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Abstract

In Korea, the U.S. Tier-4 Final emission standards have been applied to agricultural machinery
since 2015. This study was conducted to analyze the emission characteristics of agricultural
tractors during plow tillage operations using PEMS (portable emissions measurement
systems). The tractor working speed was set as M2 (5.95 km/h) and M3 (7.60 km/h), which
was the most used gear stage during plow tillage operation. An engine idling test was
conducted before the plow tillage operation was conducted because the level of emissions
differed depending on the temperature of the engine (cold and hot states). The estimated
level of emissions for the regular area (660 m?), which was the typical area of cultivation, was
based on an implement width of 2.15 m and distance from the work area of 2.2 m. As a result,
average emission of CO (carbon monoxide), THC (total hydrocarbons), NOx (nitric oxides), and
PM (particulate matter) were approximately 6.17 X107, 3.36X10™, 2.01x10%, and 6.85X 10’
6 g/s, respectively. Based on the regular area, the total emission of CO, THC, NOx, and PM
was 2.62, 3.76 X107, 1.63, and 2.59x 10" g, respectively. The results of total emission during
plow tillage were compared to Tier 4 emission regulation limits. Tier 4 emission regulation
limits means maximum value of the emission per consumption power (g/kWh), calculated as
ratio of the emission and consumption power. Therefore, the total emission was converted
to the emission per power using the rated power of the tractor. The emission per power
was found to be satisfied below Tier 4 emission regulation limits for each emission gas. It is
necessary to measure data by applying various test modes in the future and utilize them to
calculate emission because the emission depends on various variables such as measurement
environment and test mode.

Key words: agricultural tractor, emission, plow tillage, portable emission measurement
system, regular area
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Measurement and analysis of tractor emission during plow tillage operation

Introduction
AAIAHQ 7 2A 0] thol] ufe} u 3L 20131, §H-L 201432 E Tier 4 7|22 EUstYOm], 2440
Z 7|7k FAIE Bekskar QlekKwon, 2020). 2] Leke o713 Bl ket 2015H R E 54714 2 A

71 Aol tisiA vl= w717k FAIQ] Tier 4 715 A1E -85k QATHMOE, 2018). th7] 2 H o] A4 vl
A 7oA o] 5P US 20|52 HU(GEAE HA), H 20| 5 P A7 A, A7A, ddl 5) 2=
T2 ] A 2] (particulate matter, PM)+= £ 20]5 2 o] A o] 52 F A 2] 36.9% 472! Aol H]sH H| ==
Ol E2HHU2 63.1%% M- E2 HIE2 XHAISHL Qlof Hij 7] 7kA 47t B 5 A7 o Hh(NAIR, 2019). = Ufof|A]
=547 1A vi717kA0] vl &S ZH2te] vl 7] 7k o] thdt v E A4 (g/kWh), B4, F A E, IRl Bols, 7t
BAIZHE o]-&sto] AFEstal gt oful], N7l Hoke-2 1998 75 Foll A AldYst QX SHAE o] &5l 54
H 0482 sU71A 7152 54U Sl ©AIglo] S UsHA AREE AL IO H(NIER, 1999), AA)| 2ol &
Hj7|7kA vl S S o] B ot AAolt) 5§ EHE| 9] 749 A} Fote] v Zo| mij¢ & 5= 7L )
O 1(Moon et al., 2022), B3+ =474 71%, 23, 2] 27| whe} oh2A] UrERdTHLee et al,, 2022). A1) 2+
¢ dlo|ElE o] &sto] ke AHEs Al 7|E HokE 048 tiH] 131811 0.632.2 YEpd A Akt lok
(Back et al., 2022a).

