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MATHAGUL METHAM : INCENTIVE CONTRACTING MODEL FOR A
ROAD CONSTRUCTION TO REDUCE AIR POLLUTION EMISSIONS.
THESIS ADVISOR: ASSOC. PROF. VACHARAPHOOM BENJAORAN,

Ph.D., 203 PP.

ANALYTIC HIERARCHY PROCESS/BID EVALUATION/INCENTIVE

PROCUREMENT/AIR POLLUTION EMISSIONS/ROAD CONSTRUCTION

The past decade, the air pollution emissions have become a nationwide
concern, included Thailand. The governmental actions to reduce the emissions have
been an attempt seriously. A construction industry that is a part of the emitters has
also tried to alleviate this problem. However, the voluntary operation has rarely met a
construction practice because of its obvious increase in project costs. A+C bidding
method was proposed to solve the problem but lack of procedures for practitioners
was a disadvantage of the A+C. The major aim of this research endeavor is to develop
the contracting and propose to be an incentive contracting model, especially the road
construction sector named “Green Road Incentive Procurement” (GRIP). This
proposed contracting model offers emission reduction options and incentives for
participating bidders, a benefit in this contracting model derived from the bidder’s
preference reduction options. Initially, GRIP proposed six highly-potential alternative
construction methods of emission reduction for which bidders could choose as their
preference. Punishment as a financial penalty will also be specified in the GRIP
contracting model as a part of this procedure.

A questionnaire survey is also carried out in this research to evaluate the

collaboration. A feedback on a survey questionnaire is solicited from the road



construction stakeholders. The sample group is represented by eighty-eight
participants. They are interviewed both parties of construction firms and owner who
work into administrative and operating responsibility in the road construction sector.
A preliminary questionnaire is recommended by six experts. The final questionnaire,
four points-scale is used to reflect the viewpoint of the sample groups. The Analytical
Hierarchy Process (AHP) was used to evaluate an opinion by three options based on
eight criteria. The questionnaire was designed and responded by two sets of forty-four
samples of contractors and public owners.

The results showed that both contractors and the public owners gave the
highest weight for the GRIP full-implementation alternative as 0.403 and 0.432,
respectively. The users’ readiness was an AHP criterion, which both parties were
mutually concerned as the highest significance at 0.154 for the contractors and 0.181
for the owners. For descriptive responses, 92.05% of respondents agreed to
collaborate with the new procurement model, GRIP. These results confirmed that
both involved parties agreed with the concept of GRIP and were pleased to cooperate

the GRIP implementation.
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Tnssanue (process-based) ’t’]‘L!‘I/!VI-Li’%‘VI‘I/!VIL‘]Jﬁ (T-O based) 1azIs lausa (hybrid method) 1w
9 A Ya ¥ 2 Y 1 ' v o Aa < ax
au msaenlddisnmisla q dnduegnunnmmunzanlunaazs9iinsdia laena 1135
lavsa Lea dngminnIdlununeddis nanne uamskaaiagezgnilsziindreisounn-
4 A L 1 [ a A
mwnua Tuvaiz Ne9szremanedaazMsvudszgnissiiude9s Inssaud
(Hong ttazaniz, 2014) Baaunsnmiuam ladedron151iaaganislassuaiiy (emission
factor: EF) gainufSanaaenidsuesdnsyndn gy nasaw naziagignldlunszuiums
Y
YOIUNB A3 1Y 9
o a a I a g’; 1 Aa
Tagna lluuifaveanisisziiiu LA Wunsisziiudauainaauaie (cradle-to-
= g).z 1 ?.’, 9 R o a =3 o g’/ Y A Qy
grave) W3 0ALATUADUNIT IAN1FITAgALIUDINITTIatean luduaeugaieaiioduely
A15 1991 (end-of-life) (Finkbeiner taz iy, 2006) uANHA18911I98M1A 15152l umnz Ty
9 '
Vuneunaulafnyi (Cole, 1998; White tazaAie 2010; Cass 1ag Mukherjee, 2011) P131U3210U
Aq Yo [l v & Aa oA Y a o Aa J
LcA nlgnuegludagiudlumsigiameldnseuuuinamsautiuanuvevsnnsunasgiu
9Ad1Y NI (International Organization for Standardization: ISO) ®YNTUNIATIIU ISO14040:

2006 1az 1S014044: 2006 Usznoudle 4 Tuasuwnan awaasluzld 2.1 fe msdimua



a d o [ a
Lﬂmmmmm)mﬂm (goal and scope definition) ﬂ']i’JLﬂﬁ'wﬁﬂﬂlu%iWﬂﬂﬁﬁa@ﬂ’Jaﬂﬂi%’m (life

cycle inventory analysis: LCI) n15U 52 1luna ﬂ’izﬂ‘ﬂ@ﬁ’ﬂﬂ’i’g INTFIA (life cycle impact

4

(AR . = = v A
assessment: LCIA) waznsulsHaans (interpretation) N3180LDYAAIU

4 7\

Life Cycle Assessment Framework

~
J

4 N 4 2

Direct Applications:

Goal and Scope

A 4

Definition <

- Product development

and improvement

i

- Strategic planning

A 4
A 4

Life Cycle - Public policy making
Interpretation .
- Marketing

A

Inventory Analysis [«
- Other

i

A 4

Life Cycle Impact
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-
-
-
S
-
-

319 2.1 nspUMIANHUIIU LCA a3 ISO14040: 2006

221 msmnuathrnauazveuiua (goal and scope definition)
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Mruavuedesarnsonaasdasz Tesianmsdsziiy LCA 11dpan15vinans
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Uszidiu lihielsusanandust viowaunszuumsran il ulinsnudunadeuuniiu
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° a a o P
2.2.1.2 MINMHUAVDUIVA AD ﬂ'liﬂTViu@Wl’f]’Uﬁl@ﬂ'ﬁﬂi%muﬂl@QWﬁﬁﬂm“ﬂﬁ

A09M13 TADIMUUATIVAZIDEAVITINADINMTUTZIU vouwanTsziudeslisvaz B
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VouaUpdInslsunlTszneuaie
1) MIMHUAKUIIHUN (functional unit: FU) AD AMIMHUAKUIY
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A A 4 ) 9 A vy a 1 a ] (d’g} =1 [l
NnHaa ﬂ!“l/lilgQﬂl!”I]l‘]ﬂ,GIN”ILlLWﬂiﬂfﬂN@Q‘ﬁu’JﬂNa@mﬂ!"VWI@]’ENﬂTiL‘LEEJ‘]JWIEJ'UiHﬂH’J?J
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2) MIMHUAVBULVAUDITE VY (system boundary) A® N1TAIHUA
[l a X I 1% J o
M1U8Y0INTLUIUMSHAATUTUNITIANAUVDINGINUHI DA TU NN WAL UD UTIWT 01TV
A a da{ a A 9 a
panfnavu lunszuIuMsNanndeemsUseiivannthnine
3) MIMUUANUNINUDITOYA (data quality requirements) 71D F11TUA

o 9 Ay o 9 I~ A A = 9 Ay
aﬂ]&lﬂ!zellfJQﬂl@yaﬂﬁ@\‘]ﬂ'ﬁu'lu']ﬁl%ﬂﬁzluu Iﬂﬁlﬁ\?WUQU@ﬂf]Qﬂﬂ!ﬂ'lwéllﬂ\isllﬂyaﬂﬂﬂﬂﬂ'ﬁﬂ?ﬁ

=1

Y 1 I Y A a &l A Y a A Aq ¥
¥wiszneaunie qunaﬂumﬁmway‘aLwemﬁﬂixmu NuNNAeINMssziiu L“I/Iﬂuﬂ‘ﬂﬁlslf

a v o v Hq v A 0o ¥ a Iyy '
Usziiu anugndosvosdumudeyanlslszdluy awnsmihwoyaunlszilugla unasues
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]
A o

9 A @ 9 ] ] 9 9 a
FoyauazNuvesdmmnudoya uazanw lumiveuvesteyanthunldlsziiv
) M 515euNeus 111932V (comparisons between systems) A9
A ~ 1 v 7 Y o = @ 1o =
msdszlunfSeumeuneunisullsnaanimelanitemsiianu@einy ualSulasu
) an ' Aa X A = =
VDUWAVDITE VY AUNINUBITDYA I5MITUAIUUALHANTENVNNATY 1NOANYIDNINN
= A a o = a s =t v o ' o
nlasunasimaninmisdsunlasumisiimesmail madusainainndsgninaus
3 Yy g
enuluduneugaienie
5) NISWAITHINUNIURANITUTZINY (critical review considerations)
o matianldieastvadeunan1sUszdu LCA muuAsgIuaIna MsnaIsanunNILen
o A 9 { a g’./ Y. ! 9 o a 9 4
autiuns Inedisermngdaszninnmeluniodnaosmaimanissziivlyldss Tomd
A gAY W Yo a ) vy dyva & t
uazanmeuenysofn 1 Idihwanisdszmiululgs: Texiaen 18 dnnanamsnoniuvil
° L Saca 9 Y
asgniiuaue 3 lusenuradnsvuganiedie
¢ o v v
222 MSINTIZHUYIIIENIIAAAIHINITIA (life cycle inventory analysis: LCI)

a J N < 9 o Q A a 9
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a I a = [ a ]
mMsdsziiunansenwunsdsaiudedneanlumsinanansznuae
A a Jd o o
FUAR011NNI5UATIEHTYFI 10015 Usenouale n1sswunlszianwansgny
. . I o [ [ 1 A °
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. . < v ! % 1 1
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9
anuamsolumsinanansznula d W%}?J?J‘Vl\‘lﬁ”lﬂ”liL‘ﬁEJ‘UGULl"IﬂNﬁﬂiz%ﬂﬂﬂﬂ”lﬁ"lué}"lﬂﬂﬁ
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. . Y ' 2 o R =~ = v 3 o
(normalization) Trog luniie@ernuaaluniseuvuianansgnue19lng 1HaA1UIHID
. . (7 J Y a g I o ' A 9
HANTZNU (weighting) uingiseasdvesdlszitiudien 14 nazdanguransznuaunadon
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(grouping) MmnavulunszuIums

224 mMsuswadns (interpretation)
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9 a o P 9 v W ana I 2’, 9
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1 a ] @ 1 Y 9 = 3 I = o
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' Y
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P4 ] . . a o ¢ & o Yo Aa
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' 9 9y 1A v A Y] ' 9
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[ [ Y a a 1Y rL ] H
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Extraction of

raw materials

End of life
(disposal or

recycling) H IG HWAY
LIFE CYCLE

&7

Usage &

Maintenance

N>

Y]

517 22 iginsFinvesnansaaiaiuneaiauu (5039910 Crawford, 2011)
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A28 uonaniduilunesliotion/Fsumenlsnananya Nlssiivnnkaasuyiaria
Aulunie1 N (functional unit: FU) 1Aeanu 18 gaamnssuniswaana ldiinisiszdiv

Y
2 v v A

A A ] 1 o o
Psmawanyg ed1aunsvateuuIuratel) Bnnedslinisilszgnd 19 1Usunsuduseglan



13

e uadulvgazdedegudeyaninilszmalungueanninglsy wu Tusunsu BEES,
I
ELP, Eco-Quantum, BEAT, EcoEffect, SimaPro, Athena 1 udu (Forsberg tta1¢ von Malmborg,
~ a 1 a [ 1 9 1 (R
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A 4 o < ' I A y .
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A Y A = < a g ' =
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Level Strategy

L1-01 Reclaimed Asphalt Pavement (RAP)
L1-02 Other Material Recycling or Reusing
| L1-03 Sustainable Material Treatment
L1-04 Material Waste Management

L1-05 Material Life-Cycle Management

L2-01 Equipment Retrofit Technology

L2-02 Engine Repower and Upgrade

L2-03 Idling Reduction

L2-04 Alternative Fuels

1 L2-05 LED Lighting

L2-06 Equipment Operation and Maintenance

L2-07 Equipment Selection and Vehicle Electrification
L2-08 Work Zone Traffic Management

L2-09 Employee Commuting Reduction

L3-01 Green Road Rating System
11 L3-02 Climate Impact Analyses
L3-03 Climate Adaptation Design

L4-01 Highway-related Solar Energy
L4-02 Highway-related Wind Turbine
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H
& Equipment Operator Training .
Inspection and Maintenance Programs . o [ °
Prevention of Vehicle Overloading .
Basic & Applied Research .
Proposed New Standard (Vehicle / Fuel) . ° .
NOx Adsorbers or Nox Traps (LNT) . .
Lean-NOx Catalysts (LNC) or HC-SCR . . ° .
Exhaust Gas Recirculation (EGR+DPF) .
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Combined Heat & Power L
Other Efficiency ° .
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3
]
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- Plant Soil Cement TOTAL
1. Adwasaru lwvh
- 49 feed 789 Soil Aggregate aveoWIU 1FuBIARS VLA 7.5 HP 162 75
- gadANeUEAYS 139 Soil Aggregate asanewIu 1 uomaT LA 7.5 HP 2 15.0
- 49 feed Yudumgng 1Huoimosuna 30HP 1 3.0
-9 feed 1 1Fe1A030110 5.0 HP 2 10.0

a
v
1

2. ldndauiniy fua)

- W01 Mix ¥a9 111 Plug mill 1413 eaaudaaavuin 2000 HP 141 2000
. .
- ganauides 8 - 10 day/Aalm

3. WU TaQee N WM IKAN (A1)

- 1539 Soil Aggregate 11¥14 189.966 gl
- S nasud 2280 gl
- Bmnanh il udmwaw 14418 /AT
- ﬂ?mmﬁ”ﬁ@iam{”wm @u+Fumdah) 206.664 /AT

(AU Y =2.280 AU/A7)

(Amau = 1.650 AL/A7)

oATINMIHAR 1/2.280 = 0.4 Ama/au
0.44%206.664 = 90932 fmaayaaTli

danauiass
iy 8-10 L/hr = 9 Ans/aaTu
N1 AUY 9/90.932 = 0.1 an5/cu.m.
Sl 1 hp = 0745699872 kilowatts

235.5 hp/hr

235.5%0.746 = 1,74228 kwh
INFIERUY 1742.28/90.932 = 19.16 kw/cu.m.

