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Design of Environmentally Sound Manufacturing Process of Fork Lift using LCA and DfE
Methodology

Kwang-Ho Park - Yong-Woo Hwang' - I-Do Park*

Department of Environmental Engineering, Inha University - *Production Technology Team, Daewoo Heavy Industries Ltd.

ABSTRACT : Life Cycle Assessment(LCA) and Design for Environment(DfE) method were applied to design the environmentally sound
manufacturing process of folk lift in this study. Not only external movement of LCA and DfE method in the legal and systemic phase,
but also active researches of those in the development phase of case study and application to the industrial field, have been going on. In
concretely, the manufacturing processes of the folk lift generating the most environmental impact were examined by applying LCA
method, and the environmentally sound manufacturing process was designed by applying. DfE method to the processes. As the results of
LCA, environmental impacts for the eco-toxicity and human toxicity of seven major environmental categories were in high value, and so
be in the cutting & welding process and painting process among the manufacturing processes. High solid paints, increasing the solid
content of the existing solvent paints used in painting process, were developed to reduce the environmental impacts generated in the

painting process. By utilizing the high solid paints, about 20% of environmental impacts (aé environmental index of LCA) could be
reduced.

Key Wonds : Life Cycle Assessment, Design for Environment, Environmental Impacts, Fork Lif, High Solid Paints
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Fig. 3. Manufacturing process of fork lift.
Table 1. Inputs in each manufacturing process
Manufacturing process
Ttem Unit cutting & . . . .
. Painting Assembling Test run Mending Shipment
welding
Steel kg 482.2
Acrylic .Polyol L 9.0 0.05
Resins
Raw materials Epoxy Resins L 6.0 0.9
Hydrocarbon L 77.28
Gasoline L 20
Ethylene glycol L 5.6
€O, gas m’ 355
Cut wire kg 2.45
. . Sodium silicate g 40
Ancillary materials . .
Hydrochloric acid 2650
Zinc phosphate g 938
Rust preventive oil 0.23 0.23
LPG kg 0.66 9
. 02 m’ 15.16
Utility .
Electricity kwh 95.8 81.5 36.8 13.4 22.85
Water kg 2000 56.5 12.5
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Table 2. Results of Inventory analysis for each process

Manufacturing process
fnventory Parameter Uni cutting & Painting | Assembling | Test run Mending Shipment
welding