2| 2A471A E 2AHEAF 2ofol| A= AR 2 A B EE] = vl 7] 7k2ol| tigh aLe st At7h EHks] o))
Jin 5(2014)2 1A71A19] tf7| L AEA ST 242 Sl A7A QA 24, 7|5 7]oeS miefe}]
Ll A3 viEZ APIAIAE Aok Hi7|7kA Al A TS 7|HEC 2 v E A4S 7HESEITE Kim (2021)2 ©] &
Al HIZ |7k S7HE ol-85to] Ul =8 HAE7A 3FZ A7, 2, AAIRhell dish AR AFd oA 9] <l
U 2AEL L ti7]1 24 HiE 42 BAI5IAH Lim 52009y BI=, 73 5 A =ollA] A5 4L = HiEA
A7 Q] S5k Als 52 BAISI o, A 7|A Xl AldE Bl S w7 7kA AutE o] 85}
of HiEA| S AFESISIT Lee 52012y 27 735 23A12] AA| 24304 9] A= HlE E/4d& 245131
O, 220 km AA =25 F8YotHA] o] 54 vlj7]7kA =7 A| A= (portable emissions measurement Systems, PEMS)
£ o|-gsto] HiEF= SIUTE Kim 520162 5 U A2 tlde2 71E 5272k PEMSE A3
= Al &4 5432 H| w5310, PEMSE o|-85t0] AA| T 2of|A thefet 2 7dof mphE w77t A v E=FE 574
SHACE 218U 547 |A ool A= v 7] 7kA A E 9 S H-58F A7 (Baek et al,, 2022b) 2-2 CAN (controller area
network) S41-S 0] 85 HiE7tA =4 W 50| thsh A E(Bacek et al., 2020y 3= % o1, A2 0| A v 7|7}
A 57 AN AERE ARSSHHY 7| 7EA vl S o] TS s 3 E ARIZE oFA7HA] Gl Aol W ST 1Al B
EdE] = 7|2 Bl met 28 7|7k A A it o= BREa )lok

EE = ti7|e Bl whet v]=ke] Tierd A4S Rl 1O, Tier4+= Bl 3% (EPA)ONA] Al3¥stal
A= HIES7FA A Aot vl =2 71| 9] thdh A= 1990 d ] o] & X[ &4 o 2 33w a1 @l o, uff £7|u}
oF 50% ©1/d2] PM HE= NOx®| #4ho] Q753 Qle}. #A AlgE 1L Q)= vl 7]7kA Ale D4R (carbon
monoxide, CO), & EF8H4>2x(total hydrocarbons, THC), A AAFsHE (nitrogen oxide, NOx), B A 2] (particulate matter,
PM)°ll Th5to] A|YE] 31 9] O, Tier4 vl 7] 7k 74| 7|52 Table 13} 2Tt

AAkslet A At B2 B2Pd A4 XIS off EAYske 7FAo|H, Mo glal mj o 2|2 o] %]
ogot f 7 mhetot] ZobH QAo oot et ARt AaitekE2 Al oA 2 AR E HE
o Bj S =AY Astol| 23 t7| L A=A R, ESS ohastal AMdH| o] £Q Yjlo|th F Hited =
slet gdo] =2 BeteAE T ote Tolo|H, Fee HhE-& Boll @& 59 24 LY EA S A ctE A=
Aot} nMHA| = 37| T LAVSEle A e] dAte] 2EE HiEEH g A4 W I Fol A==
LAZZoltt. vl AHR| = Z A2t 2+ Al A8 ok, ¥ 75 Aoks U RITHNIER, 2022).
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Measurement and analysis of tractor emission during plow tillage operation

Table 1. EPA Tier 4 emission regulation (CO, THC, NOx, PM) for non-road diesel engine based on engine power.

Power (W) Emission (gkWh)

CO THC NOx PM
<8kW 8.0 75 04
8<kW<19 6.6 75 04
19<kW<37 5.0 4.7 0.015
37<kW <56 5.0 4.7 0.015
56 <kW<130 5.0 0.19 04 0.015
130 <kW <560 35 0.19 04 0.015

EPA, Environmental Protection Agency; CO, carbon monoxide; THC, total hydrocarbons; NOXx, nitric oxides; PM, particulate matter.

wehA] £ AT SA7IAI) 717k S AP IR V2 ATEM, SA7IA 71E F 7P A et
2 EEE OO R .0 AIel Beke 2e] Al ul7I kA ST SR, FlolM AlR 52 Terd BT