317 1.2.6 8031M31H11UVOUATOITNTN T3 9UHAY
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Materials Energy Transportation
Description
agg. soil cement bitumen latex diesel electricity hauling dist.
(ma) (ma) (ton) (ton) (ton) (litre) (MW) (km/trip)
CRB - 5,011 - - - - 11,462 - 66
In place - 5,345 203.1 - - 15,223 - 16
sScB*
In plant - 5,345 203.1 - - 14,429 102.4 20.1
133181321187 (28 ton, kg, GJ)
Materials Energy Transportation
Description
agg. soil cement bitumen latex diesel electricity hauling dist.
(ton) (ton) (ton) (ton) (ton) (kg) (GJ) (km)
CRB - 11,525 - - - - 9,811 - 66
In place - 16,249 203.1 - - 13,031 - 16
SCB*
In plant - 16,249 203.1 - - 12,351 369 20.1
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e ) United States Office of Transportation and Air Quality
N EPA Environmental Protection EPA-420-B-16-022
\’ Agency March 2016
Nonroad Com pression-lgnition Engines: Exhaust Emission Standards
Useful | Warranty
pated rier | Model | nmuc | NWICE | noy PM co Smoke ? Life | Period
(KW) Year | (g/kW-hn) (@/kW-hn) (g/kW-hn) | (g/kW-hr) | (/KW-hr) | (Percentage) | (hours (hours
Iyears) " | fyears)®
2000
1 2004 - 105 - 1.0 8.0
kW=<8 2005 3,000/5 1,500/2
2 2007 - 7.5 - 0.80 8.0
4 2008+ - 7.5 - 040° 8.0
2000-
1 2004 - 95 - 0.80 66
8 = kW
2005 3,000/5 1,500/2
<19 2 2007 - 7.5 - 0.80 6.6
4 2008+ - 7.5 - 040 66
1999
1 2003 - 95 - 0.80 55
2004-
2 - 7.5 - 0.60 55
195k 2007 5,0007 ¢ | 3,0005°
2008
4 2012 - 7.5 - 0.30 55
2013+ - 4.7 - 0.03 55
1998
1 2003 - - 92 - -
2004~
2 2007 - 7.5 - 0.40 5.0
37 = kW =2 22%93- - 4.7 - 040 5.0
Federal <56 P 2008, 20M15/50
(©ption 1)¥| 2012 : Wl : P20 PO
4
{Option 2) 8 2012 - 47 - 0.03 50
4 2013+ - 4.7 - 0.03 5.0
1998
1 2003 - - 92 - -
2004-
2 - 7.5 - 040 50
56 < K 2007 8,000/10 | 3,000/5
- 2008
<75 3 2011 - 4.7 - 0.40 5.0
2012-
4 20130 - 4.7 - 0.02 5.0
2014+! 0.19 - 0.40 0.02 5.0
1997-
t 2002 : : o2 : :
2003
2 2006 - 6.6 - 0.30 5.0
75= kN
2007-
<130 3 2011 - 4.0 - 0.30 5.0
2012-
g 20131 - 40 - 0.02 50
2014+ 0.19 - 040 0.02 5.0
Continued
< Y o W A I
q5]‘1J‘1/] f.3.1 ﬂlﬂﬂTﬁuﬂﬂﬁ‘}JﬂﬂﬂﬂT%"l NNATOBUAALEA (EPA, 2016)
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Useful | Warranty
pated rer | Model | nmuc | NWHCH | oy PM co Smoke® | Life | Period
T Year | (gikw-nn) | ao | (@KW-hr | (grkW-hr | (gikw-hr) | (Percentage) | (hours | (hours
9 Iyears)"® | tyears)®
1996- ,
1 o | 1 . 92 0.54 1.4
2003-
2 o . 66 . 0.20 35
130 = kW
2006-
<205 3 powys . 40 . 0.20 35
2011
4 2013 h - 4.0 - 0.02 35
2014+1 0.19 - 0.40 0.02 35
1996-
i -
1 2000 13 92 0.54 1.4
2001-
2 2005 - 6.4 - 0.20 SIS
225 < kW
2006-
< 450 k] 2010 - 4.0 - 0.20 815]
2011-
. Sonan . 40 . 0.02 35
2014+| 019 | 0.40 0.02 35
1996- ,
1 ov | 1 . 92 0.54 11.4
Federal 2 2002- } 6.4 : 0.20 35 20/15/50 8,000M10 | 3,000/5
2005
450 = kW
2006
< 560 3 2010 - 4.0 - 0.20 35
2011-
) Ky . 40 . 0.02 35
2014+ 019 - 0.40 0.02 35
2000- P
1 2005 131 - 92 054 11.4
2006-
Sﬁﬂgiolavv 2 2010 - 8.4 - 0.20 S15]
<
2011-
4 2014 0.40 - 3.5 0.10 S15]
2015+ | 019 . 355 | 004" 35
2000- .
1 2000 | 1 . 9.2 0.54 11.4
2006-
2 - 6.4 - 0.20 35
kw > 900 2010
2011- ;
) 2o | o0 . 35 0.10 35
2015+ 0.19 - 35k 0.04! 35

9

31 n.3.1 70

o 1 (%) A I 1
muuamstassnisd 1NAToeUAAIYA (EPA, 2016) (919)
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Fuel Reduction Potential of Hybrid Construction Machinery (by Literature reiview)

Represent Type Power Comparing with Model Fuel Reduction [Source: Retrived date 10/1/2016
Hitachi Excavator 7X200-5Bin P mode  |ZH200-5B in PWR mod15% Hitachi (2015)
Hitachi Excavator 20 tonne 7X200-3 ZH200 20% INTERMAT (2012)
Edamura, M., et AL, (2013)
Ohira, S., et AL, (2013)
Hitachi Wheel Loader convention Hybrid 25%-30% Ochiai, M., and Ryu, S., (2008)
Hitachi Excavator convention Hybrid 25% Ochiai, M., and Ryu, S., (2008)
Komatsu Excavator PC200-8 PC200-8S (Hybrid) 25%-41% Inoue, H., (2008)
Komatsu Excavator PC200-8 PC200-8S (Hybrid) 31% Komatsu (2008a)
Komatsu Excavator PC220 PC240LC-10 10% Komatsu (2008)
Komatsu (2012)
Komatsu Bulldozer DC65-16 DC65-17 5% Komatsu (2008b)
Komatsu (2012)
Komatsu Dump Truck previous Komatsu mode] HM300-3 8% Komatsu (2008b)
Komatsu (2012)
Komatsu Bulldozer medium-sized |previous Komatsu model D65PX-16/D65EX-16 |10% Komatsu (2001)
Komatsu Wheel Loader|medium-sized |previous Komatsu model] WA470-6/WA480-6 [15% Komatsu (2001)
Volvo Wheel Loader L220F L220F Hybrid 10% Volvo (2008)
Caterpillar Excavator 308(336E 336E H (Hybrid) 25% Caterpillar (2013)
336D 336E H (Hybrid) 33% Caterpillar (2013)
Remark: Most of all are comparing with Tier 3 or 4

=).

31/

9

n.4.1 Yaya

Fuel Reduction Potential of Hybrid Construction Machinery (Summary)

1 2] A a 1 Y a
msaanisdaoeniae mﬂlﬂi@ﬂﬂuﬁﬂﬁﬂiﬂ (Lmazawaﬁ)

Manufacturer Engine Reduction Potential |Average Reduction |Fuel Reduction in this research
Hitachi Hybrid 15%-30% 23% The 10% of fuel reduction potential
Komatsu Hybrid 25%-41% 33% is used in this research that is an
Volvo Hybrid 10% 10% pessimistic case.

Caterpillar Hybrid 25%-33% 29%

€an
=
.

9
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step 1 step 2
Comparing Tier 1 to 3 average (tier3) to hybrid
(13-13)/1.3 0% for HC (1.00x 1.10)- 1 = 10%|for hybrid machinery (10% plus 0%)x64% of tier 1 and (10%)x36% of tier 3
(9.5-4)/9.5 58% for HC+Nox not shown
(9.2-3.5)/9.2 62% for Nox (1.62x1.10)-1 = 78.2% | for hybrid machinery (10% plus 62%)x64% of tier 1 and (10%)x36% of tier 3
(0.8-0.3)/0.8 63% for PM (1.63x1.10)-1 = 79.3%|for hybrid machinery (10% plus 63%)x64% of tier 1 and (10%)x36% of tier 3
(5.5-5)/5.5 9% for CO (1.09x1.10)-1 = 19.9% |for hybrid machinery (10% plus 9%)x64% of tier 1 and (10%)x36% of tier 3

9 1 2] A A
n.4.3 magamﬁaﬂmiﬂaaﬂmw ﬂ?ﬂlﬂi@ﬂﬂugﬂﬁﬂﬁﬂ (MNFIW)
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GHG Reduction Potential of Retrofit Devices of Construction Machinery (by Literature reiview)

Represent Type Brand Model 'GHG Reduction Source: Retrived date 18/1/2016
DOC NOx DCL International Inc. - Nil DCL (2015)
CO 70-95% * Less than 50 ppm sulphur in diesel fuel is required for PM 10 conversion
HC 70-90%
ALDEHYDES (ODOR CAUSING) 70-90%
PM10 10-40%
DPF (NOx DCL International Inc. MINE-X SOOTFILTER® [NO2/NO ratio may increasq*PARTICULATE MATTER(PM10) MEASURED BY MASS
CO 90%
HC 60-80%
PM10 > 85%
DPF (NOx DCL International Inc. MINE-X SOOTFILTER® B|no change in NO2/NOx rati*PARTICULATE MATTER(PM10) MEASURED BY MASS
CO -
HC -
PM10 > 85%
DOC INOx Nett Technologies, Inc. - 5% Nett Technologies, Inc. (2016a)
CO 90%
HC 80%
PM 25%
DPF NOx Nett Technologies, Inc. |- 5% Nett Technologies, Inc. (2016b)
CO 90%
HC 80%
PM 95%

Nett Technologies, Inc. (2016¢)

CO 90%
HC 80%
PM 25%
DPF PM ESW, Inc. Skyline Off-Road > 85% Environmental Solutions Worldwide, Inc. (2016a)
PM ESW. Inc. Phoenix DPF > 85% Environmental Solutions Worldwide, Inc. (2016b)
PM ESW, Inc. ThermaCat DPF >95% Environmental Solutions Worldwide, Inc. (2016¢)
CO ThermaCat DPF >90%
HC ThermaCat DPF >90%
CO 90%
HC 90%
PM 90%
DPF (NOx Johnson Matthey o n/a Johnson Matthey (2016)
CO n/a
HC n/a
PM >92% *MEASURED BY MASS
DOC INOx - - - ‘World Bank
CO n/a
HC n/a
PM 20-50%
DPF PM F E 85-95% *MEASURED BY MASS

9

J [+ a ¥ 4 a
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GHG Reduction Potential of Retrofit Devices of Construction Machinery (by Literature reiview)
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Represent |Type Brand Model GHG Reduction Source: Retrived date 18/1/2016
DOC CO >90% MECA (2007)
HC >70%
PM 25-50%
DPF PM >90%
HC >90%
EGR NOx >50%
LNC INOx 10-40%
LNT (NOx 80%

CO
HC

PM

50-90%
50-90%

30-50%

HC >50-90%
PM 30-50%
DOC co - = 60-90% EPA (2005)
HC 60-90%
NOx -
PM 20-50%
DPF NOx - - -
co 60-90%
HC 60-90%
PM >90%
LNC+DPF |NOx 25%
co 60-90%
HC 60-90%
PM >90%
EGR+DPF [NOx 60-90%
co 60-90%
HC 60-90%
PM >90%
ccv NOx -
co 30-35%
HC 30-40%
PM 10-15%

ot

=h.

n.5.1 Yoya
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GHG Reduction Potential of Retrofit Devices of Construction Machinery (Summary)
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Types Gases Average Reduction Potent|Manufacturer in this researchl GHG Reduction in this research
1st Option for 1 Technology
5%
DOC NOx DCL International Inc. -
CO 70-95% 70% CO,HC <-- Best for
HC 70-90% 70%
PM 10-50% 10%
DPF (NOx 5% EPA (2005) - 2nd Option for 1 Technology
CO 60-90% 60% CO,HC <-- Best for
HC 60-90% 60% PM
PM 85-95% 85%
SCR NOx 70-90% EPA (2005) 70% 3rd Option for 1 Technology
CO 50-90% 50% Nox <-- Best for
HC 50-90% 50% CO,HC
PM 25-50% 25%
SCR+DPHNOx 70% Johnson Matthey 70% -
CO 90% 90% CO,HC,PM <-- Best for
HC 90% 90%
PM 90% 90%
EGR INOx 50% MECA (2007) 50%
LNC (NOx 10-40% MECA (2007) 10%
LNT NOx 80% MECA (2007) 80%
LNC+DPHNOx 25% EPA (2005) 25%
CO 60-90% 60%
HC 60-90% 60%
PM 90% 90%
EGR+DPENOx 60-90% EPA (2005) 60% _s
CcO 60-90% 60% PM <-- Best for
HC 60-90% 60%
PM 90% 90%
ccv NOx - EPA (2005) -
CO 30-35% 30%
HC 30-40% 30%
PM 10-15% 10%

d' 1 4] a %’, o a
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Sources
Description Remark
BOQ Actual
Materials
1 Earth Work
. o = 4 o e we
- Cement  Break down 51AN@19 (a1.ADe3519) s nntufinms #9939 (Tasemsa saunu 5ude) Tons
v Voo ' o Jas 3
- Embankment : Break down 51010814 (ﬁ‘u.ﬂf]ﬁ%"li) L IIMTEIANNIY (Iﬂﬁiﬂ‘li"l FINNY Ejﬁn%1@) m
. v ' o Jas 3
- Selected Material "A" : Break down 51010219 (ﬁu.naa%’w) $I1IIMIAIANU (Iﬂﬂﬂ‘li"l I3NY §3u51q) m
' v ' o o 3
- Soil Aggregate  Break down 5170819 (@1.neai1e) ssemsdama (Insamsa sy §5ui) m
. 1o ' o o 3
- Crushed Rock  Break down 511014 (e11.00a319) ssomsaama (Tasamsa iy §5uiha) m
2 Pavement
- Bitumen : Break down 110219 (du.neaia) - memsdemay (Tasamsa sy o) Tons
- Asphalt Concrete 5 cm. thick |: Break down 3110274 (d1.foe319) ssomsaama (Tasamsa iy §5uiha) Tons
3 Structures
- Ready-Mixed Concrete  Break down 5770819 (@1.n0@319) s swauiuiinmsimasunia (Tasamsa s gfusha) | m
- Reinforce Steel  Break down 5110019 (e11.nea319) s mmiufinms1493e (Tasamsa i Fudhe) Tons
Equipment
. o o a9 aw gy a ' v o = o . @ Yy Y
1 Quantity s oMo x Uiinanuidoims WsEndnan, dunease) [ enutifinmsmau (Iasamsa sy g5ude) cach
; S . .o o e
2 Usage - SIMIATeINT x 5n51M513 Tamhiudesu. (au.neadie) thfumminfinms1$au (asamsa i gudhe) hrs.
' .
UM v.1.1 niasnundoyada aeddaya1 GRIP
3 N V.1. l,madﬂm"llﬁlu”aj @JGHMLL‘]J’UM@?N Y
= = =
E 8 % %
~4 154 154 151 2 @ =4
= - o e N ~ 2w i
8 g g =) =) =) g S g =
=~ wnienl o S = S =) = =
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= e > 2 ~
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~ < A~ n —
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) — — 2 — &
. g = = | -8 2
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3] 2 = 2 g1 5 =
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-
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= Q
& Q L
0 = 2 25| S 13
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=] = 4 2 15 =}
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Project - GRIP TEST#1