I |(r) Lignite (in ground) kg 1.35E+05 9.05E+02 8.53E-03 2.68E-05 1.63E-04 9.16E-07
I | Oil (in ground) kg L13E+04 | 3.97E+02 | 9.49E+01 | 335E-01 | 6.59E-01 | 1.54E-02
I {(r) Natural Gas (in ground) kg 4.87E+04 | 238E+02 | 4.72E+00 | 243B-02 | 7.36E-02 | 2.07B-03
[ |(r) Pyrite (FeS,, ore) kg 467E+00 | 133E+02 | 1.83E-03 | 595E-06 | 2.10E-05 | 9.17E-07
I |(r) Clay (in ground) kg 8.74E+04 | 299E+00 | 3.01E-03 | 292E-04 | 1.74E-04 | 4.40E-05
I |(r) Uranium (U, ore) kg 575E+00 | 6.18E-02 | 3.10E-05 | 2.52E-05 | 136E-05 | 3.88E-06
I |(r) Copper (Cu, ore) kg 8.75E+00 | 2.14E-03 | 1.11E-06 | 3.63E-09 | 128E-08 | 5.59E-10
I |(r) Manganese (Mn, ore) kg 1.18E+01 5.71E-07 1.28E-07 4.16E-10 1.47E-09 6.41E-11
O |(a) Carbon Dioxide (CO,, fossil) g 5.60E+08 6.15E+06 6.23E+04 2.42E+03 1.62E+03 3.48E+02
O |(a) Sulphur Oxides (SOx as SO,) g 1.38E+06 | 431E+04 | 7.07E+02 | 1.14E+01 | 9.34E+00 | 1.45E+00
O |(a) Nitrogen Oxides (NO, as NO,) g 1.29E+06 | 1.85E+04 | 3.22E+02 | 3.99E+00 | 3.85E+00 | 4.74E-01
O |(a) Methane (CH,) g 9.75E+05 | 1.51E+04 | 1.18E+02 | 6.33E+00 | 7.15E+00 | 9.72E-01
O |(a) Zinc (Zn) g 9.39E+01 1.30E+04 | 2.86E-03 | 6.86E-04 | 3.72E-04 | 1.06B-04
O |(a) Carbon Monoxide (CO) g 2.22E+06 6.50E+03 1.53E+01 1.25E+00 8.14E-01 1.88E-01
O |(a) Organic Matter (unspecified) g 5.65E+05 5.10E+03 6.63E-01 2.33E-03 4.29E-03 4.20E-05
O |(a) Hydrocarbons (except methane) g 2.13E+05 3.64E+03 2.04E+02 1.09E+00 1.69E+00 1.31E-01
0 |(a) Lead (Pb) g 4.57E+03 | 241E+03 |- 3.86E-03 | 9.22E-04 | 524E-04 | 1.42E-04
O |(a) Hydrogen Chloride (HCI) g 6.37E+04 | 1.84E+03 | 6.05E-01 | 4.35E-01 | 234E-01 | 6.71E-02
O [(a) Silicon (Si) ‘g 143E+00 | 5.59E+02 | 1.52E-01 1.36E-01 | 7.28E-02 | 2.09E-02
O |(a) Aluminium (Al g 1.69E-01 3.08E+02 | 1.01E-01 | 9.06E-02 | 4.86E-02 | 1.40E-02
0 |(a) Alkane (unspecified) g 1.62E+00 | 2.91E+02 | 5.29E-01 | 1.26E-02 | 120E-02 | 1.91E-03
O |(a) Nitrous Oxide (N;0) g 2.85E+03 | 1.66E+02 | T742E+00 | 541E-02 | 6.26E-02 | 4.84E-03
O |(w) Chlorides (CI) g 240E+06 | 3.62E+04 | 9.70E+02 | 9.60E+00 | 1.02E+01 | 147E+00
O |(w) Sulphates (SO4") g 1.49E+06 | 2.54E+04 | 1.83E+01 | 1.70E+00 | 9.32E-01 | 2.62E-01
0 |(w) Sodium (Na") g 1.33E402 | 9.75E+03 | S.82E+02 | 3.34E+00 | 4.84E+00 | 5.12E-01
0 |(w) Calcium (Ca™) g 2.50B+01 | 3.59E+03 | 5.99E+01 | 3.10E-01 | 471E-01 | 4.76E-02
0 |(w) Aluminium (AL" g 141E+05 | 3.56E+03 | 2.61E-02 | 9.41E-03 | S.94E-03 | 1.45E-03
O |(w) Salts (unspecified) g 1.19E+06 3.22E+03 1.44E-02 9.35E-03 5.05E-03 1.44E-03
O |(w) Magnesium (Mg™) g 1.71E+01 2.89E+03 | L.63E+00 | 1.09E-02 | 6.15E-03 1.67E-03
0 |(w) Iron (Fe", Fes") g 280B+05 | 2.53B+03 | 252E-01 | 1.I8E-02 | 7.49E-03 | 1.82E-03
0 |(w) Strontium (Sr 1) g 233E400 | 249E+03 | 1.I2E+01 | 594E-02 | 9.24E-02 | 9.12E-03
O |(w) Suspended Matter (unspecified) g 1.08E+05 1.89E+03 S.85E+00 7.41E-02 7.79E-02 9.10E-03
O |(w) Dissolved Matter (unspecified) g 8.89E+02 1.52E+03 1.41E+02 7.90E-01 1.07E+00 5.45E-02
O |(w) Potassium (K") g 5.06E+00 | 1.16E+03 | 8.27E+00 | 4.25E-02 | 635E-02 | 6.51E-03
O |(w) TOC (Total Qrganic Carbon) g 6.57E+04 | 4.72E+02 | 1.38E+01 | 637E-02 | 9.59E-02 | 9.77E-03
O |(w) COD (Chemical Oxygen Demand) g 223E+05 | 3.58E+02 | 1.44E+01 | 4.05E-02 | 8.33E-02 | 7.26E-04

I : Input, O : Output, (r) ; Resources, (a) ; Air Emissions, (w) ; Water Emissions
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Table 3. Results of LCIA for each process Unit: mPt
Environmental
Category GW oD POC AC EU ET HT Total
Manufacturing Process
Cutting & Welding 1.1SE+05 4.68E+03 1.37E+04 3.05E+05 1.07E+05 1.82E+05 1.09E+06 1.82E+06
Painting 1.49E+03 2.56E+02 5.23E+01 7.75E+03 1.57E+03 9.84E+05 8.87E+05 1.88E+06
Assembling 2.71E+01 6.64E+00 1.11E+01 1.27E+02 2.73E+01 1.64E+04 1.71E+02 1.68E+04
Test run 5.42E-01 3.43E-02 5.43E-02 1.98E+00 3.25E-01 8.49E+01 4.57E+00 9.24E+01
Mending 4.36E-01 5.46E-02 8.98E-02 1.66E+00 3.18E-01 1.29E+02 3.18E+00 1.35E+02
Shipment 0.00E+00 7.51E-02 5.27E-03 3.44E-03 2.50E-01 3.80E-02 1.30E+01 1.34E+01
1.00E+07
OGW EOD E1POC BAC EIEU BET OHT
%>~ 1.00E+06
£
~ 1.00E+05
g
Q 1.00E+04 |
E
w 1.00E+03
=
g 100E+02
c
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>
c
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1.00E-01 s
Cutting & Painting Assembling Test run Mending Shipment
Welding