=

A 7|23} EE Sake 2e] A] uj7) 7k ulE e BT

Materials and Methods

-

Hi 7| 7kA % —%Hékﬂ U 714 Efdie 5 =2 B2 2AXote 58 EHEE SAUYeE d {5

At EE = 52 7|AIEke] sS4 H] 24 ‘:l'oo@ T 40| 7FsotH, Aol tf-3she F
A7 & dLsiA 28 ’C‘Q 4 Q=2 58S A F3l FHCho et al., 2022) EZHE}= Fig, 12} ZH0] 2.7] 4,020 mm (L)
X 2,270 mm (W) X 2,790 mm (H), 7 4,000 kg2] 67 kW EZE|(LUXEN 800, Kukje Co., Ltd., Korea)= A1}
T}, %12 Tier-4 T 171(D34P, Doosan Infracore Co., Ltd., Korea)= HAISHLL 1.0, o] X|HZ|(PM) & A 7}3!
DOC (diesel oxidation catalyst), 2 AAFSHE-?1 NOxE- #175H= SCR (selective catalyst reduction) 7172 7} F-2H]
of Utk EZE H&7]= - 312 mh9] M S(power shuttle) 2 /=] 0] QoM FHES- 4] 57|51 7]0]4]
BRHED A EHA 0 470 2 F HX 161, %] 1672 W& T & Zh=t}

U«

Fig. 1. A photo of KukJe 67 kW medlum -size agrlcultural tractor used in thls study
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Measurement and analysis of tractor emission during plow tillage operation

Ze}e 2} 7)== Fig. 29} Zo] 371 2,800 mm (L) X 2,150 mm (W) X 1,250 mm (H), =52 790 kg©] ™, 90 - 120
a2 o] 28 755t &% 7| Aliit WISP-8 2 2!(Woongjin Machinery Co., Ltd., Korea)= AH-&-5}FI T}

@ I )
Fig. 2. Photos of (a) WJSP-8 plow implement used in this study and (b) plow tillage operation.

OIS A1 H7|7HA B A AR

E e Zep9- 2 Al Hi717EA 5782 Fig. 3222 o] 54 Bl 717 kA S AIARI(PEMS) & ARS-SHIT:
PEMS+= Tier-4 HI 7|7k A 230 A3 & Q152 HE2 o] 53 Hi7|7kA S| 2, & Aol A ARE-
St PEMS (OBS-ONE, Horiba, Japan)+= Table 22} Z+0] CO, THC, NOx, PM 70| 7}ttt 2 Lol A AFSH %
H]19] 3¢ 2l 5 Hz I7HA] wllofe] & Aol 7hsotH, 12 WAYste vl = vlEd2 45171 9
3l 1 Hz= A7 5toq tlofE] AlS-2 2135k

(a) (b)

Fig. 3. Photos of (a) OBS-ONE PM (Particulate matter) and (b) gas measurement system installed on the
tractor.
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Table 2. Specification of PM and gas measurement unit for heavy duty vehicle.

Ttem Specifications
Measuring principles PM  Batch sampling Filter gravimetric method
GAS CO,NOx, THC,PM Heated NDIR, CLD, FID
Exhaust flow rate Wet measurement
Real-time PM measurement Diffusion charging method +0.75
Measuring rages of Real-time PM sensor (mmy/cn’) 0102,500
Operating conditions (°C) -10t040

CO, carbon monoxide; NOx, nitric oxides; THC, total hydrocarbons; PM, particulate matter; NDIR, non dispersive infrared detection; CLD,
chemiluminescence detection; FID, flame ionization detection.

B 212 2 4% & B2 HITe AAeh w2 50 A1HS 875k 2k AeAdE A
101 (Jeon et al., 2023), ERE] 2{ATkp= ARGAF A2 A w2t 7Hg Wi sHA] ARG == E2H% M2 (5.95
km/h) ‘3-< M3 (7.60 kmvh) T8 Al 2 AU B 7] 7kAE qlizle) 2o mhg @Rt 5L A3t el
A5 ARG B AP 2gol 77t BEiA| M, v g o] thEAl YEE 2 2 Aol A= 2
7oA Alde Asiint. EdE F2l2 S0l 2 ARgshe w21 miEel
A, Fehe 29, A2, A o= HIdsigl om 3t Zhzko) v g e S7dshlct.