BOQ
Resources Minimum Requirements
hp |Quantity| hours hp- hrs.
Equipment - Earth Work
Backhoe 95 hp 95 51 3,966 376,770
Bulldozer 120 Shp 120 4] 5941 712,920
Motor Grader 115 hp 115 4] 12,890 1,482,350
Wheel Loader 95 hp 95 5 3,241 307,895
Equipment - Compaction
Pneumatic Tire Roller 8T ** 100 8| 12,225 1,222,500
Vibrating Roller 100 hp 100 8 9,694 969,400
2-3 Wheel Steel Roller 10T *ox 100 5| 3,753 375,300
Equipment - Transport & Service
Water Truck 6,000 L * 380 10| 10,863 4,127,940
Dump Truck 10m’ 3 380 12| 5,063 1,923,940
Equipment - Asphaltic Pavement
Asphaltic Mixing Plant 60 T/hrs N/A 1 1,266 N/A
Asphaltic Distributor 5,000 L N/A 1 1,170 N/A
Asphaltic Paver skid length > 2.5 m N/A 1 1,266 N/A
Equipment - Concreting
Concrete Transit Mixer 35 m’ N/A 2 N/A N/A
Equipment - Various
Power Broom & Air Blower |@ blower > 0.50 m N/A 21 2,435 N/A
Truck Crane N/A N/A 1 N/A N/A
Recycling N/A N/A N/A N/A N/A

WU8HA: 1) hrs. MUIAUINNTIBATIM TN UVBUATEINT T UM 5190 1.2.4 LB .2.5

.. . { o ¢ o i 9 Yo, Y a
2) minimum requirements N1V INHANINMAM sAALADNAM TN TAUDIAUVDIEUITUTUTIAY 2559 (NFUNINAI)

VL oas o A 3
3) * 61°tsi‘i’t§l‘1.lifi‘l{_lﬂ 1080 U a1l P11C-VU L“]Jummﬂummmussnﬂﬂuuaziaminﬂm

N ' 2 o o a o
4) wk 1450unAYU CASE U 1107 EX Wudunuvessouadaauug 10 munﬂﬂsxmm

3
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a= 20 %
b= 50 %
v
E, = Y [a+{exd-0008189(a)x[088x(a/100+0.85x(1-a/100]/ 0.85)x({exdn=(a)]-1jx10®6)x ER xhpxhxbx p].,
bd=I
E, = ((1+(EXP(-0.0008189%(20))*(0.88%(20/100)+0.85%(1-20/100))/0.85))x((EXP(0.00009794%(20/100))-1)*x100))
%(6.9/100)%11499015%(50/100)>218.842
= -338,540.38 U <ol for Nox
E, = ((1+EXP(-0.0008189x(20))x(0.88%(20/100)+0.85x(1-20/100))/0.85))x((EXP(0.011195%(20/100))-1)x100))
x(1/100)x11499015x(50/100)x62.463
= 1,602,505.68 1UIN <------ for HC
E, = ((I+(EXP(-0.0008189%(20))*(0.88x(20/100)+0.85x(1-20/100))/0.85))*((EXP(0.006384x(20/100))-1)x100))
%(0.6/100)x11499015%(50/100)x1550.500
= 13,603,778.13 1IN <mmmme- for PM
E, = ((I+(EXP(-0.0008189%(20))*(0.88x(20/100)+0.85x(1-20/100))/0.85))*((EXP(0.011195%(20/100))-1)x100))
%(4.1/100)x11499015%(50/100)x11.961
= 1,258,137.44 UIN <Lmmmme- for CO
Total 16,125,880.87 1N

an A A
APNN@NN 2

RD = 10 km
OD = 3 km
n
E, - S[(RD, 0D, )x EF x FC xT, x p]
j=1
E2 = ((10-3)x2.711x0.245%(548500/10)x5.139)
= 1,310,535.81 1IN <------ for CO,
Total 1,310,535.81 11

~ o ' AR Yo
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v

MsnnaEmME  : ASumin 9 (A9)

an A A
AnNEenn 3

Spt = - m
Spe = - m3
CRy=  67.500.00 m’

Es = TECxER;xMxp

E, = ((0)x60x0x5.139)

= 0.00 1N <----e- for Spt
E, = ((16.1/100)x60x0x5.139)

= 0.00 1N < for Spc
E, = ((50.3/100)x60x67500%5.139)

= 11,275,62525 U <--ee- for CR
Total 11,275,62525 110

a A A
AN 4

P
o

Tier 1 = 58 AU NINIKLA 61 AU
v
Tier 2 = - AU NANIMLA 61 AU
9
Tier 3 = - AN NNNIHNA 61 AU
v
Tier 4i = 1 AN NNIKUA 61 Al
2
Tier 4f = 2 AU NNNINUA 61 AU
tier 4 f v
Es = X YR, xER, xhpxhxp|xr,
n=tier1 rn=1

E, = (((0)x(6.9/100)x11499015%218.842)x(58/61)+(((0)x(1/100)x11499015x62.463)x(58/61)
+(((0)x(0.6/100)x11499015x%1550.500)x(58/61))+(((0)*(4.1/100)x11499015x11.961)*(58/61)))

= 0.00 UIN <mmeme- for Tier 1

E, = (((0)x(6.9/100)x11499015x218.842)*(0/61))+(((0)x(1/100)x11499015x62.463)x(0/61))
+(((0.625)x(0.6/100)x11499015x1550.500)x(0/61))+(((0.91)x(4.1/100)x11499015%11.961)*(0/61))

= 0.00 N <--eme- for Tier 2

A o ! KR Yo !
319 v.2.1 msmuIvyan E ve31asamsnsaiany ({50mn 3.) (910)



MUY E @ QUM 9 (@)
E, = (((0.62)x(6.9/100)x11499015x218.842)x(0/61))+(((0)x(1/100)x11499015x62.463)x(0/61))

Total

+(((0.625)x(0.6/100)x11499015x1550.500)x(0/61))+(((0.91)x(4.1/100)x11499015x11.961)x(0/61))

0.00 YN <------ for Tier 3

(((0.62)x(6.9/100)x11499015%218.842)x(1/61))+(((0.692)x(1/100)x11499015x62.463)*(1/61))
+(((0.975)%(0.6/100)x11499015%1550.500)*(1/61))+(((0.91)x(4.1/100)x11499015x11.961)x(1/61))

3,640,285.52 N <mmmme- for Tier 4i

(((0.957)%(6.9/100)x11499015%218.842)x(2/61))+(((0.854)x(1/100)x11499015x62.463)x(2/61))
+(((0.975)%(0.6/100)x11499015x1550.500)*(2/61))+(((0.91)x(4.1/100)x11499015%11.961)x(2/61))

9,237,259.68 UIN <mmmeme for Tier 4f

12,877,545.21 1

an A A
ABNNEIN 5

Hybrid = - AN NN 61 Au
v
Es = (ZRrthRlxhpxhxpjxrh
rh=1
E; = (((1)x(6.9/100)x11499015%218.842)x(0/61))
= 0.00 1UIN <-at for Nox
E; = (((0.939)x(1/100)x11499015%62.463)x(0/61))
= 0.00 UIMN <L-mmee- for HC
E, = (((1)x(0.6/100)x11499015x1550.500)x(0/61))
= 0.00 YN <-m--- for PM
E; = (((0.101)x(4.1/100)x11499015%11.961)x(0/61))
= 0.00 UIN <-mm--- for CO
Total - 1M

A o 1 R Yo '
5UN v.2.1 MIMUIUYaA E V04 1ATINTNIUANYI (EJT]JL‘W?JT 1) (919)
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MUY E @ J3uviin 9 (@)

an A A
NN 6

DOC = - AN NANIHNA 61 AU
DPF = - AU MANINLA 61 AU
SCR = - A NI 61 AU
SCR+DPF = - AN NNMIHNA 61 AU
EGR+DPF = - AU NANIMLA 61 AY
C, v i
Ee =| % (ZRideRlxhpxhxp)xld
n=s, | \id=I
E, = (((0.62)x(6.9/100)x11499015%218.842)x(0/61)+(((0)x(1/100)x11499015x62.463)*(0/61)
+(((0.6875)x(0.6/100)x 11499015% 1550.500)x(0/61))+(((0.1547)x(4.1/100)x 11499015x 11.961)x(0/61))))
= 0.00 1IN <------ for DOC
E, = (((0.62)x(6.9/100)x11499015%218.842)x(0/61))+(((0)x(1/100)x11499015%62.463)x(0/61))
+H((1)%(0.6/100)x 11499015% 1550.500)x(0/6 1))+(((0.1456)x(4.1/100)x 11499015x11.961)x(0/61))
= 0.00 N B for DPF
E, = (((1)%(6.9/100)x11499015x218.842)x(0/61))+(((0)x(1/100)x11499015x62.463)x(0/61))
+(((0.7813)x(0.6/100)x 11499015 1550.500)x(0/61))+(((0.1365)x(4.1/100)x 11499015x11.961)x(0/61))
= 0.00 110 S— for SCR
E, = (((1)x(6.9/100)x11499015x218.842)x(0/61))+(((0)x(1/100)x11499015x62.463)x(0/61))
H(((1)*(0.6/100)x 11499015 1550.500)x(0/61))+(((0.1729)x(4.1/100)x11499015x 11.961)x(0/61))
= 0.00 110 — for SCR+DPF
E, = (((0.992)(6.9/100)x11499015x218.842)x(0/61))+(((0)x(1/100)x11499015x62:463)x(0/61))
+(((1)%(0.6/100)%11499015x1550.500)%(0/61))+(((0.1456)%(4.1/100)x11499015x 11.961)x(0/61))
= 0.00 1M E— for EGR+DPF
Total - U
s2uyan1 E N f5umn @ mld = 41,589,587.14 1™

A o ! R Yo !
JUN v.2.1 MImuImyan E v031a5amsnsaiany (50N 1) (410)
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MIMUINYan E ASuviin
JEmadenii |
a= 10 %
b= 50 %
v
E, = > [@+{xd-0008189(a)]x[088x(a/100+0.85x(L-a/100)/0.85) ({extlrx(a)]-1jx10@6)x ER xhpxhxbx p},,
bd=l
E, = ((1+(EXP(-0.0008189%(10))>(0.88%(10/100)+0.85%(1-10/100))/0.85))x((EXP(0.00009794%(10/100))-1)>x100))
%(6.9/100)x11499015%(50/100)%216.89
= -169,664.37 N Lmmmmem for Nox
E, = ((1+(EXP(-0.0008189x%(10))*(0.88x(10/100)+0.85%(1-10/100))/0.85))x((EXP(0.011195x(10/100))-1)x100))
x(1/100)x11499015%(50/100)x145.15
= 802,673.11 1N <#r for HC
E, = ((1+(EXP(-0.0008189x%(10))*(0.88x(10/100)+0.85%(1-10/100))/0.85))x((EXP(0.006384x(10/100))-1)x100))
%(0.6/100)%11499015%(50/100)>1125.05
= 6,815,585.81 UIN <--ome- for PM
E, = ((1+(EXP(-0.0008189x(10))x(0.88x(10/100)+0.85%(1-10/100))/0.85))x((EXP(0.011195x%(10/100))-1)x100))
%(4.1/100)x11499015%(50/100)x9.85
= 630,183.78 YN <------ for CO
Total 8,078,778.32 1N
JEmadeni 2
RD = 10 km
OD= 25 km
n
B, - zl[(RDj — 0D, )x EF x FC xT; % p]
iz
E, = ((10-2.5)x2.711x0.245%(548500/10)x5.535)
= 1,404,145.51 UIN <------ for CO,
Total 1,404,145.51 11

A o ' S R Yo
sUn v.2.2 NMIMUIUYAAT E "Uf]\ﬂﬂi\‘]ﬂTiﬂimﬁﬂ‘lcﬂ (ﬁi‘ﬂﬂﬂﬂ f.)
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v

MsmnnaEmME  : ASumin A (A9)

an A A
AnNEenn 3

3

Spt = - m
Spc= 6750000 m’
CR, = “m

Es = TECxER;xMxp

E, = ((0)x60x0x5.535)

= 0.00 1N <----e- for Spt
E, = ((16.1/100)x60x67500%5.535)

= 3,350,884.95 N <N for Spc
E, = ((50.3/100)x60x0x5.535)

= 0.00 YN < for CR
Total 3,350,884.95 11N

a A A
AN 4

P
o

Tier 1 = 60 AU NNNIKIVA 61
Tier 2 = S M e 61 AU
Tier 3 = S fu mmme 61 fu
Tier 4i = S fu nnmanue 61 A
Tier 4f = | M e 61 fu
tier 4 f v
P [(szxERlxhpxhxp)xrn}
n=tier1 rn=I
E, = (((0)x(6.9/100)x11499015%216.89)%(60/61)+(((0)x(1/100)x11499015%145.14)x(60/61)

= +((0)x(0.6/100)x11499015x1125.04)x(60/61))+(((0)*(4.1/100)x11499015x9.84)x(60/61)))

= 0.00 UIN <mmeme- for Tier 1

E, = (((0)x(6.9/100)x11499015x216.89)*(0/61))+(((0)*x(1/100)x11499015x145.14)x(0/61))
= +(((0.625)x(0.6/100)x11499015%1125.04)x(0/61))+(((0.91)x(4.1/100)x11499015%9.84)x(0/61))

= 0.00 N <--eme- for Tier 2

A o ! KR Yo '
319 v.2.2 msfmuIvyan E v031nsamsnsdiany (§5umu a.) (¢10)



MMM E @ QUM A (@)
E, = (((0.62)x(6.9/100)x11499015x216.89)x(0/61))+(((0)x(1/100)x11499015x145.14)x(0/61))

Total

+(((0.625)%(0.6/100)x11499015%1125.04)x(0/61))+(((0.91)x(4.1/100)x11499015%9.84)x(0/61))

0.00 YN <------ for Tier 3

(((0.62)x(6.9/100)x11499015%216.89)>(0/61))+(((0.692)x(1/100)x11499015x%145.14)x(0/61))
+(((0.975)%(0.6/100)x11499015%1125.04)x(0/61))+(((0.91)%(4.1/100)x11499015%9.84)x(0/61))

0.00 UIN Lmmmmm- for Tier 4i

(((0.957)%(6.9/100)x11499015%216.89)x(1/61))+(((0.854)x(1/100)x11499015x145.14)x(1/61))
+(((0.975)%(0.6/100)x11499015x1125.04)x(1/61))+(((0.91)x(4.1/100)>x11499015x9.84)x(1/61))

4,618,629.84 1IN <-N-N for Tier 4f

4,618,629.84 1M

an A A
ABNNEIN 5

Hybrid = - AN NN 61 Au
v
Es = (ZRrthRlxhpxhxpjxrh
rh=1
E; = (((1)x(6.9/100)x11499015%216.89)x(0/61))
= 0.00 1UIN <-at for Nox
E; = (((0.939)x(1/100)x11499015x145.14)x(0/61))
= 0.00 UIMN <L-mmee- for HC
E, = (((1)x(0.6/100)x11499015x1125.04)x(0/61))
= 0.00 YN <-m--- for PM
E; = (((0.101)x(4.1/100)x11499015%9.84)x(0/61))
= 0.00 UIN <-mm--- for CO
Total - 1M

A o 1 R Yo '
5UN v.2.2 MIMUIUYaA E V04 1ATINTNIUANYI (EJT]JL‘W?JT f.) (¢9)
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[

