.

Site A

B

Place

Elevation (m) 371

Tree species

Stand type

Operation type

Total area (ha) 2.1

Density (tree/ha) 231

Site volume (m*/ha) 107.4
Average DBH (cm) 30

Average Height (m) 22

Average tree volume (m?®) 0.67
Average slope (%) 23.2

Mt. 134-1, Unak-ri, Jojong-myeon,
Gapyeong-gun, Gyeonggi-do

Mt. 183-7. Deokduwon-ri, Seo-myeon,
Chuncheon-si, Gangwon-do

404
Larix kaempferi
Plantation
Clear cut
0.8
208
191.4
34
22
0.92
314
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Figure 3. Whole-tree harvesting and processing system.
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Y 3)(KWF, Kuratorium fiir Waldarbeit und Forsttech
nik e. V)ollAl 48 $A02 g7bzh, olxp], el
FAH], §-57H], A7 & o]&38te] A& tHMiyata,
1980; Woo et al., 1990; Brinker et al., 2002; Choi et al.,
2018; Cho et al.,, 2019). A4z o] AL ARRE AH|=
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Table 2. Cost factors and assumptions used for operation cost analysis.

Operation machine

Cost factor Extraction Chipping Screening
Excavator with  Forestry Drum type Rotary Excavator with
wood grapple tractor chipper screen bucket loader
Price (won) P) 57,700,000 247,500,000 246,000,000 126,000,000 130,000,000
Endurance period® (years) N) 7 10 5 10 7
Economic life (hour) H) 9,744 13,920 6,960 13,920 9,744
Annual operation time (hour) ) 1,392 1,392 1,392 1,392 1,392
Fuel consumption (liter/hour) () 5.0 28.5 - 44 8.0
Coefficient of repair and (r) 0.8 0.8 0.8 0.9 0.8
maintenance
Coefficient of lube oil )] 0.4 0.4 0.4 0.2 0.4
Interest rate (%o/year) @) 10 10 10 10 10
Depreciation (won/hour) P/H or 5,922 17,780 35,345 9,052 13,342
P(N-H)
Interest expense (won/hour) 05-P-i 2,073 8,890 8,836 4,526 4,670
- 0.01/7
Costs of repair and maintenance PH-r 4,737 14,224 28,276 8,147 10,673
(won/hour)
Fuel cost® (won/hour) c-1- 9,219 52,548 - 8,113 14,750
(1+0.1)
Other cost (won/hour, Insurance, - 83 249 495 127 187
storage fee etc.)
Sub total - 22,033 93,692 72,952 29,964 43,622
Labor cost? (won/hour, 50% - 47,843 47,843 - - 47,843
Inclusion incidental expense)
Total machine cost - 69,877 141,535 72,952 29,964 91,465
(won/hour, Inclusion labor cost) 214,487 121.428

174 day x 8 hour=1,392 hours (Korea Forest Service, 2012)

® Endurance period (Miyata, 1980; Woo et al., 1997; Brinker et al., 2002)
“Diesel : 1,317 won/liters in 2021, South Korea (Korea National Oil Corporation, 2021)
4 Standard of labor cost: machine operator (212,637 won/day) (Construction Association of Korea, 2021)
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Table 3. Productivity and cost of wood chips production and processing from logging residues by harvesting and processing system.

Extraction® Forwarding Transportation Screenin
(Excavator (Excavator (Excavator with Chipping ng
System . . . (Screening Total
with wood with wood wood (Chipper) machine)
grapple) grapple+Forwarder) grapple+Truck)
productivity 3
(Gwt/SMH) 5.0 7.3 14.5 11.6 7.7 1.6
cost b c
?ut—to— (won/Gwt) 13,975 16,905 24,725 18,490 15,770 89,865
ength
machine
utilization rate 91.9 36.0 - 100.0 100.0 -
(%)
productivity ) 3
(Gwt/SMH) 7.1 14.5 14.3 7.7 2.9
cost c ¢
Whole- (won/Gwt) - 17,480 24,725 14,999 15,770 72,974
tree
machine
utilization rate - 44.4 - 100.0 100.0 -
(%)