Fig. 4. Contribution of each process's environmental impact to the categories.
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Fig. 5. Generic model of integrating environmental aspects
into the product development process.
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A $£AF oln E8 Ax 2 =F FAYE v

Arolm, £ £¥4, TF AYY ¥FS 7In
Zl Az Agete 8AIE =8 ¢ aromatic, acetate,
ketone 522 FAF0] itk HAH A9 FFE F
A9 25 9 AYzA Sl w1 FFeo] Z2Zdh &
AP £592 ZAF AA 849 FFol % 60% FFU u
H, high solid°§ T8 40% olstolth, 182 E high solid
3 Z=me A% VOC FFol o 20% At AFE &
g 2)\1:} High solid®d =8¢ A9 aromatice 3o
g g8 oy, 84 2 Y £=§ Yohe
N15¢ 9 14% olgtold HEE=rt AYAA HaL 19%
olgold 34 7lmo] AstdAr:. EF, acetate= IHE &
A2A =29 7] ARE 77 —r]o}"fl AHEEH 3
71, SR Y 255 1F3 10~15%A 73 JA
g E4S vebdo

) ¥4 2 A3 A(Resin & Hardener) FF

FAe =99 Pd5& AFste 2ol HH high solid
R R B s
FA9 2R, F4, FIANREE #7] &4 44 &
HAEEE 24T Acryl Ester Polyol Resing AME-3t¢th
=} £ 2zgo] FYY FHE 1 H= H
AZRAIZHS %xﬂﬁi B8 o 23T ol Ad
BAgol 8 448 QY Bl AZHAT.

(3) otE(Pigment) T3
AL =52 A ¢gE2A ALY Carbon Black
A 2% olstlA AAY AL FRT 5 Uk AEFF
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Table 4. Comparison of the components of solvent paint with

high solid paint

ABHA AAR AZBE

o] A4 683

Table 5. Results of property test for solvent paint and high
solid paint

Type N . . o Type| Solvent |High solid
Component Solvent paint (%) | High solid paint (%) Test Tem paint paint Test method
Resin Polyol 12~18 20~25 Viscosity (Ford Cup #4, sec)| 24~26 | 26~28 | ASTM D856
Hardener| Isocyanate 2~6 5~10 t o 14548 | 58
Carbon Black 1.0~1.5 1.5~2.0 Set to | below 10 |below 12
- — touch min min
Pigment|  1°° 15=19 2025 Drying time (min) ASTM DI1640
Rust preventing . below 50 | below 50
. 3~5 5~10 Curmg . .
pigment min min
Dispersion agent over 0.3 over 0.4 Gloss (60°) 1620 | 1620 | ASTM D523
Additive Precipitated Adhesion good good ASTM D3359
. over 0.5 over 0.6 o
preventing agent Flexibility good good | ASTM D522
Oreani Aromatic 25~35 15~25 Shock resistance good good [Du-Pont Impact
s(r;(lg::;: Acetate 15~20 10~14 Hardness over 2H | over 2H | ASTM D3363
Ketone 6~10 3~7 Scribed ood ood
?alt spray test ' g g ASTM D1654
(5% NaCl, 240 hr) | Unscribed | good good
ZF9 talce 20~25% FEAA £HEL FHIHA 1F Blistering | good good | ASTM D610
E e zA7Ee F"o dFeont? ma sz g Water resistance | Corrosion |  good good ASTM D714
9 5 207C, 240 hr) | Adhesion | good good |ASTM D3359
BAMNEG FAAF)7] Y8 ArEE dAHdEE 5~100 ( ’
Iji:oﬂj: 3-74;; LL L -AE—H%; F= FRAEE 5~10% Hardness | over H | over H | ASTM D3363
s we= : Blistering | good | good | ASTM D610
Oil resistance | Corrosion | good good ASTM D714
@) #E7HA (Additive) $HE (20°C, 240 hr) | Adhesion | good good | ASTM D3359
YA whdEg Fosted dm YRS FFIAA A Hardness | over H | over H | ASTM D3363
SRR GER = BAAE 04% oA ARG EA Blistering |  good good | ASTM D610
S By 229 ol A9 AT o BA o Heat resistance | Corrosion | good good ASTM D714
WA T ARy TS F55 7o “ Re B (80°C, 240 hr) | Adhesion | good good | ASTM D3359
= : ':"} gosted Aol He Ae I Hardness | over H | over H | ASTM D3363
L H7 = 060 A} AR O] Ao
= AGAAE 0.6% o1dAM A Y5 Bt Blistering | good good | ASTM D610
Acid resistance | Corrosion | good good ASTM D714
332 Y =22 M (5% H;S04, 24 hr)| Adhesion | good good | ASTM D3359
T8 ZAAFH ALRE AFEHL QAdoz Hu A Hardness | over H | over H | ASTM D3363
B P7gAZT0.8x75x150 mm)S AMgIgow, FAL Blistering |  good good ASTM D610
= - Alkali resistance | Corrosion | good good ASTM D714
KS M 5000°|%. = 3 g 0z = by .
. A:lr/} j—}"i} 0':}11] ) *ﬁ"ﬁﬁ = “9:0% 1= (5% NaOH, 24 hr)| Adhesion | good good | ASTM D3359
EFete] x| & 10%9] Settmg Time, 80Tl A Hardness | over H | over H | ASTM D3363
3083 AA Az, 19 4 $A ¥ =99 BEY HtE
AAET ERFAE AEY 54 J)ESE 4012 pmZ