MUY E @ Q53U A (@)

an A A
NN 6

DOC = 1AM 1NIRYLA 61 AU
DPF = - AU MANINLA 61 AU
SCR = - A NI 61 AU
SCR+DPF = - AN NNMIHNA 61 AU
EGR+DPF = - AU NANIMLA 61 AY
C, v i
Ee =| % (ZRideRlxhpxhxp)xld
n=s, | \id=I
E, = (((0.62)x(6.9/100)x11499015%216.89)x(1/61)+(((0)x(1/100)x11499015x145.14)x(1/61)
= +(((0.6875)x(0.6/100)x 11499015% 1125.04)x(1/61))+(((0.1547)x(4.1/100)x 11499015x9.84)x(1/61))))
= 298479335 U <-Sa for DOC
E, = (((0.62)x(6.9/100)x11499015%216.89)x(0/61))+(((0)x(1/100)x11499015%145.14)x(0/61))
= +((1)x(0.6/100)x11499015x 1125.04)x(0/61))+(((0.1456)x(4.1/100)x 11499015%9.84)x(0/61))
= 0.00 N B for DPF
E, = (((1)%(6.9/100)x11499015%216.89)x(0/61))+(((0)x(1/100)x11499015x145.14)x(0/61))
= +(((0.7813)x(0.6/100)x 11499015 1125.04)x(0/61))+(((0.1365)x(4.1/100)x 114990 15x9.84)x(0/61))
= 0.00 110 S— for SCR
E, = (((1)x(6.9/100)x11499015%216.89)x(0/61))+(((0)x(1/100)x11499015x145.14)x(0/61))
= +(((1)x(0.6/100)x 11499015x1125.04)x(0/61))+(((0.1729)x(4.1/100)x11499015x9.84)x(0/61))
= 0.00 110 — for SCR+DPF
E, = (((0.992)x(6.9/100)x11499015%216.89)x(0/61))+(((0)x(1/100)x11499015x145.14)x(0/61))
= H((1)x(0.6/100)x11499015%1125.04)x(0/61))+(((0.1456)x(4.1/100)x 11499015%9.84)x(0/61))
= 0.00 110 E— for EGR+DPF
Total 2,984,793.35 110
s2uyan1 E N f5umn a mld = 20,437,231.97 11

A o ! R Yo '
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a= 0 %
b= 0 %
E, = 5 [0+exd-0008189(a)jx[088x(a/100-+085x(1-a/100)/ 085 (fexdr(a)]-1x1086)x ER xhpxhxbx pl,,
bd=l
E, = ((1+(EXP(-0.0008189x%(0))*(0.88%(0/100)+0.85%(1-0/100))/0.85))x((EXP(0.00009794 %(0/100))-1)>100))
%(6.9/100)x11499015%(0/100)x216.89
= 0.00 UIMN L for Nox
E, = ((1+(EXP(-0.0008189x(0))x(0.88x(0/100)+0.85x(1-0/100))/0.85))x((EXP(0.011195x(0/100))-1)x100))
x(1/100)x11499015%(0/100)x145.15
= 0.00 1N <#r for HC
E, = ((1+(EXP(-0.0008189x(0))x(0.88x(0/100)+0.85x(1-0/100))/0.85))x((EXP(0.006384x(0/100))-1)x100))
%(0.6/100)%11499015%(0/100)x1125.05
= 0.00 UIN <--ome- for PM
E, = ((1+(EXP(-0.0008189x(0))x(0.88x(0/100)+0.85x(1-0/100))/0.85))x((EXP(0.011195x(0/100))-1)x100))
%(4.1/100)x11499015%(0/100)x9.85
= 0.00 U <---me- for CO
Total = UIN

an A A
ApmMaaenn 2

RD = 10 km
OD = 10 km
n
e, - 2[RD, 0D, )xEFxFCxT;xp]
=
E, = ((10-10)x2.711x0.245%(548500/10)x5.535)
= 0.00 N <meees for CO,
Total - N

A o ' S R Yo
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MsnnaEME  : ASumin v (A9)

an A A
AnNEenn 3

3

Spt = - m
Spc= 6750000 m’
CR, = “m

Es = TECxER;xMxp

E, = ((0)x60x0x5.535)

= 0.00 1N <----e- for Spt
E, = ((16.1/100)x60x67500%5.535)

= 3,350,884.95 N <N for Spc
E, = ((50.3/100)x60x0x5.535)

= 0.00 YN < for CR
Total 3,350,884.95 11N

a A A
AN 4

P
o

Tier 1 = 60 AU NINIIKLA 61 AU
v
Tier 2 = - AU NANIMLA 61 AU
9
Tier 3 = - AN NNNIHNA 61 AU
v
Tier 4i = - AU NANIKLA 61 Al
2
Tier 4f = - AU MNNIHA 61 AU
tier 4 f v
Es = X YR, xER, xhpxhxp|xr,
n=tier1 rn=1

E, = (((0)x(6.9/100)x11499015%216.89)x(60/61)+(((0)x(1/100)x11499015%145.14)x(60/61)
= +((0)x(0.6/100)x11499015x1125.04)x(60/61))+(((0)*(4.1/100)x11499015x9.84)x(60/61)))

= 0.00 UIN <mmeme- for Tier 1

E, = (((0)x(6.9/100)x11499015x216.89)*(0/61))+(((0)*x(1/100)x11499015x145.14)x(0/61))
= +(((0.625)x(0.6/100)x11499015%1125.04)x(0/61))+(((0.91)x(4.1/100)x11499015%9.84)x(0/61))

= 0.00 N <--eme- for Tier 2

A o ! KR Yo '
3191 v.2.3 msmuIuyan E v031nsamsnsaiany (§5umun v.) (410)



MU E @ J3uviin ¥ (@)
E, = (((0.62)x(6.9/100)x11499015x216.89)x(0/61))+(((0)x(1/100)x11499015x145.14)x(0/61))

Total

+(((0.625)%(0.6/100)x11499015%1125.04)x(0/61))+(((0.91)x(4.1/100)x11499015%9.84)x(0/61))

0.00 YN <------ for Tier 3

(((0.62)x(6.9/100)x11499015%216.89)>(0/61))+(((0.692)x(1/100)x11499015x%145.14)x(0/61))
+(((0.975)%(0.6/100)x11499015%1125.04)x(0/61))+(((0.91)%(4.1/100)x11499015%9.84)x(0/61))

0.00 UIN Lmmmmm- for Tier 4i

(((0.957)%(6.9/100)x11499015%216.89)x(0/61))+(((0.854)x(1/100)x11499015x145.14)x(0/61))
+(((0.975)%(0.6/100)x11499015x1125.04)x(0/61))+(((0.91)*x(4.1/100)>x11499015x9.84)x(0/61))

0.00 1UN <-N-N for Tier 4f

- U

an A A
ABNNEIN 5

Hybrid = 1 A 1NN 61 Au
v
Es = (ZRrthRlxhpxhx pjxl’h
rh=1
E, = (((1)x(6.9/100)x11499015x216.89)x(1/61))
= 2,846,495.96 U <-9 ¥ for Nox
E, = (((0.939)x(1/100)x11499015x145.14)x(1/61))
= 110,565.40 1N E—— for HC
E, = (((1)x(0.6/100)x11499015x1125.04)x(1/61))
= 1,753.694.04 10 < for PM
E, = (((0.101)x(4.1/100)x11499015x9.84)x(1/61))
= 9,336.92 UIN <--eme- for CO
Total 4,720,092.32 110

A o 1 R Yo '
5UN v.2.3 MIMUIUYaA E V04 1ATINTNIUANYI (EJT]JL‘W?JT 9.) (919)
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MMM E @ J3uviin ¥ (@)

an A A
NN 6

DOC = - AN NANIHNA 61 AU
DPF = - AU MANINLA 61 AU
SCR = - A NI 61 AU
SCR+DPF = - AN NNMIHNA 61 AU
EGR+DPF = - AU NANIMLA 61 AY
C, v i
Ee =| % (ZRideRlxhpxhxp)xld
n=s, | \id=I
E, = (((0.62)x(6.9/100)x11499015%216.89)x(0/61)+(((0)x(1/100)x11499015x145.14)x(0/61)
= +(((0.6875)x(0.6/100)x 11499015 1125.04)x(0/61))+(((0.1547)x(4.1/100)x 11499015x9.84)x(0/61))))
= 0.00 1IN <------ for DOC
E, = (((0.62)x(6.9/100)x11499015%216.89)x(0/61))+(((0)x(1/100)x11499015%145.14)x(0/61))
= +(((1)x(0.6/100)x 11499015x1125.04)x(0/61))+(((0.1456)x(4.1/100)x 11499015x9.84)x(0/61))
= 0.00 N B for DPF
E, = (((1)%(6.9/100)x11499015%216.89)x(0/61))+(((0)x(1/100)x11499015x145.14)x(0/61))
= +(((0.7813)x(0.6/100)x 11499015 1125.04)x(0/61))+(((0.1365)x(4.1/100)x 114990 15x9.84)x(0/61))
= 0.00 110 S— for SCR
E, = (((1)x(6.9/100)x11499015%216.89)x(0/61))+(((0)x(1/100)x11499015x145.14)x(0/61))
= +(((1)x(0.6/100)x 11499015x1125.04)x(0/61))+(((0.1729)x(4.1/100)x11499015x9.84)x(0/61))
= 0.00 110 — for SCR+DPF
E, = (((0.992)x(6.9/100)x11499015%216.89)x(0/61))+(((0)x(1/100)x11499015x145.14)x(0/61))
= H((1)x(0.6/100)x11499015%1125.04)x(0/61))+(((0.1456)x(4.1/100)x 11499015%9.84)x(0/61))
= 0.00 1M E— for EGR+DPF
Total - U
s2uyan1 E N f5umn v mld = 8,070,977.27 1N

A o ! R Yo '
5UN v.2.3 MImuIuyan E ¥031a5Imsnsaifany (§5umnn v.) (¢10)
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B d = 1. Total C weights (Geometric Mean) - overview - Microsoft Excel T @A - x
HOME | INSERT  PAGELAYOUT  FORMULAS  DATA  REVIEW  VIEW Sign in
% Ez‘p: . AngsanaMNew  -|16 < A A = = ¥ | EPWrapTet Fraction - g‘l D %ﬂ E?\ E = :“J“fs‘”‘ " %‘Y i
Crovars [ 1 0157197 o | $ %0+ 01| o e | bt 00 i
Clipboard 5 Font o Alignment = Humber n Styles cells Editing -~
2 s 5 '26'1C2* 271C 2 28'1C2* 29'1C 2*'30'1C 2* 3 1'IC 2+ 321C 233 1C 2% 34 1C 2*' 35'1C 2*'36'IC 2*' 37 1C2*'38'1C 2% 39'1C 2*'40 1C 2'4 1'IC 2*'4 21C 24 3'1C 2% 44"1C2*'45'1C 2% A6'IC 2> A TIC 2 A 8'1C 29" ~
C27501C 2751 1C 27521027 531C 27 54'1C27 551C 2% 56'1C 27'5T'1C 2+'58'1C2 59'IC2760'1C27 6110 27 6210 276 3/ C 2764 IC27'6 51C 266 1C27 6T IC 27681C 27691C27TOIC2TIIC27 T21C2"
T3IC2TTAIC27 T5IC2  TEIC 2T TTIC27 781C27 79'1C2780'1C 27 81 1C 27 821C 278 3 1C 2™ 84'IC2™'85'1C 27 86 1C 2787 1C 2788 1C 2)A(1/88) -
A 8 c D 3 F G H ! J K L M N o [ a B T U [+
1| Geal | €1 2 c3 c4 cs 6 ] C-8 | Scores | eigenvector |consistency vector f 1 2
5| ca 1 £ 1 1 113 | 116 70 ”I o )
3| ©2 1173 1 1ws | o1us | o2 1si | 12 | 1us
4 €3 1 516 1 415 159 | 1 1a |
s C4 |1 34 114 1 12 | s | e | T
6 Cs 304 12 23 23 1 sl 1 si6
;| o |1 35 1 3l 135 1 120 | 1
g C7 67 23 3/ 3/s 1 sl 1 8
5| C8 | 127 89 1 718 s |1 117 1
10| sum | 8252 | 5971 | 7910 | 6578 | 105880 | 8722 | 9947 | 7.657
41| €1 | 0121 | 0123 | 0135 | 0133 | 0125 | o116 | 0117 | od01 | 0971 0.121 8.033
42| €2 | 0165 | 0167 | 0152 | 0192 | 0181 [ 0187 | 0153 | 0148 | 136 0.168 8.033
43| €3 | 0114 | 0139 | 0126 | 0116 | 0143 | 0126 | 0132 | 0120 | 1016 0.127 8.030
14| €4 | 0131 | 0125 | 0457 | 0143 | 0137 | 0149 | 0168 | 0150 | 1160 0.145 8.030
45| €5 | 0089 | 0085 | 0081 | 0096 | 0092 | 0095 | 0092 | 009 | 0739 “ 8.029
16| €6 | 0120 | 0103 | 015 | oa10 | oanl | 015 | 04z | oa27 923 0115 8.029
1zl €T | oded 0096 | 0.086 0.101 8.028 -
‘ eomatric Mean < »
READY i}
ﬂ A o 1 901 o 4 . .
JUN A.1 MIMUIUAUTIHUNVDINUN (Criteria) Step-1
(=] = 1. Total Cweights (Geometric Mean) - overview - Microsoft Bxcel 7?7 H - 8 %X
HOME | INSERT ~ PAGELAYOUT  FORMULAS  DATA  REVIEW  VIEW Sign in
2% Cut > AutoSum +
e © tional F ell |t Flfdﬂ&
atti € Clear~ Select -
Clipboard ® Font Alignment Number Styles cells Editing -~
UM - X v £ || =sumB289) M
A B c D £ € 4 6o n ! ] 3 [ N o [ Q T U [+
1| Geal | ca c2 c3 [ cs c6 c1 C-8 | Scores | eigenvector |consistency vector 1 2
. 1 1 34 1 1 IR Y 1106 79 m o )
5| C2 1173 1 15 | 1 | 2 158 | 12 | 118
4 3 1 5/6 1 415 159 | 1 [STEN Y
5| €4 | 1L 34 114 1 12 | s | e |
s C5 3/ 12 23 213 1 5/6 1 56
7 ocs |1 35 1 115 1 129 | 1
315 1 5/6 L 78
718 1us |1 117 1
6978 | 10880 | 8722 | 9947 | 7T.6s7
0133 | 0125 [ o116 | 0117 | o101 | oo7L 0.121 8033
12| €2 | 0165 | 0167 | 0152 | o192 | 0181 [ 0187 | 0153 | 0148 | 1316 0.168 8033
43/ €3 | o114 | 0139 | 0126 | 0116 | 0143 [ 0126 | 0132 | 0120 | 1016 0.127 8.030
g4 €4 | 0131 | 0125 | 0157 | 0143 | 0137 | 0149 | o163 | 0150 | 1160 0.145 8.030
45/ €5 | 0089 | 0085 | 0081 | 0096 | 0092 | 0095 | 0092 | 0109 | 0739 0.092 8.029
46| €6 | 0120 | 0103 | 0115 | o110 | 0111 [ 0115 | 0422 | 0127 | 0923 0115 8.029
47/ C7 | 0104 | 0110 | 009 | 0086 | 0101 | 0094 | 0101 | 0114 | 0805 0.101 8.028
15| €8 | 0156 | 0148 | 0437 | 0125 | 0110 | 0117 | 0116 | 031 | 1040 0.130 8.030
19| sum 1.000 64241 -