LA 2]

EE HEAY2 SHEE TR S Sl fRe A 57kE aste] JAsiolon, AIF A4
5l 37]= Fig 49 2Tt E2E] A[F2 7E2 50 m, M2 100 m 2] 2] =oi| 4 e85}t BEA 2 tlo|gf o] 4

22 9Jaf o 2 A 33] HHE 4:3)5}9] 0 1 o] Z §- &3 H|o] B} S Al lo] BASITT

T3t W A|E it AP Eof| uet 2] Bt Dl n g Eof BAS SalElgitt EY BAL Eg SR
o, AFAe 2 B UASFoll Hisl st om, 2292 35.7%, DA 2 3,009 kPa, FHER

Uepsct

Tractor field test area

Fig. 4. A photo of agricultural Tractor plow tillage field test area used in this study (Dangjin, Korea).
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i= TIITE0] (12 S Al

—

—_—

¢

S o] 7] A2 2] o] ket 260, 330, 400 m* 5 EF"%M =2 2Fukx] 7] A2 2007 (660 m)°] DX
Ao}, E2he- AUA| Mol 22 Fig. 59 o] Al T2, E2he, Alg] 7o =, Thejd] g Ikl
2213 3t Foll, 100 me] 231 Z2h- 24, 18] 2Hd2 gk %o E}Al Zehe Aot A3 A 22t RkEsto
3] Z2ke Adat A el A& Y5t Hck. 12B R EEE o] &sto] Sk FR1 215 me A 77F
o A2 st} 22 m¥ F 39, 6.6 mE 71E O iSRS AFESIih. EE ] F8%, 100 m E2ke- 2
28] 2he T2sto] 922t 200 7)E HiERe AFESH] 915 200 (660 ') B A A7) F2.15 mE 112
sto 2009 F T2 71F 602, E2H 2AT7F 602 B A1R] PR 522 AAsto] vi7]7kA Hlo B & 24513

o}

2 & o o

w ool

S -

Start

Fig. 5. Field test method for plow tillage and measurement area according to regular area (6.6 m X 100 m).

Sum of emission in 660 m’area (g)
= Emission for engine idling (g) + 3 (Emission for plow tillage [g] + Emission for turning [g] )

M
"= 2005 715 ulj7 |7 kA A el E S (g)yS UFERA ™, “Emission for plow tillage™ =

o] 7]A] “Sum of emission in 660 m’area
F H(g), “Emission for engine idling”

Z2he 2Fd 7ol A B E7F TH(g), “Emission for turming = A1 8] 7170l A v &
3|7 v S5 fHe)= o n| gt

rlo

Results and Discussion

(i}
[1}]
=

Hi7|7tA HHEE &

EE 3o, Sk A B AlS] 1ol A SAT ui7 7k ST 242 70l Hisho] Table 39F 0] 2

3 F o, 24, % ﬁL HiEFo= ekt
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Table 3. Result of exhaust emission for engine idling, plow tillage, turning operation measured by PEMS

equipment.
Exhaust issi
Exhaust gas Operation - 2 ge?s _emlssmn ")
Maximum Minimum Average
CcO Idling 6.82x10° 5.13%x10° 5.89x 107
Plow tillage 1.83x 107 1.30x 107 1.13x 107
Turning 1.58x 107 7.05Xx 107 1.59x 107
THC Idling 1.83x10* 1.59x10* 1.70x10™*
Plow tillage 1.90x 10" 1.22x10* 1.45x10*
Turning 1.16x10* 1.70x 10 8.89x 107
NOx Idling 1.82x 107 1.40X 107 1.51x 107
Plow tillage 1.19x 107 1.26x10™ 4.06%X10°
Turning 6.98x10° 1.51x10° 4.63x10°
PM Idling 591x107 5.05x107 5.41x107
Plow tillage 6.05x10° 4.80x10° 1.14x10°
Turning 1.61X10° 1.14x10° 1.48X10°

PEMS, Portable Emissions Measurement Systems; CO, carbon monoxide; THC, total hydrocarbons; NOX, nitric oxides; PM,
particulate matter.