* Extraction ratio of logging residues : 45.6%, ° forwarding distance : less than 1.0 km, © Forwarding distance : less than 1.8 km,
4 Transportation distance : 100 km (25ton truck)[Cho. 2019], * " Moisture content of chipping operation : 22.9%, 34.1%, & System

productivity (harmonic mean)
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Figure 4. Analysis of the particle size distribution of wood chips
from logging residues by harvesting and processing methods.
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Table 4. Fine (<3.15 mm) fraction rate of wood chips from logging residues by timber harvesting and processing methods.

Harvesting and processing

Fine fraction rate (%)

methods Avg. Min. Max. S.D.?
CTL-unscreened 8.47* 7.47 9.72 1.15
CTL-screened 0.13* 0.07 0.18 0.06
WT-unscreened 10.60* 8.97 12.13 1.58
WT-screened 0.36* 0.25 0.49 0.12

* t-test P<0.05, °® Standard deviation

Table 5. Bulk density and moisture content of wood chips grades from logging residues by harvesting methods.

Wood chips

Harvesting Grade

Moisture Grade

methods Bulk density 1SO 172254

3
(kg/m’) (2014)

content 1SO 17225-4

2014) NIFoS, 2020

CTL 245.1 A2
WT 282.2 A2

First class 22.9 Al
First class 34.1 A2

First class
Second class

14.0

12.0

10.0 B

%

8.0

6.0

Fine fraction rate,

40

A A
0.0 —_— o
CTL-screened ‘WT-screened

Harvesting and processing methods

CTL-unscreened ‘WT-unscreened

Figure 5. Analysis of the fine (<3.15 mm) fraction rate of wood
chips from logging residue by the harvesting and processing
methods (P<0.05).
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Figure 6. Analysis of the ash content of wood chips from logging
residues by harvesting and processing methods (P<0.05).

Table 6. Ash content of wood chips from logging residues by harvesting and processing methods.

Harvesting and processing

Ash content (%)

methods Avg. Min. Max. S.D.*
CTL-unscreened 3.84* 3.24 4.61 0.36
CTL-screened 1.65* 1.20 2.53 0.28
WT-unscreened 2.12%* 1.82 2.54 0.16
WT-screened 1.06* 0.83 1.21 0.10

* t-test P<0.05, ® Standard deviation
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Table 7. Nitrogen, sulfur and chlorine content of wood chips from logging residues by harvesting and processing methods.

(Unit : W-%)

Harvesting and processing methods

CTL

WT

Items

Unscreened Screened

Unscreened Screened

Avg. Min. Max. S.D.* Avg. Min. Max.

S.D.* Avg. Min. Max. S.D.* Avg. Min.

Max. S.D.

N 0.4591*% 0.4497 0.4722 0.0117 0.3012* 0.2754 0.3197 0.0230 0.3842* 0.3815 0.3864 0.0025 0.3376* 0.3115 0.3681 0.3376
S 0.0689* 0.0523 0.0801 0.0147 0.0226* 0.0193 0.0243 0.0028 0.0230* 0.0223 0.0234 0.0006 0.0197* 0.0195 0.0199 0.0002

Cl n.d.? n.d?

n.d.? n.d.?

* t-test P<0.05, ® Standard deviation, ®n.d. : not detectable

Table 8. One-way ANOVA for the nitrogen and sulfur by timber harvesting and processing methods.