31

A
N

total-Geomatric Mean

[ ' %’ 4 4 . .
7.2 MIMUIUAUIUNVDUNUN (Criteria) Step-2
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B d = 1. Total C weights (Geometric Mean) - overview - Microsoft Excel T @ - x
HOME | INSERT ~ PAGELAYOUT ~ FORMULAS  DATA  REVIEW  VIEW Sign in
& Cut 3 AutoSum -
o = F[?dh&
€ Clear~ Select ~
Clipboard [ Font Alignment Humber Styles Cells Editing -~
Sum vl i x v £ | =B3BSIO M
A B c D E E G H ! J K L M o o} s T u_ [+
1 Goal c1 [ 3 c4 [ 6 o7 C-8 | Scores | eigenvector |consistency vector n 1 2
5 €1 1 34 1 1 115 |1 116 7 R 0 0
s C2 113 1 s | 113 | o2 158 | 112 | 18
4 C3 1 s/6 1 45 150 | 1 [RTERN I
5| C4 1 £ 11/4 1 112 | s | oaes | T
s 5 34 12 2/3 23 1 5/6 1 56
7 C6 1 35 1 34 115 1 128 | 1
g ©7 67 23 34 35 1 sl6 1 78
9| CS 1217 89 1 78 15 | 1 1117 1
go| sum | 8252 | 5971 | 7910 | 6978 | 10880 | 8720 | 9947 | 7.657
1 :EE/RFRLU 0135 | 0433 | 0425 | 0116 [ 0117 | 0101 | 0971 0.121 8.033
o €2 | 0165 | 0167 | 0452 | 0492 | 0181 | 087 [ 0153 | 0148 | 1346 0.168 8.033
g3) €3 | od14 | 0139 | 0126 | 0116 | 0143 | 0426 [ 0132 | 0120 | 10I6 0.127 8.030
14| €4 | 0131 | 0125 | 0157 | 043 | 0137 [ 0149 | 0168 | 0150 | Li60 0.145 8.030
55| C5 | 0089 | 0085 | 00sL | 0096 | 0092 | 0095 | 0092 | 0109 | 0739 lh 8.029
16 €6 | 0120 | 0103 | oa1s | o110 | o1l | 0115 | 0122 | 0127 | 0923 0.115 8020
47| ©7 | 0104 | 0110 | 0096 | 0086 | 0101 | 0004 [ 0101 | 0114 | 0505 0.101 8.008
48| €8 | 0156 | 0148 | 0137 | 0125 | o110 | 0017 | 0116 | 0131 | 1040 0.130 5.030
15 sum | 1000 1000 | 1000 1000 | 1000 | 1000 | 5000 1.000 64241 =
‘ eomatric Mean « »
EDIT i} m
ﬂ A o ' 901 o 4 . .
JUN A.3 MIMUIUAIUIHUNVDILNUN (Criteria) Step-3
Ed E 1. Total Cweights (Geometric Mean) - overview - Microsoft Bxcel 7?7 H - 8 %X
HOME | INSERT  PAGELAYOUT  FORMULAS  DATA  REVIEW  VIEW Sign in
K Cut = AutoSum -
e © itional F faﬂ&
att £ Cleni Select -
Clipboara © Font Allgnment Number Styles cens Editing ~
sum - X v £ | =SUMBILIIL) M
A B c D 3 E 4 e u ! ) 3 [ s a T u [~
1| Goal c1 c2 c3 ca cs c6 7 €8 | Scores | eigenvector |consistency vector 1 2
2 o« 1 3 1 1 113 |1 116 7 ” o o
3| ©2 113 1 15 | 113 | 2 158 | 112 | 118
4 C3 1 56 1 45 159 | 1 s |1
5| C4 1 34 11/4 1 112 | 11a | 123 | 17
s C5 3 12 23 2/3 1 s/6 1 516
7 C6 1 35 1 11s 1 129 | 1
g <7 67 23 35 1 s/6 L s
9| Cs 1217 89 1 78 105 |1 117 1
1o sum | 3252 | 5971 | 7910 | 697¢ | 10880 | 722 | 9947 | 7.657
g1| €1 | oaz | 023 | oa3s | 0133 | o125 [ o116 | o117 m-:(is 11:111) 5.033
1 Cc2 0165 | 0167 | o152 | 0192 | 0151 | 0187 | 0453 | oas UMnumberllnumbedl.) g o5y
g3 €3 | 0114 | 0139 | 0126 | 0116 | 0143 | 0126 [ 0132 | 0120 | 1016 0.127 5.030
ga| €4 | 0431 | 0125 | 0157 | 043 | 0137 [ 0049 | 0168 | 0150 | 1160 0.145 5.030
g5 €5 | 0089 | 0085 | 0081 | 0.096 | 0092 | 0005 | 0092 | 0109 | 0739 0.002 5.029
g5 €6 | 0120 | 0103 | 0115 | 0110 | 0111 | 0115 [ 0122 | 0427 | 0923 0.115 8.029
47/ C7 | 0104 | 0110 | 0096 | 0086 | 0101 | 0094 | 0101 | 0114 | 0505 0.101 8.028
18| €8 | 0156 | 048 | 0137 | 0425 | 0110 [ 0017 | 0116 | 0131 | 1040 0.130 8.030
19| sum 1.000 64241 -

31

$ o 1 %’ o 4 . .
1 7.4 MIMUIUANNHUNVDUNUN (Criteria) Step-4
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B d = 1. Total C weights (Geometric Mean) - overview - Microsoft Bxcel 7T @ - x
HOME | INSERT  PAGELAYOUT  FORMULAS  DATA  REVIEW  VIEW Signin
& Cut ap Text 3 AutoSum - i
e BB Copy . Fill fnda
Format Painter £ Clear~ Filter = Select -
Clipboard ~ Font Alignment Mumber Editing ~
Sum - X o K| =J11/5519 v
A 8 c D 3 F G H 1 ] K L ™ N o [ Q R T u [
1| Goal | €1 c2 c3 4 cs s €7 | ©8 | Scores | cigenvector |consistency vector 1 2
o 1 ECR 1 115 |1 116 79 B o o
s 2 | 13 1 s |1 | o2 158 | 112 | 1us
a Cc-3 1 5/6 1 4/5 159 1 11/3 1
5 Cc-4 1 374 11/4 1 112 113 12/3 L7
6| Cs 34 12 23 23 1 si6 1 56
| s |1 35 1 34 | 1us 1 120 | 1
8| o7 67 23 34 s |1 si6 1 ]
| ©8 | 127 89 | 1 7| 1ws |1 117 1
w0 sum | 8252 | 5971 | 7910 | 6978 | 10880 | 8722 [ 9947 | 7.657
| €1 | oa21 | 0123 | 0a3s | 0133 | 0125 | 0116 | 0117 | o001 | 0971
1o €2 | 0165 | 0067 | Oas2 | 0192 | 0181 | 0187 | 0153 | 0148 | 1346
13 €3 | 0114 | 0139 | 0a26 | 0116 | 0143 | 0126 | 0432 | 0420 | 1016 0.127
14 €4 | 0131 | 0425 | 0457 | 0143 | 0137 | 0149 | 0168 | 0450 | 1160 0.145 5,030
35 €5 | ooso | 0085 | 0031 | 0096 | 0092 | 0095 | o092 | 0109 | 0739 8.029
16 C-6 0.120 0.103 0.115 0.110 0.111 0.115 0122 0.127 0923 0115 8.029
17 Cc-7 0.104 0.110 0.096 0.086 0.101 0.094 0.101 0114 0.805 8.028
18 C-8 0.156 0.148 0.137 0.125 0.110 0.117 0116 0.131 1.040 0.130 8.030
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Abstract. Road constructions play a significant role in greenhouse gas (GHG) release into
the atmosphere due to a large amount of materials consumption. 'l'o reduce emission has an
effect on project costs. This research proposes an incentive measure named the
Construction-Emission-Punishment  (CEP) - bidding  method  which  offers  emission
reduction options and incentives for participating bidders. An equivalent bid price and a
financial penalty will be specified in the construction contract as a part of this method. This
penalty is applied when there is a failure to comply with binding obligations. T'he results
show that the rates of the emission deduction from the six reduction options account for
0.115%-2.768% of the project cost. T'he case smdy also shows that a bidder who receives
some emission deductions can be the winner. The effectiveness of the CEP method depends
on the bid price gaps among the bidders and the emission deduction from the selected
options.
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1. Introduction

Greenhouse gases (GHGs) are mainly responsible for the global warming issue [1, 2]. According to the GHG
cmissions ranking, the United States has been placed second behind China’s emission level [1]. Enctgy
consumption has been a key cause and the highest emissions sector. The construction industry ranks in the
third highest emitter which accounts for 1.8% of the total of the U.S. GHG production [3]. Encrgy supplics
were the main cause for developing countries to generate approximately 11.5% of global emissions between
1970 and 2004 [4]. Additonally, in Thailand, a report states that the energy sector has emitted the most
GHGs, at about 13.4% of the total of Thailand’s GIIG production [5] while the manufacturing and
construction industry is the third highest emitter. Most of the increasing GI1G releases are caused by
anthropogenic activities — mainly due to an increase in fossil energy consumption. Activities in construction
projects, especially road constructions, require a great deal of energy, materials and equipment consumptions
[6]. In 2000, road construction projects of the U.S, Interstate Highways used 1.5 billion metric tons of crushed
rock aggregates, 35 million metric tons (Mt) of asphalt, 48 Mt of cement, and 6 Mt of steel in order to provide
73,000 kilometers of the highway system |7].

Undoubtedly, some construction stakeholders have been aware of this issue. As a result, made an effort
to reduce the GIIG emissions caused by anthropogenic activities. Several actions, depending on the
characteristics of the construction works, have been carried out to alleviate this issue. For example, some
building construction projects have attempted to deal with such emissions by focusing on inventing and
innovating construction materials that consume less energy and/or produce less emission than conventional
materials [8]. Road construction projects have also been carried out using more efficient management of
energy, materials, and cquipment consumptions [9, 10] and replaced dated models of machinery by newer
ones. This includes installation of retrofit devices. Cass and Mukherjee [11] studied the possible GHG
emission reductions at the construction phase of a road construction project by using the hybrid LCA
approaches. Also, Santero et al. [12] have found that GIIG releases were decreased by 10% when avoiding
the negative effects of materials and by reducing the fuel consumptions of concrete pavement constructions.
Nonctheless, road contractors have rarely used these reduction approaches in practice due to the lack of any
incentives and benefits |9] so worthwhile benefits have to be offered to road contractors to encourage the
participation. Puri and Tiwari [13] found that the project owners could achicve this by placing additional
requirements in the bid evaluation criteria.

Hence, this study proposes incentive measures for road construction that encourages the reduction of
GIIG emissions through the bidding and contract-enforcing methods named Construction-Emission-
Punishment (CEP). A surplus benefit and a modified bid evaluation should potentially lead to more
participation. A privileged incentive offered to biddets plays an important role in this measure. The bidding
process is targered because it can push the awarded contractors to follow the GI1G reduction operations
through the contractual obligations. Some historical road construction projects in Thailand are used as case
studies to demonstrate the application of the CEP method.

2. Related Literature
2.1. Emissions Evaluation of Constructions

Tnvironmental impacts of the production of goods require an evaluation approach that is both reliable and
internationally accepted. One of the widespread approaches of greenhouse gas emissions evaluation is the
life cycle assessment (LCA) [14], according to the International Organization for Standardization (ISO) 2006
standard series: TSO14040: 2006 and 1SO14044: 2006 [15]. The LCA approach is performed by converting
the input data of each product’s activity to its environmental impact. Materfals and energy consumption of
all products’ processes are used as the input-data. The processes are comprised of the extraction of raw
materials, the manufacturing of materials and/or enetgy and the operation, and maintenance as well as the
disposal or the recycling of the products or services. This approach can be cvaluated in term of the
environmental impacts of the construction activities as well [16, 17]. The LLCA uses several methods, i.e. a
process-based method, an input-output (I-O) based method and a hybrid method. The suitability of adopting
the LCA method depends on how complicated and complete the data are. Generally, hybrid LCA has been
deemed appropriate for construction work whose manufacturing of materials stage was evaluated by the 1-O
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based method, while the construction and the transportation stages are usually evaluated by the process-
based method [16].

2.2. Emissions Reduction in Constructions

Several strategies can be used to achieve the GG emissions reduction. The government has launched some
campaigns to encourage collaborations and participations in reducing the sclves-emissions. For instance, the
energy consumption in residences can be reduced to sufficient levels; the energy consumption in
organizations can also be managed more efficiently; and fossil fuels can be substituted by more renewable
and cleaner encrgy. As a part of these efforts, the EPA [18] has recommended several guidelines on reducing
the emissions such as maintaining machinery frequently and punctually, installing retrofit devices, acquiring
newer machinery and using low-sulfur fuel and/or biodiesel fuel. These operations follow the GHG
reduction strategies arose not only from the voluntary parties who complied without compulsion but also
from the parties who were forced to comply with the regulations.

Lstokova and Porhincik [8] compared conventional materials to the alternative materdals of a building
construction project. This study revealed that the substitution of alternative materials affected the emission
levels. To reduce the emissions in road construction, Ahn ct al. [9] proposed five mitigation options,
comprising the replacement of old equipment, an installation of retrofit devices, a fossil fuel substitution with
biodiesel (B20), a replacement with hybrid machinery and a change of the materials sources to nearer sources.
However, biodiesel is commonly used in the form of many blends, varying from B2 to B20 across the globe
[19, 20]. In addition, Ahn et al. [9] recommended the replacement of machinery for the whole fleet and the
installaton of retrofit devices but these requirements would create excessive costs to the contractors.
Howevet, the approaches can be pattially implemented depending on it being affordable to the participants.

Another example of how o reduce the emission in read construction comes from a study by Metham
and Benjaoran [21]. The study cvaluated different construction techniques of a base course and their
associated environmenral impacts. T'hese rechniques were employved in accordance with the standards for
highway construction of the Thailand’s Department of Highways (DOH). The results revealed that the dated
construction techniques conttibuted to various negative environmental impacts. Therefore, it is worthwhile

conducting research to mitigate these environmental impacts.
2.3. Green Public Procurement for Construction Project

Gl1Gs emission becomes a particularly noteworthy issue. One of an adaptation is green public procurement
(GPP) for a construction contract. Fncouragement of governments has also adapted to establish an
cnvironmental innovation. Tor instance, Cui ct al. [22] cevaluated to solve the GHGs emission in a road
construction project to Maryland State | lighway Administration. "The main objectives are: emission reduction
and global warming adaptation, environmentally positive effect, and develop human life {economic, society
and cnvironment), which lead to a delivery for sustainable into a construction contract. There are seven
evaluation criteria that include: 1) emission reduction potential, 2) financial consideration, 3) technological
matutity, 4) organizational readiness, 5) industrial and public acceptance, 6) tisk, and 7) impact on project
performance. ‘lhese criteria were defined in a decision-making model, named, Green Performance
Contracting (GPC) that were used (o select an appropriate green and sustainable performance contracting. A
part of this implementation alternative, for instance, reclaimed asphalt pavement (RAP), cquipment
retrofitting, alternative fuels, etc. This established strategy shows that the owner also ready to adapt their
petformanee conditions to alteration context.