EE] 334, Z2he A 2 3] F1tollA] AlESE co vl 7] 7kA vl &R Fig. 67 o] UERton, 33
FZrol| A Z o, &4, W BiEF2 6.82X 107, 5.13%X 107, 5.89X 10° g/s O 2 LfEFEom, Zake 24 F7tofA =
1.83X 107, 1.30X 10%, 1.13X 107 g/s, 3] F7F| A= 158X 102, 7.05X 10%, 1.59 X 10? g/s O 2 LFERGT} ZH2t J17¢
o xle] P+ HHEE‘*— B W&t A} co BiET2 Zahe- & xtollA] 7H wo] '¥she Zlo & yEldth 3
3 1ol A co HiETFS A2 & Aot Bl &S B lom, Zuh9- 2¢jo] I ol ulet vjETko] 57}6}04
o, o] & A 3] 7tol| A AT 2] Al & EE] o] X &2 o] A455to] o HlEo| 7ok
TEH, o] & A3] 7 oA R E=o] ZHAadtol| whet ST FAlofl hAshs 710 & ke

Idling Plow tillage  Turning
0.015 -
0.012
C
c
O 0.009
73
@
(S
[
O 0.006
O Pty P s o
0.003
0.000 . : . . . . . . . |
0 25 50 75 100 125
Time (s)

Fig. 6. Measurement result of CO (carbon monoxide) emission of the tractor during engine idling, plow
tillage, turning.
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THC 7|7} Bl &3S Fig. 72 o] Uebgom, 337 7ol A 2 of, 2] 4, 3+ iS22 1.83 X107, 1.59 X
10%, 1.70X10* g/s, Z2F2 2] 7ol A= 1.90X 107, 1.22X10%, 1.45X10™ g/s, A1) 7kl A= 1.16 X107, 1.70 X
107, 8.89X10° g/s O 2 YEPITE. Z}2F H17tol| 4] 2] ot vl &S vl w st A}, THC HEHS 3314 1t A 7}
% gho] WA¥oh= 210 2 YEHHTE THCE] 3¢ A5 9 dAar e S2o|n, EHE ] 334 2¢]

= &0l MW YH-2=7} oA 2Hd AAE = 29| vl o] ot Zak9 #7te] 49 33 17t o
2o 7l exolA AU S 4Y5kn 2 Zeke Frtol| A o] ufE o] FEl TrtolMe] uiE et v el
= 7102 W) o) xjro] Z7kgtol ufe} wjEo] Zastths A Aot fAKRH 210 2 ekl Tk Lee ot
al.,, 2012).
Idling Plow tillage  Turning
0.00020
—~ 0.00015
A
c
2
2]
2
£ 0.00010
[¢}]
O %\/’\
I
|_
0.00005 -
0.00000 T T r T . . . : .
0 25 50 75 100 125

Time (s)

Fig. 7. Measurement result of THC (total hydrocarbons) emission of the tractor during engine idling, plow
tillage, turning.

NOx H7|7kA Bl &S Fig. 83 Zro] YoM, 2317 F171ol| 4] NOx i E&Fe] 2|, 2|4, Hv-2 1.82X 107,
140X 107, 1.51 X107 g/s O 2 LERGFO M, Z2}-9- 217 ol A= 1.19 X107, 1.26 X 107, 4.06 X 10° g/s, A1] FL7Hof| A
=698X107, 1.51 X10°, 463X 10° g/s O 2 LFERHTE 212} L 7ol Al Q] W+ v &3-S B WSt 23} NOx HiE2 &
5] 7t A 71 ko] EhAShE 1 0.2 UrERgTh 3383 171l A NOx BiE 2 Al & AT eSS B
o, Zake- 2] 9 A3l= F3)H viE ol val vl A2 viE S Hol= 2 0= UERTE 2 Aol A AR
H EE Q] ¢ AAAEHE A7 91 SCRS 2tstal 17] uflol| vl 717kA 227} 37 ol what 217
9] 2F5-0] QFYSIE|THA] Zah-e- 1t A vl E o] A A Upehube 2 o = ek T

PM Bl 7|7k vl E=FE Fig. 92} Z2o] UERG O, 337 F7tol| A PM HiEEFe] 2|, 2|4, B+ 2 591 X107,
5.05%107,5.41 X107 g/s O 2 LEFF O, Z ke 2170l A= 6.05 X 107, 4.80 X 10°, 1.14 X 10° g/s, A1 ] F17to]]
A 1.61X10°%, 1.14X10°, 148X 10° g/s O 2 LERTE Z12F 7o) A 9] W viE3FS v et A3}, PM HIESF
2 Zehe 2] bl A 7 ol sk A 0= YERTE 333 Ftoll A PM HIE T Al & A9 il
S B30, THC Y NOx Hi7|7kA8t ghe] Zeke-2Hy] W A 3] F17tollA 53] FtE o =2 w2 |
ERITE 333 & ek 2 o] At whet Xl Fo] F7kstal ool wet nMHA] ujEeFo] 7tk A

o 2 gt
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Idling Plow tillage  Turning
0.025 ~

0.020

0.015 M |

0.010

NOx emission (g)

0.005

0.000 T T 7 T 1
0 25 50 75 100 125

Time (s)
Fig. 8. Measurement result of NOx (nitric oxides) emission of the tractor during engine idling, plow tillage,
turning.