5+ 0111 E4 FHATE Table 591 Jenigioh

=5 thH] high solid¥d =59 1FE FFL <
—57]'5] Aeg &+ U AFAZ(Set to touch)
9 A, @ ABERY vE T =AW QAR = 2
Aol A& ALEA EAZF gl FEoIUTh ©l9 high
solidd =29 tiFEe EHL 8A4F =89 5 F&
ojtt.

333 MY =29 oAl M & TEST

DA} & ZlolA A 2000 o]4L i F2 = high
solidd =85 &8 Bgrow, AAAR 1dd] LgFe
8 AEE, EXWE ZGAzE, 2E9E4 Bl dshy
el H2EE AN Table 691= high solidd &8
9 48 2#E e Ak

Table 6. Effects of application of high solid paint

Type| Solvent | High solid
Line test paint paint
Average quantity for application (L/EA) 2.0 1.6
Spreading rate (EA/L) 0.5 0.625
Average thickness drying film (pm) 45 45
Average thickness wet film (pm) 100 80
Solid volume ratio (%) 45 56
Working hour (min/EA) 2.5 2.4
O AR =349 Z94 4 =% =4
229 ANF(ASTM D-3359) &8 2F e 9std, A3
=89 high solidd £8 BT ¥3d FFo 1210114 A4
AL (ASTM D-3363) 323 F 714 &5 BF 2H ©]
g 520z 2390k =29 AAET BAse} Boe)
AZATE ABACE $4 9 89 ERE FF @

Hereds

o|X] 278 7%, 20059 7¥
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EZ ¥ oA B A=Y FAE 4055 umrt HE
% =% $A5 235N A5 53 ¥ =89
28%8 HaF ZF, high solid® EEE JL&8 L
20%9] =8 AMgFo] #ZAsgrth waA, high solidd =
ES A& 59T A8FoZ 25%9 =aWE i
EHE G RoH, oF 20%9 =8 AL HZEaRE 7}

A gt

() voc ¢33

£A% =80 ¥]d) high solidd & TERE L£3u)7} 45%
M 56%Z F7tHC] FL EEF AMSA] VOC A Fe
dhHeR 1% AHEs a9t o £, 2A high
solidd =85F dA 4 4839e 4 U =
B AMSF EF 20% TAGEZ A d5E V)FoE 3

< B AAHA VOCES Zae oF 2% g4 adrt
et

(4) Paint Sludge 243

B89 &zgo] FFoA AL &4 7hed
dF VOC J&2 Fa=T, s = 4 HAE
S8 A|(Paint Sludge)Z ‘a‘?ﬂ do. mebs, =F3FFeA
s = Paint Sludged] $& TE Ulo] ¥3d nPR I
Foll AFAHA FFS A Ik high solidd 8L &
AR =8 vl 2FE FFol 1% ¥7) dE Y
AHEFY 3¢ Paint Sludge4 Fe F7beA "ok gy,
AA AAERlel A8Re AL, Y = ALSTol
20% Z43E2 AAAQ Paint Sludged] Y2 9358 oF
20%¢] Z2asHA |tk
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334, ZEAH KIAHR HZZH

¥ EHE high solid® E82 WAL AL, AAA
AzEY T =ZFFAA Fig. 691 dehd Aoz g4
SRR Zo] BEQd AL AYY &
AFoz, A48 E2dM IR ko]
3 =FeR 55 umg Y] o]@7) 2o 5FE(Primary
coayFFH} A E(Over coayFANA 23 =FL sl &
Z EAL BEAA AAT, high solid®d =M= 1
3 EZoR 55 umE IYY F Q) B2 F=TAF
A&FEY FA7 Flssiet

Fig. 6. Painting process of fork lift using high solid paint.
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Fig. 7. Comparison of environmental impact of fork lift pain-
ting process using solvent paint and high solid paint.
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