Source DF Sum of squares Mean squared F-value Prob>F
Nitrogen 3 0.042 0.014 37.578 0.001
Sulfur 3 0.005 0.002 29.398 0.001
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Figure 7. Analysis of the nitrogen and sulfur content of wood
chips from logging residues by harvesting and processing
methods (P<0.05).
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Table 9. Inorganic compounds content of wood chips from logging residues by harvesting and processing methods.
(unit : mg/kg dry)
Harvesting and processing methods
tems CTL WT
Unscreened Screened Unscreened Screened
Avg. Min. Max. S.D.* Avg. Min. Max. S.D.* Avg. Min. Max. S.D* Avg. Min. Max. S.D.
As n.d.? nd.? n.d.? n.d.?
Cd 0.141 0.139 0.146 0.004 0.135 0.130 0.138 0.005 0.178 0.165 0.185 0.011 0.175 0.164 0.187 0.012
Cr 5.405* 5.007 5.719 0.363 2.069* 1.989 2.188 0.105 2.052 1.575 2970 0.796 1.470 1.194 1.896 0.374
Pb 1540 1349 1.659 0.167 1.058 0.908 1.183 0.139 0.978 0.857 1.066 0.109 0.677 0.567 0.757 0.098
Hg n.d.? n.d.? n.d.? n.d.?
* t-test P<0.05, ® Standard deviation, ®n.d. : not detectable
Table 10. One-way ANOVA for the Cd, Cr and Pb content by timber harvesting and processing methods.
Source DF Sum of squares Mean squared F-value Prob>F
As 3 0.003 0.001 10.462 0.004
Cd 3 28.932 9.644 42.124 0.001
Cr 3 1.143 0.381 22.508 0.001
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E F7E gl WEsh= Ao EA4 I Pollex G W A A Y] HARARS AR o] Y
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Table 11. Lower heating value of wood chips from logging residues by harvesting and processing methods.

Harvesting and Lower heating value (MJ/kg)
processing methods Avg. Min. Max. SD?
CTL-unscreened 17.99* 17.71 18.30 0.14
CTL-screend 18.48* 18.02 18.60 0.10
WT-unscreened 17.57* 17.44 17.99 0.09
WT-screend 18.59* 18.42 18.72 0.08

* t-test P<0.05, ® Standard deviation
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Table 12. Comparison of ISO and NIFoS graded of wood chips from logging residues by harvesting and processing methods.

Harvesting and processing methods

CTL-unscreened CTL-screened WT-unscreened WT-screened
Property class ISO 17225-4  NIFoS 1712522_ 4 NIFoS 1712522_ . NIFoS 17'2522_ s NIFoS
(2021) (2020) 2021) (2020) 2021) (2020) (2021) (2020)
Origin and source forest biomass
Particle size P31S P31S P31, F10 P31S
Moisture Al First class Al First class A2 Ssl?sgd A2 Ssr;;gd
Ash na’ na’ na’ Szlcac:;d nat S(e:lc;;rsld Al First class
Bulk density A2 First class A2 First class A2 First class A2 First class
Elemental b . b . b . b .
(N, S and Cly n.a. First class n.a. First class n.a. First class n.a. First class
Inorganic substance b . b . b . b .
(As, Cd, Cr, Pb and H) n.a. First class n.a. First class n.a. First class n.a. First class
Final class na’ nat A2 Sslcaosrsld nat Sslc;;rsld A2 Sz:lcaosrsld

“ na. : not available, ® n.a. : not applicable
Cut-to-length Whole-tree
logging g logging
Logging Logging
residues residues
Landing: Landing:
Chipping Chipping
Transport: Transport:
Chips Chips
Forest biomass center: Grade A2 wood chips Forest biomass center:
Screening (ISO 17225-4:2021) Screening

Second grade wood chips ‘
(NIFos, 2020) |
Out of grade
Forest biomass center:
Drying

Plant B Plant C
. Plﬂ.mA . (ORC based (Steam turhine-based . Plant D
(Gasification biomass . . (Biomass-fired
CHP svst biomass-fired biomass-fired hoiler syste
system) CHP system) CHP system) oiler system)

Figure 10. Logging residues supply chain to improve the fuel chip quality for small-scale biomass plant.
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