Adriana et al. [23] proposed a green procurement framework for evaluating a contractor of a road
construction project in-Australia. This is based on interviews and procutement documents across five
Australian states. "This framework defermines seven procurement stages for green procurement incentives
throughout the delivery of a road construction project. Iivaluation procedures attempt to persuade for
proactively motvating behavioral change. These efforts is a green path to a sustainable contracting, ‘I'he GPP
is an evidence thar it widely applies to meet environmental sustainability. ‘There are not only Australian
construction projects but also Malaysian [24] and Swedish construction industry [25].

Hence, a public’s incentive contracting for a contractor qualification can adapt to serve special conditions,
according to owner requirements. Besides, the incentive contracting not only provide a bid cost competition
but also an extra requirement {quality of product and/or environment) that would convince contractors
involved. The great response of the contractors, however, a worthwhile of return benefit is also an important

ENGINEERING JOURNAL Volume 22 Tssue 5, ISSN 0125-8281 (http://www.engj.org/) 107




175

DOT:10.4186/¢).2018.22.5.105

deliberation of an incentive contracting [26]. There is little doubt as to the valuable of such an investment.
‘Therefore, this concern has also become aware of the green contract that will be proposed in this study.

2.4. Incentive Contract of Construction

In recent years, many developments in new highway contracting methods have emerged from a combination
of construction costs, time and quality [27]. The contracting method depends on some specific objectives of
owners and contractual obligations for contractors. The incentives/disincentives determine the nature of the
contract by providing a bonus or a penalty depending on how early or late the projects are delivered [28, 29].
In terms of incentive/disincentive contracts, a condition of a rental fee surcharge is included in some lane
rental contracts. The surcharge is based on an estimated cost of the road users’ delay. One interesting example
of this innovative contract was proposed by the U.S. Department of Transportation (DOT) as cost plus time
or named A+B bidding contract as shown in Eq. (1):

Tolal Bid = A+ (BxRUC) 0

where A = bidders’ estimated cost
B = time bid
RUC = daily road user cost, as furnished by the owner.

The time bid is the estimated time to complete the project by bidders. The time bids of each bidder are
multiplied by a road user cost in monetary units pet day. Morcover, an A+C bidding contract was defined
for environmental purpose. 'The C term instead of B is environmental cost in monetary units per kilogram
unit of gas mass [9]. The combination of both values is the total bid. This contract considers the bid cost and
time cost altogether. The bidder who proposes the lowest combined cost will be the winner. These
incentive/disincentive contracts have been implemented and they have achieved a great success |30, 31].

Ahn et al. |9] considered the bid cost based on the A+C bidding contract. Their study combined the
construction cost with the eco-costs. This type of costs has become a part of the contractor sclection critetia.
The eco-cost which was initially introduced by Vogtlinder |32] was the costs converted from mitigation
optionis or prevention measures. Obviously, these reduction options will increase the expenses of the project
s0 a compensatory benefit should be offered in order to balance the cost of added responsibility. I'he CEP
bidding mcthod has been initiated and adopted according to these concepts.

3. CEP Bidding Method

This rescarch initiates the CEP bidding method which is adapted from the conventional bidding method.
The CEP method emphasizes the collaboration of contractors in reducing emissions in public road
construction projects. A framework of the CEP method comprises six steps. The first to fourth steps are
petformed in the bidding phase while the fifth and sixth steps occur in the post-bidding phase. The details
of these six steps are described as follows:

o Submission of construction bid: After all participant bidders estimate their own project prices based
on the bill of quantity (BOQ), they have to submit their bid prices called Construction Bids (C) and
cnter into the bid competition. The government as a project owner has prepared their own estimate
before. ‘This estimate is called Owner’s estimated cost (OC). Normally, the government limits their
budget for a construction project to the OC.

o Submission of a proposal of reduction options: The biddets proposc their own preference options
for emisston reduction together with the C on the bid dare.I'he proposal should indicate the chosen
options (from the six options available, which will be detailed later in this paper) and their associated
parameters such as total amount of the biodicsel and preference blend formula between B5-320,
hauling distance of materials, total amount of base course material, an amount of the newer model
machinery replacement than Tier3, an amount of the hybrid machinery replacement, the retrofit
device installations, horsepower of machinery each type, and work hour each machinery, etc.

o Emission deduction calculation: All proposed options of each bidder in step 2 are used to estimate
the value of GHG credits and then converted into a monetary term called Emission Deduction (IE)
according to Eq. (2) to (21).
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o Lquivalent bid calculation: Liquation (22) is simply used (o calculate the Lquivalent Bid (QQ). Then,
all bidders® Qs are compared in the bid evaluation procedure, instead of Cs. The first criterion is to
award the lowest Q. In the case that several bidders offer equal lowest Qs, the highest E among them
will become the next criterion for consideration.

o Ficld monitoring: ‘Lhis step s performed after the award of the contract. ‘The winning bidder
becomes the contractor and executes the construction work. They have an additional contractual
obligation to carty out the reduction options as previously proposed. The achievement of the
contractor is investigated and evidenced via the site monitoring and the data collection. If the
contractor fails to fulfill the proposed options, they will be penalized.

o Penalty and Payment calculations: ‘The amount of a Penalty (Pe) is calculated by using Eq. (23). Also,
the project payment (PPa) which is calculated according to Fq. (24) is totally equal to the Construction
Bid (C) subtract with the Penalty (Pe). The total amount is gradually paid to the contractor.

T'he CEP procedures include five monetary terms, namely Construction Bid (C), Emission Deduction

(K), Hquivalent Bid (Q), Penalty (I’e) and Payment (a). Their details and calculations are described in the
following subscctions.

3.1. Construction Bid (C)

In the conventional bidding method, bidders prepare their own bid prices according to the bill of quantity
BOQ) of the project. The Construction Bid (C) represents these bid prices, which should cover all their
expenses and preferred markups. In advance, the owner’s estimated cost (OC) is also prepared by the project
owner. The OC is normally set as the owner’s budget and formally announced to all bidders. In the CLP, the
OC and C are used as references but the lowest C is not the winning criterion. A bidder who does not offer
the lowest C can still be awarded the contract.

3.2. Emission Deduction (E)

The Emission Deduction () is a value in monetary terminology which is cqual to an amount of GHG
emission reduction (in kilogram unit of gas mass) multiplied with the unit eco-cost {proposed by Vogtlinder
[7]). The GHG reduction amount is determined by the options adopted by the bidder. Several approaches
have a potential to reduce the emissions in road construction projects but the reduction options initially

proposed for the CEP should suit the current capabilitics of the participants and be casy cnough to implement.

Iowever, these proposed reduction options ean be gradually revised. As a result, the CEP method introduces
six appropriate options for GHG emission reduction which are gathered from many sources such as
recommendations  of cavironmental agencies  [33, 18, 34], guidance documents from machinery
manufacturers |30-34|, informative documents of retrofit devices |40, 18, 41|, and previous research studies
[42-44]. These six reduction options are grouped into three categories: the fuel technology is Option 1, the
ficld management constitutes Options 2 and 3, and the engine technology includes Options 4, 3, and 6. These
options are not compulsory but rather voluntary. Bidders who propose more options together with their
submitted bids can increase this T value. Different bidders may prefer or be ready to implement different
options on their submissions.

Lor each option, the amount of GHG emission is calculated based on the LCA process method. This is
basically a multiplication of the overall energy, machinery and materials consumption by their emission factors
(EF). These consumption amounts are calculated by assuming that the convendonal and polluting
construction method is used. For example, Option 1 is the total petroleum diesel consumption detived from
the work hours and horsepower of the machinery; Option 2 is the total amount of hauling materials and
recommended hauling distances as the input data, etc. After that, anamount of the emission reduction is also
calculated. ‘T'his varies depending on the particular factors of each option, such as the blend formula of
biodiesel for Option 1 and the hauling distances saved from what are recommended for Option 2, etc.
Lventually, these amounts of emission reductions are converted into monctary teems. All consumption
parameters have to substitute into equations for F calculation. I lowever, the direct calculation of H is quite
complicated; hence, the CEP method provides a use of the relative coefficient for convenient purpose. The
relative cocfficient which is denoted as (o) is particularly prepared for cach reduction option 1. It is expressed
in terms of a percentage of the OC of the current project. The F value is calculated by the following Fq. (2).
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E:iaixOC @)

i=1

where o = the relative coefficient of the option
i = the i th. reduction options
OC = the owner’s estimated costs.

In addition, a simplified version of % is also determined which is called the representative coefficient of
the option i (o). This representative coefficient is aimed to facilitate the calculation of IE on the bid date or
it can be spared as an alternative calculation method. The %, variable in Eq. (2) can be simplified to ag, when
an estimator would like to calculate an E by a representative coefficient. To demonstrate this concept, our
research initiates this representative coefficient which is an average of o; of three past projects sclected as the
base and representative projects. ‘These three projects are just to demonstrate the concept. T'he number and
the variety of these representative projects should be increased to generalize the result when being
implemented. All the relevant data of these three base projects were collected and their values of GIIG
reduction have been thoroughly calculated beforehand. Then, the average value of the o; were used to derive
the calculation equations for the representative cocefficients. The representative cocefficient (ag) is used to
approximate the relative coefficient () by reducing some variables required in the formula. ‘The details of
the formula of the relative coefficient (o) and the representative coefficient (xr;) for the six reduction options
are desctibed as follows.

3.2.1. Option 1 - Use of biodiesel

It is known that biodiesel consumption pollutes the environment less than petroleum diesel. However, this
depends upon the blend formula of the biodicsel. The more the proportion of biodiesel in the blend formula
is, the more the emission reduction is. Besides, the availability of the blends varies among different countries,
for example, B3, B10 and B20 are sold in the U.S., but only B3 is sold in Mexico, and only B5 is available in
Thailand. ‘1'o deal with these limitations, the Ej calculation is described by Eq. (3) and some values are
substituted in Fq. (4). This equation is based on the information on biodiesel emissions by EPA [45]. It relies
on the percentage of biodiesel in the blend formulas. Likewise, it has already compensated for the
consumption rate due to the lower heat energy of biodiesel. A markup is added as recommended by LEPA
[45]. Equation (4) has been normalized to By, (5) which is less complex.

E,= (diesel_consumption — biodiesel_consumption) X EF X horsepower 3

X work_hout X unit_eco-cost

E, =((1+ (exp[-0008189x () Jx[0:88 x (a /100)+ 085 x (1 =a / 100) ] / 085))

®
x(({exp[/} x(a)]- 1} X IOO"f;w))x Elxhpxhx p
. (0.1396 x (a) +0.207) x hpx b e 6
ocC
g, =0.0062x (4)—0.0091 ©

where v, = coefficients for basic emission correlations — NOx = 0.0009794, HC = -0.011195, PM = -
0.006384 and CO = -0.006561
a = the percentage of biodiesel in the blend formulas from B1 to B20
LI’ = emission factor of diesel engine in Tier 1 — NOx = 9.2, HC = 1.3, PM = 0.8, CO = 5.5
(g/kWh)
hp = horsepower of machinery (hp.)
h = wotk hours of machincry (hr.)
p = eco-cost of GIIGs — NOx = 0.687, 11C = 4.602, PM = 35.672, and CO = 0.312 (USDD/kg)
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a1 = the relative coefficient of the reduction Option 1 (expressed in a percentage of OC)
OC = the owner’s estimated project cost {in USD, U.S. dollars)

Liquation (3) can be further simplified by substituting the values of LI, hp, h and OC of the three base
projects. ‘These information were collected by cach project owner representative. 'The substitution is carried
out each project. Three value of o; from Hq. (5) were calculated to an average relative coefficient or called
representative coefficient (o). The average value gives the result of the representative coefficient as shown
in Hq. (6). In the case of the highest blend B20 {a = 20), the maximum ay, is equal to 0.115%.

3.2.2. Option 2 - Material sources location

Road construction requires a huge amount of raw materials, mostly including soil ageregates and crushed
rocks, which are hauled to the construction site. Normally, the DOITI recommends the location of matetial
sources for a project but in practice the contractor always selects a different location. The locations of
materials sources can impact the level of GHG cemission [46]. The different distances between the
recommended and the selected locations to the construction site are determined to calculate the emission
reduction. The I caleulation is described by Eq. (7) and substituted later. Similarly, the relative cocfficient
(22) and the representative coefficient (axz) of this Option 2 are proposed in Eq. (8) and (9), respectively.

H,= (reccommended_distance — practical_distance) X EF X consamption_per_trip @
X unit_cco-cost :
az=(RD_OD)XZ(')’2_1XF(‘XTxmem, ®)

Qs =0.0158 x(b) - 0.0997 0]

whete oz = the relative cocfficient of the reduction Option 2 (expressed in a percentage of OC)
arz = the representative coefficient; FC = fuel consumption per hauling trip (given that the fuel
consumption of a truck = 0.245 L./km)
RD = the recommended hauling distance (km)
OD = the practical hauling distance (km)
p = cco-cost of GHGs — COzeq = 0.176 (USD/kg)
T = number of hauling trips
b = the saving hauling distance (km) (or RD - OD).

Fquation (8) shows that the o is derived from the emission rate of diesel at 2.711 kgCOzeq/1. (as
recommended by IPCC [47]), the different hauling distance, and the fuel consumption of the hauling trucks.
Lquation (9) is a simplificd form of Eq. (8) when the three base projects ate used as representatives, If the
practical hauling distance is shotter than the DO recommended (or the saving hauling distance (b)) in a
range of 10 to 50 kilometers, the value of arz varies from 0.058 10 0.689%.

3.2.3. Option 3 - Construction techniques

The use of alternative construction techniques is another option that can reduce the negative environmental
impacts. According to the DOH, three different construction techniques are approved for the base course
work, namely soil-cement base mixed in-plant (SCB In-Plant), soil-cement base mixed in-place (SCB In-Place)
and crushed rock base (CRB). These techniques, however, cause different GHG emission rates per cubic
meter of materials [21] and the SCB-In-Plant produccs the highest fate. ‘T'he emission rates of CRB, SCB In-
Place, and In-Plant from a previous research study by the authors is equal to 29.796, 50.338 and 59.997
kg/ COaeq, respectively [21]. If SCB In-Plant is sct as a base of comparison, the emission reductions of these
techniques are in relative percentages of 0%, 16.1% and 50.3% for SCB In-Plant, SCB In-Place and CRB,
respectively. The description of the Lis calculation is presented in Lq. (10). These percentages are represented
by the vatiable TEC as shown in Eq. (11). When simplifving the cquation by the data from the three base
projects, the axs in percentages is equal to 0%, 0.886% and 2.768% for SCB-In-Plant, SCB In-Place and CRB,
respectively, as shown in Lig. (12).
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L= Yreduction_by_technique X BIF_based_technique X amount_of_materials (10)
X unit_eco-cost

_IECXER,xMxp oo
=— 70

} (0@ a

o
0%, SCBIn— Plant

gy =10.886%, SCBIn— Place (12
2.768%, CRB

where a3 = the relative coefficient of the reduction Option 3 (expressed in a percentage of OC)

ars = the representative coefficient
= the relative percentages of emission reduction of the construction technique (0%, 16.1%,
)
LRB = the base emission rate of the SCB In-Plant technique which is equal to 59.997 l&gCOgcq/ 'm?
M = quantities of base course materials (m?)
p = eco-cost of GHGs — COseq = 0.176 (USD/kg).