Idling Plow tillage  Turning
0.000015 ~

0.000012

0.000009 -

0.000006 ~

PM emission (g)

0.000003 ~

0.000000 T T T T 7
0 25 50 75 100 125

Time (s)

Fig. 9. Measurement result of PM (particulate matter) emission of the tractor during engine idling, plow
tillage, turning.

CHOIBITIE! Hi7|7tA B AN Ha}

Zeke 4-eARdol w2 CO, THC, NOx, PMO]| thet i &) o] E] S o] 85}0] T A v 7| 7k B &3S
ArZ5E oM, 67 kW EHEE 0]-85}0] 660 m*e] = XS Zahe S sk co, THC, NOx, PM< #
0

Z}7.71,0.02, 0.04, 0.0008 g°] BiZ == A 0.2 et vi 7] 7kA v &3 CO, NOx, THC, PM 0.2 LFEFGO.
. coel 76] ZFjof| w2 A Z2of| wha} Z7} 31k NOx, THC, PM2] -9 EE QllZ Oﬂ A 7] 7k A
Z F& "ol coQ] vl F2 HlEdS UE= A= ZAHr}

o~
o
ﬁ
é
001‘

Korean Journal of Agricultural Science 50(3) September 2023 391



Measurement and analysis of tractor emission during plow tillage operation

Conclusion

2 A= SA71A1S] ST ARSol Wt A EM, vl 7]7EA S5 AlA S o|-&sto] E=E SR 4 Al CO,
THC, NOx, PM ] HI &3S S45IQUTh &3 o] 54 | 7|7kA S AJARIQI PEMSE ©]-8-510] 1= 660 m’ 7]
F AW E IS 33, ek 2Hd 9 A3l tisto] SAdskqitt 92|l = gt upx] 7] 3 HE QL
660 m'ol|A] Z2}-¢- 2] A] BHAYSh= v 7] 7k BiETFS CO 2.62, THC 3.76 X107, NOx 1.63, PM 2.59 X 107 g0 2
UFEFS T

2 Aol A AFEE 660 m*Y Y 5= CO, NOx, THC, PM HiE3-2 Tier 4 £ 41| 7|22} Fig. 10} Z4o] v
AISIRIT o) & flto] ZH2ke] HiEHe EH T HIEF (gkWh) o= SHibegl o, ojuf 32 E=E 9] 44
Z21 67kWE 28513l #4143t CO, THC, NOx, PM2] £ vlE T2 Fig. 113} Z0] 242} 3.31,0.018, 0.01,
0.0003 g/kWhZ Tier 4 2H731A412] 7]&x]91 5, 0.19, 0.4, 0.015 gkWh E T} 2= Yol FA| S ghEs1= 71 o 2 e}
S} 12U, 2 Aol W4 22 ol &oto] Alitsilon g2 Aeket 24
858 S dodt 7o pteEnt Esh EHE = Ohst 49 S 35t ]

717k wlEHT A58 S-S oAM= ol sA R A, EG 2 52 IS AlFo] BT A

o 2 gohETt

ffsiME BiEZ SAlO &

)

8 4

B (<]
1 |

Emission (g)

N
1

0.04

0.02
0.0008

co THC NOx PM

Fig. 10. Emission calculation results of CO, THC, NOx, PM based on the regular area. CO, carbon monoxide;
THC, total hydrocarbons; NOx, nitric oxides, PM, particulate matter.

————— Emission regulation (g/kWh)

Emission factor (g/kWh)
N
o

] [019g/kwh ] [o0.4 g/kwh | [ 0.015 g/kwh |
05 ] . - - o - — -
] 0.0003

0.0 -
co THC NOX PM

Fig. 11. Comparison emission per consumption power (g/kWh) and Tier 4 emission regulation. CO, carbon
monoxide; THC, total hydrocarbons; NOx, nitric oxides, PM, particulate matter.
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