3.2.4. Option 4 — Newer machinery replacement

A newer model of machinery is more environmentally friendly than an older one. According to EPA 18],
diesel-based heavy machinery is classified into five tiers, namely Tier 1, 2, 3, 4i and 4{, which have different
cffects on GHG emission. 'Lier 1 machinery is consideted the oldest and emits the highest level of GHG.
‘I'able 1 shows the percentages of GIIG emission reduction based on the emission rate of the ‘lier 1
machinery where the machinery in a size range of 100 - 175 hp. is considered [18].

‘The list of machinery usage proposed by bidders shows the proportion of machines of different tiers
together with their horsepower and working hours. The more the quantity and the newer the model of
machinery proposed the greater the increase in the emission reduction will be. The bidders can achieve a
higher emission reduction if they replace their old machines with newer machinery of a higher tier. 'I'o
determine the emission reductions, the bidders have to propose a list of heavy construction machinery that
will be used in the project. I'herefore, a generated form of the Fy calculation is presented in Kq. (13) and Eq.
(14) which is used 1o calculate the relative coefficient of this option. While Iq. (15) is a simplified form where
the machinery derails of the three base projects (the replacement of Tier 1 by Lier 2, 3, 41 and 4f is assumed
to be 20% equally} are used as representatives.

terdl
E,= Z [ Z %reduction_by, ticrXllorscpowcrxwork_hourxunit_cco-cost]

n=tierl cach_pas o (] 3)
X%newer_replacement
Herd f 1
5 Eraxapesep)x,
» tierl I ;
a, = & ok x 100% 14
rierd f'
gy = Z (a(m xrn) (15)
n-nerl

where oy = the relative coefficient of the reduction Option 4 (expressed in a percentage of OC)
ara = the representative cocfficient
R,y = rate of emission reduction (NOx, [1C, PM and CO} by Option 4 (see Table 1)
hp = horsepower of machinery (hp.)
h = work hours of machinery (hr.)
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p = eco-cost of GHGs — NOx = 0.687, HC = 4.602, PM = 35.672 and CO = 0.312 (USD/kg)

o = the percentage of machinery replacement (newer model than ‘Lier 1) between 0% to 100%

%4 = the average of representative emission deductions by Option 4 (given that Tier 1 = 0, Tier 2 =
0.215, Tier 3 = 0.255, Tier 4i = 0.406 and Tier 4f = 0.430).

Table 1. Rates of emission reduction in case of newer machinery replacement (R,).

GHGs NOx HC PM cO
reduction @ an (111) (Iv)
‘ler 1 - - - -
"Tier 2 - - 62.5% 9.1%
Tier 3 62.0% - 62.5% 9.1%
Tier 41 62.0% 69.2% 97.5% 9.1%
Ler 4£ 95.7% 85.4% 97.5% 9.1%

3.2.5. Option 5 — Hybrid machinery replacement

A hybrid machinery model has resulted in low emissions and high energy efficiency. According to some well-
known manufacturers [35-37, 39], the hybrid systems can reduce emissions more than the Tier 4f diesel based
engines, for example, by 15%-30% for Hitachi, by 5%-41% for Komatsu, by 25%-33% for Caterpillar, and
by 10% for Volvo. With regard to this information, it is reasonable to set the 10% reduction conscrvatively
on top of the percentage reduction of the ‘lier 4f machinery. Table 2 shows the results of the combined
reduction rates in percentages for different GHGs [35, 37, 39]. As for the evaluation process, the bidders
have to propose a list of heavy construction machinery that implements the hybrid technology. The hybrid
machinery usage is proposed in terms of a percentage of the whole machinery fleet. The Fs calculation is
presented in L. (16). Meanwhile, Iq. {17) is the calculation of the relative coefficient and Lq. (18) is a
simplificd form. The maximum range of axs is equal to 0.451%, when all the machinery is substituted for the
hybrid model.

I'.=( Z “”'nreducri(_m_hybridxhorscp(_)\xt‘rX\vork_hour><unit_ru)-cost]

e 4 (16)
X%hybrid_usage
w
(ERoxipmoxp)es
Mg — =L 2% 100% %)
% I
Q210451 (18)

where w3 = the relative coefficient of the reduction Option 5
aps = the representative coefficient
hp = horsepower of machinery (hp.)
h = work hours of machinery
p = cco-costof GIIGs
Ry, = rate of emission reduction (NOx, HC, PM, and CO) by Option 5 (see Table 2)
1y = the percentage of hybrid model machinery usage between 0% to 100%.
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Table 2. Rates of emission reduction in case of hybrid machinery replacement (Ra,).

GHGs NOx e PM cO
reduction [05] (IT) (III) ()
I ybrid 100% 93.9% 100% 10.1%

3.2.6. Option 6 — Retrofit devices installation

An installation of a retrofit device mitigates the emissions. The installed retrofits are cither comprised of a
single or combined technology. ‘The single technology includes a diesel particulate filter (DPF), a diesel
oxidation catalyst (DOC) and a selective catalytic reduction (SCR). The combined technology is a coalition
of two single technologies such as an SCR and a DPI" and an exhaust gas recirculation (EGR) and a DPT.
The emission reduction depends upon the percentage of installation of the retrofit devices of the total
machincry. Informative documents concerning the retrofit devices have presented various effects on reducing
the emissions 18, 40-42, 44]. A DOC device is able to reduce the emissions of NOx by 5%, of CO by 70%-
95%, of HC by 70%-90%, and of PM by 85%-95% [40]. A DPF device is claimed to reduce the emissions of
NOx by 5%, of CO by 60%-90%, of HC by 60%-90% and of PM by 85%-95%. An SCR device can reduce
the emissions of NOx by 70%-90%, of CO by 50%-90%, of [1C by 50%-90% and of PM by 25%-50% [18].
Furthermore, combining devices such as an SCR+DPI" device can reduce the emission of NOx by 70%, of
CO by 90%, of HC by 90% and of PM by 90% [41]. An EGR+DPF device reduces NOx by 60%, CO by
60%, HC by 60%, and PM by 90% [18]. This study considers the devices that are expected to provide more
than a 50% reduction.

An assumption is set up to generate the Fq calculation in Hq. (19). At the same time, a reform contributes
(o the a4 calculation in lig. (20) in which the machinery is substituted in Tier 3 first and the retrofit devices
arc installed, as listed in ‘Lable 3 [18, 40, 42, 44]. This cquation derives from the usage and the type of retrofic
devices. The representative coefficient (axr¢) is in Fq. (21). Consequently, the installaton of these retrofit
devices have a maximum of 0.173%, 0.240%, 0.208%, 0.260%, and 0.250% reduction when machinery is
installed with a DOC, a DPF, an SCR, an SCR+DPF and an EGR+DPF by 100%, respectively.

6

Iz =( Z “'izreduclj('m_l)_\_deviceXhorsepm\'er><wr:rk_hour><unil_eco-a'xsl] (19)

each ps

XYadevice_installation

1
( ZR,-,,,xbpxbx/;]xia.
o, =~ 4 x100% (20)
OC

Gy = Ay X4y @1

where 2 = the relative coefficient of the reduction Option 6
arg, = the representative cocfficient
hp = horsepower of machinery (hp.)
h'= work hours of machinery
p = cco-cost of GIIGs
Rig = rate of emission reduction (NOx, HC, PM and CO) by Option 6 (see Table 3)
ia = the percentage of a retrofit device installation — DOC, DPE, SCR, SCR+DPI and LGR+DPI'
— between 0% to 100%
s = the average of representative emission deductions by Option 6.
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Table 3. Rates of emission reduction in case of retrofit devices installation (Ri).

o . NOx HC PM CcO
GHGs reduction O an (1m )
Tier 3+1DOC 62% - 68.75% 15.47%
Tier 3+DPIY 62% - 100% 14.56%
Tier 3+SCR 100% - 78.13% 13.65%
L'ier 3+SCR+DPF 100% - 100% 17.29%
Tier 3+ EGR+DPF 99.2% - 100% 14.56%

In addition, Table 4 shows the maximum range of the representative cocfficient of these six reduction
options when each of them is fully and individually implemented. These coefficients vary from 0.115% 1o
2.768%. Some options can be implemented together, whereas the others are mutually exclusive such as
Option 4, 5 and 6. All possible combinations of these six reduction options are investigated. "I'here are thirty-
one possible combinations that a bidder can adopt, given that each option is fully implemented at its
maximum valuc of ax. In the case of a single-option adoption, Table 4 shows the maximum values of the
representative coefficients of the six options. The maximum representative coefticient for a single-option
adoption is in Option 3 which is equal 10 2.768%. However, in the case of a two-option adoption, the
combination of Option 2+3 results in 2 maximum tepresentative cocfficient of 3.457%. A three-option
adoption of Option 2+3+5 gives a maximum of 3.908%. Lastly, a four-option adoption of Option 1+2+3+5
gives a maximum value of 4.023%.

Table 4. The maximum values of representative coefficients of the six options.

Option 1 2 3 4 5 6

o 0.115% 0.689% 2.768% 0.436% 0.451% 0.260%

3.3. Equivalent Bid (Q)

An Tiguivalent Bid (Q) is an amount which is considered in the bid evaluation. It is simply calculated by
deducting E from C as shown in Eq. (22). The CEP bidding method employs the lowest Q as a criterion for
winning instead of the lowest C in the conventional bidding method. A bidder who submits the lowest Q is
the winner.

Yol 64 @)

where (@ = equivalent bid
C = construction bid
F.= emission deduction.

3.4. Penalty (Pe)

In order to ensure the antegrity of the CEP method, a punishment measure must be incorporated and well
enforced. The CEP method defines the punishment and includes it as a part of the contract. The punishment
is adopted on a concept of the incentive/disincentive contract. The punishment should be fair to the next
lowest bidder who loses the competition. The winning bidder (now a contractor) who fails to fulfill all their
proposed options of the emission reduction will be considered to breach the contract agreements and be
penalized. "This contractor tends to actually produce more emissions than stated in the proposal so that their
Emission Deduction (K) should be revised and reduced. Therefore, all field operations throughout the project,
especially the ones related to the GHG emissions, need to be monitored by the owner’s representatives or
the inspectors. Materials, machinery and fuel consumptions on the site are mandatorily reported. ‘LThe
monitoring is necessary in order to examine the actual emission reduction. The actual equivalent bid (Q'y1)
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of the winner (now the contractor), which should be higher than the winning equivalent bid (Qu), is
calculated.

A financial penalty (Pe) is particularly used as the punishment. The amount of the penalty depends on
the actual emission reduction that has to be quantified during the construction phase. The equivalent bid of
the next lowest bidder (Quin), who could be the winner, 1s also used as a reference for the penalty calculation.
The penalty is defined in two cases. In the first case, the penalty type-1 (Pel) is applied when Q'\), does not
exceed Quu. Pel is equal to the difference between Q' and Qui. Although the contractor partly fails to
reduce the emission through the proposed options, the amount of difference is trivial and it would not change
the bid result. In another case, the penalty type-2 (Pe2) is applied when Q' is greater than Qu, if the
contractors cannot implement the reducton options on offer. ‘This contractor’s failure is significant cnough
to prevent the next lowest bidder from being the true winner. The Pe2 amount should not include only the
difference between the Qup and the Qup but should also add a surplus of 5% on top. The penalty is shown
in Eq. (23).

0= Luir | 20 < Lo

- {m =0 23)

P2=(0, - 0, )+ (€, - Qu)x(1+35%)], ©,> 0,

where Pe = financial penalty (USD)
Qwb = cquivalent bid of winning bidder (USD)
Qun = equivalent bid of next lowest bidder (L'SDD)
Q'w, = actual equivalent bid of winning bidder (USD).
As a result of having signed a written agreement, the punishment measure can be applied to those who
fail to abide by the agreement (or contract).

3.5. Payment (Pa)

‘The payment is the total amount of money, which the project owner gradually pays to the contractor toward
the project completion. The contractor will receive the maximum payment equal to C if they can achieve all
cemission reductions as proposed. In this case, thete is no punishment. However, the contractor who fails to
abide by the agreement will receive less payment from the owner and consequently, the punishment will be
enforced. The penalty could be taken from a letter of bank guarantee, which must be provided on the date
of signing the contract and should be enough to cover the maximum penalty. ‘The payment (Pa) is simply
calculated by the following Lq. (24).

Pa=C—Pe 24

where  Pa = the total amount of payment received by the contractor
" = construction bid
Pe = penalty.

4. Practical Application

To illustrate the application of the CEP method, some case studies have been selected from historical public
road construction projects for simulations of the CEP scheme. ‘The first analysis is tatgeted on the price gaps
between the lowest bid (1.B) and the next lowest bid (N1.B) on fourteen projects. All of these projects were
owned by the Department of Highways of Thailand (DOH) and were awarded duting the years 2014 to 2016.
A traditional criterion for evaluating these bids was to consider the lowest bid price (or term C only). 'I'able
5 shows the different numbers of participating bidders, the winning bid prices and the associated percentages
of the price gaps in these biddings.
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Table 5. Price gaps between LB and NLB of the fourteen case studies.

Diiech I’ar_ticipant Bid price of wimﬁng % of Gap between
bidders bidder (million USD) LB and NLB
2014#1 8 16.93 0.52%
2014#2 T 22.53 0.21%
2015#1 5 13.79 9.03%
2015#2 9 13.08 7.75%
2015#3 10 9.80 3.66%
2015#4 7 9.06 2.48%
2015#5 12 8.38 1.61%
2016#1 15 497 2.45%
2016#2 9 7.40 0.04%
2016#3 5 10.22 9.92%
201684 3 18.20 0.22%
2016#5 2 18.42 0.09%
2016#6 2 33.39 0.19%
2016#7 4 30.87 3.11%
Average 7 15.50 2.95%

The results show that the gaps can vary dramatically from 0.04% to 9.92% with an average gap of about
2.95%. In most projects (9 of 14), the gaps are less than the average and in half of all the projects, the gaps
are even less than 1%. This indicates that the Emission Deduction (K) for the Fquivalent Bid (QQ) could
possibly change the winners of these biddings. To demonstrate this circumstance, two projects, Le. 2014#1
and 2016#3 were chosen for a further simulation.

The simulation assumes that the two biddings are under the CEP scheme. In the bidding phase, all
bidders still submit their own bid prices or Cs. Futthermore, all bidders except the lowest C ones submit their
proposed Fs together with their Cs. The details of the actual bid prices, which are considered as term C of
the CEP, are shown in Table 6. Motcover, Table 6 shows simulated events which most bidders have proposed
for their reduction optons (considered as term E). 'T'he Equivalent Bids (QQ) are calculated accordingly.

In the case of Project 2014#1, the result of the simulation indicated that Bidder H might have won the
competition because they submitted the lowest Q. ‘The bid result possibly changes, although Bidder 1T did
not submit the lowest C but the highest C. This simulated case shows that the term I has much potential to
make a bidder overcomes the other bidders. In this case, although Bidder H submitted the highest C and the
highest K, they still won the competition because of the lowest Q.

However, the results of the other Project (2016#3) reveal that the winner was still Bidder I, even though
Bidders J, K, L and M submitted their Es as high as possible in the competition. This can be explained by the
fact that Bidder I submitted a very low C and produced a large price gap between I.B and N1.B i.e. 9.92%,
which is bevond the cffective range of the deduction E. Tence, the price gap was greater than 4%, so the
eco-cost term should be applied with a higher weighting factor. In this hypothetical case of Project 2016#3,
if five as a weighting factor was applied to the term I under the CEP scheme, Bidder ] would become the
winnet.

Another simulation based on Project 2014#1 is cited to demonstrate the punishment clause of the CEP.
The punishment measure as a penalty will be applied to the contractor who fails to fulfill the contract. In this
case, Bidder 11 is the awarded contractor with the equivalent bid (Qun) of USI) 16.66 million, and Bidder G
is the next lowest bidder with the equivalent bid (Qun) of USD 16.68 million. If it is assumed that Bidder H
petforms poorly and violates the contract. Then their actual emission reduction will be lower than their
proposed rates. Thus the financial penalty will be applied as follows: in the casc of the Q'w, which is calculated
based on the field monitoring data equal to USD) 16.67 million, the penalty type-1 (Pel), equal to (16.67-
16.66) = USD 0.01 million, will be applied. | lowevert, if the contractor performs even worse, and their Q'u1,
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increases o USD 17.09 million, the penalty type-2 (Pe2) will be then applied. This penalty will increase 1o
(16.68 — 16.66) + [(17.09 - 16.68) X 1.05] = USD 0.45 million. Figurc 1 illustrates these simulated penalty

calculations.

‘L'able 6. Derails of bid prices of the case studics of projects 2014#1 and 2016#3.

Construction  Prices Emission Deduction (F) Cquivalent
Bid (€) Gap Ly L, L5 Ly Ls L Drwm Bid(Q
Case of 2014#1 (OC = 17.19)
Bidder A 16.93 - - - - - - - - 16.93
Bidder B 17.02 0.09 - 0.12 - - - - 0.12 16.90
Bidder C 17.12 0.19 - 0.12 - - 0.08 - 0.20 16.92
Bidder 1> 17.13 0.20 0.03 0.12 - 0.08 - 0.23 16.90
Bidder K 17.14 0.21 0.03 0.12 - 0.08 - - 0.23 16.91
Bidder I’ 17.15 022 003 012 - - 0.08 - 0.23 16.92
Bidder G 17.16 0.23 = s 0.48 = - - 0.48 16.68
Bidder 1 17147 0.24  0.03 - 0.48 - - - 0.51 16.66
Case of 2016#3 (OC = 15.05)
Bidder | 10.22 - - - - - - - 10.22
Bidder ) 11.23 0.96 0.02 010 042 - 0.07 - 0.61 10.62
Bidder K 12,77 1.11 0.02 = 010 042 - 0.07 - 0.61 12.16
Bidder 1. 12.79 1.11 0.02 010 042 007 - - 0.61 12.18
B‘i‘;"'r 14.06 175 002 010 042 - S 004 038 1348
N
Bid (MillionUSD)
A
L C=1717
C=17.16
i~
i | Quw=17.09
I Pe2=045 presscnns
1700 L;l ~Qu=1668 = ] . —
1680
|
b | R
NLB LB

[ Emission Deduction (E)

Fig. 1. Simulated punishment in the case study of project.

] Equivalent Bid (Q)
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5. Conclusion

In this study, the Construction-Emission-Punishment (CEP) bidding method is proposed as a means for
reducing GHG emissions in road construction projects. ‘The CEP method is designed to offer an incentive
scheme (o the contractors who improve their equipment and decrease their cutrent energy consumption in
order to achicve higher energy cfficiencies. The method is an effective measure to encourage more voluntary
participation in G11G reductions. It consists of six steps which will be performed as a part of the contractual
obligation. These modified procedures are created to adapt the bid evaluation criterion. More conditions are
added to the conventional bidding procedure. ‘They ate represented in terms of Emission Deduction (E) in
six reduction options and punishment by two types of financial penalties (Pe).

Lach of the six reduction options initiated in this research has its own different contribution to L. The
option that can give a large E will increase the cost. For instance, Option 1, which uses biodicsel, does not
incur extra cost due 1o a governmental subsidization and provides only a small . However, Options 4 and
5, which involve machinery replacement, increase the costs considerably but give a larger E in return.
Although the replacement options seem expensive, they will be requited by other benefits ie. work
productivity improvement and efficient energy consumption of the contractors. However an emission
reduction of 0.2%-2.8% of the project costs seems too low to influence decisions and impact policymaking,
it justifies a fair threshold. In future, developed technologies would also provide a cheaper cost and a larger
L. Then, this CEP will also be more effective bidding method.

‘The CEP method procedures can be achieved when it is performed by a suitable contract and
procurement method. Any form of competitive bidding that can combine terms of construction cost and
environmental cost will serve the purpose. A\ unit-price contract and a scaled bid auction are recommended
for the procurement method as well as they are a conventional method for public construction projects. This
CLP method has a potential to be adopted on both public and private construction projects. For the owners
who ate aware of the environmental issue, this CEP is an interesting alternative.

The simulations of the case study show that the CEP method could change the bidding result through
the incentive measures. The price gap between the lowest C and the next lowest C is a key factor. The small
price gap can attract more competitors using a compensation for the term K. According to the historical bid
data on road construction projects in Thailand, this price gap is normally less than 1%. In the case that the
price gap is high, the weighting factor for the term E should be applied and its suitable value should be
determined. The results from the case study reveals that the winning bidder could be changed under the CEP
method if some reduction options were proposed to get enough E.

Nonetheless, the CEP method has some limitations such as a suitable weighting factor of the term F.
This depends on the norm of the bid competitions which indicates the range of the price gaps in the bid. The
use of a simplified form of relative coefficients heavily relies on the selected base projects which are used to
determine the representative coefficients. Besides, six reduction options are quite a few. They are just initial
suggestions for this research. Any recommendations from relevant parties should be gathered after the CEP
is implemented for a while so that these reduction options can be revised accordingly. Moreover, in order to
maintain the justficaion of this method and to implement it successfully, ficld monitoring and the
punishment scheme is required in the post-bidding phase.
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Appendix A. Notations for the CEP scheme

The following symbols are used in this paper:

A
B
[&
L
EF

LRp
Fe@

LB
M
NLB
OC
on
Pa
Pe

Qualn
Qb
Q'
RUC
Ry
Ren
Ry

1TEC

AR}
ai
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bidders” estimated cost;

tme bid;

construction bid;

emissions deduction;

cmission factor of diesel engine in ‘lier 1 — NOx = 9.2, HC = 1.3, PM = 0.8,
CO =55 (g/kWh);

emission rates of base of a comparison (20.093 keCOzeq/m3):

fucl consumption per hauling trip (given that the fucl consumption of a truck =
0.245 L/km):

lowest bid;

quantities of base course materials (m?);

next lowest bid;

owner’s estimated cost;

bidder’s hauling distances (kmy);

payment;

financial penalty;

equivalent bid;

cquivalent bid of next lowest bidder;

equivalent bid of winning bidder;

actual equivalent bid of winning bidder;

DOH’s recommended hauling distances (km);

daily road user cost;

reduction rate of emissions by retrofit devices installation:

reduction rate of emissions by hybrid modcl machinery usage;

reduction rate of emissions by newer model (NOx, [1C, PM and CO);
amounts of hauling trip:

the relative percentages of emission reduction of the construction technique
(0%, 16.1%, 50.3%0);

percentage of biodiesel in blend formulas from B1 to B20;

saving hauling distance (km) (or RD - OD);

work hour of machinery (hr.);

horsepower of machinery (hp.);

the i th. reduction options;

percentage of retrofit deviees mnstallation (DOC, DPF, SCR, SCR+DPF and
EGR+DPH) between 0% to 100%;

eco-cost — NOx = 6.877, HC = 4,602, PM = 35.672, CO = 0.312 and COzeq =
0.176 (USD/kg);

percentage of hybrid model machinery usage between 0% to 100%;
percentage of newer model than Lier 1 between 0% to 100%;

relative coefficient of the reduction Option i;

representative coctficient of the reduction Option 1

average of representative emission deductions by Option iyand

coefficients for basic emission correlations — NOx = 0.0009794,

[IC = 20.011195, PM = <0.006384 and CO = -0.006561
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ABSTRACT

Road construction is an important activity which emits a huge amount of greenhouse gases.
Voluntary actions to reduce the emissions from construction practices have rarely received
attention from contractors because eco-construction methods tend to incur extra project costs
and induce the bidders’ concemn to lose the bidding competitions. This study developed an
incentive procurement system named Green Road Incentive Procurement (GRIP) to persuade
contractors to adopt environmental-friendly construction methods. Initially, GRIP proposed six
highly potential alternative construction methods of emission reduction for which bidders could
choose as their preference. To ensure the acceptance and collaboration of this new GRIP, a sur-
vey study was conducted on two directly involved parties of road construction projects, contrac-
tors and public owners, which were selected as a sample group. The Analytical Hierarchy
Process {AHP) was used to evaluate an opinion by three aptions based on eight criteria. The
results showed that both contractors and the public owners gave the highest weighted scores
for the GRIP full implementation alternative. The users’ readiness was an AHP criterion, which
both parties were mutually concerned as the highest significance. These results cenfirmed that
both involved parties agreed with the concept of GRIP and were pleased to cooperate with the

KEYWORDS

Analytic hierarchy process;
bid evaluation; incentive
procurement; emissions;
road construction

GRIP implementation.

Introduction

Construction work of public infrastructures requires
huge budgets (EU 2012; MOF 2015) and has signifi-
cant environmental impacts such as large greenhouse
gas (GHG) emissions (IPCC 2014). However, the
involved parties pay little attention to reducing this
pollution. Public project owners do not request for
more environmental-friendly = construction process
because of the fear of bringing increased costs
(Varnis et al. 2009). Contractors are not interested in
doing it voluntarily because they have to bear a lot of
extra costs (Ahn et al. 2013). The possible resolution
is that public owners should initiatively take a leader-
ship role in motivating contractors and providing
compensations for the increased operating costs.
These compensations may be offered in the form of
money or benefits, although it is not easy to change
the traditional and accustomed construction methods
to a new eco-friendly one. The compensations may
not be worthwhile and interesting enough (Ahn et al.
2013). Public owners can directly amend the

procurement system and the bidding model. Some
special environmental obligations, as well as, compen-
sations can be added to the construction contract to
formulate an incentive contract.

Some special provisions in an incentive contract
state an exchange between the incentive and the con
tractor’s performance requirements. This contract was
set up for the specific purpose of project owners, such
as environmental management requirements to reduce
pollutions or requirements to accelerate delivery (Puri
and Tiwari 2014). The contractor’s performances have
to be evaluated on the basis of commonly agreed cri-
teria (Fuentes-Bargues et al. 2017). Cui et al. (2011)
have developed a public construction contract to help
reduce emissions from road construction activities
and presented it to the Maryland State Highway
Administration. The econtract included seven criteria:
GHG emission reduction potential, operating cost,
appropriateness of technology used, contractor’s
readiness, stakeholder’s acceptance, impact on project
overview, and risk and uncertainty of evaluation.
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These criteria were evaluated to measure the environ-
mental  performance of  Green
Contracting (GPC). The outcomes were a recycle of
the surface materials, machine efficiency improvement
and a use of alternative energy. One example of such
awareness is the EU’s effort to reduce emissions.
Green Public Procurement (GPP) is a voluntary
instrument to achieve sustainable consumptions and
productions in Europe (EU 2016a). In addition,
UNEP (2017) reveals that four leading Asian coun-
tries (China, Japan, Korea and Thailand) have made
great effort to deliver green products by using green
public procurement and ecolabeling programmes into
production strategies. It is evident that project owners
are an important player in driving the policy and
determining the special conditions that govern the
contractor’s reduction of emissions.

Successful examples of incentive contracts imple-
mented in construction are such as The Department
of Transportation (DOT) in the State of Minnesota
and the State of Michigan have set incentive contracts
specifying a special condition for expediting project
delivery, called Lane Rental Contract (El-Rayes 2001;
El-Rayes and Kandil 2005). It calculated the cost from
the time required to close the traffic for maintenance
or the so-called a Time Cost term that was submitted
together with the proposed construction cost.
Prospective contractors who offered a faster delivery
tended to win the bid competition. However, fines are
imposed if the delivery was delayed than proposed.
This was a type of contract with both incentives and
disincentives. Another contract was A+B or
Cost+Time, which determines the winner of the bid-
ding by the lowest total price of the construction
price and the ‘time cost’ to complete the project (Mn/
DOT 2008; MDOT 2015). Ahn et al. (2013) proposed
the A+C contract which aimed to encourage contrac-
tors to reduce their emissions of pollutants. The ‘C
term was the value of money spent on the conversion
of emissions during construction, known as the eco-
cost, as proposed by Vogtlander (2009). The A+C is
a kind of best value award that allows the public
owner to evaluate other than price criteria alone
(Gransberg and Lépez Del Puerto 2017). Nevertheless,
Shi and Chen (2011) stated that the acceptances from
contractors to an incentive contract depend on the
attractiveness of the compensation.

Incentive or compensation for emission reduction
was proposed in many forms, such as funding for
projects to reduce emissions called Carbon Trust,
labelling of emission details in various products called
Carbon Label and reducing an income tax on the sale

Performance

of tools or technologies that help reduce carbon emis-
sions called Carbon Tax. For contractors, more profits
and a greater chance to win the bidding can be an
effective motivator, but for project owners, the latter
is more attractive because it does not require add-
itional  funding to  support
reduce emissions.

An incentive contract that brings environmental
impacts into the selection criteria is a concept of
green procurement. Green procurement refers to the
procurement of goods and services where work proc-
esses reduce the environmental impact (Bouwer 2001;
EU 2016b; MOE 2017; MNRE 2018). Anthonissen
et al. (2015) initiated the award criteria for road con-
struction bidding by using a 50% weight rating for
the choice of CO,-less construction technology and
50% weight for price criteria. Bidders who receive the
highest total of both criteria would win a bid for the
road restoration project. The results indicated that the
proposed criteria could encourage contractors to
reduce their emissions. However, a comprehensive
tool for assessing the number of emissions was
required and an equal 50-50 weight rating on both
criteria. might not reasonably reflect the extra
expenses of the efforts. Another example in the
Netherlands, the Ministry of Infrastructure and the
Environment, has defined environmental criteria as a
quality criterion, along with a price criterion called
MEAT (the most economically advantageous tender)
for selection of construction contractors to renovate
the highway. Environmental criteria based on CO,
emissions throughout the life cycle of this highway.
Amount of emission reduction was converted to
reduce the construction price in the bidding competi-
tion. It is estimated that this campaign can reduce
emissions by 8,944 TCO,eq within 50years (OECD
2015). However, it is difficult to fairly determine the
reduction values as contractors can propose their own
construction methods to reduce emissions. Therefore,
public owners should have predefined certain options
for emissions reduction and the evaluation method to
maintain  the fairness of the competition to
all bidders.

Beierle (1998) commented that although an incen-
tive contract would offer good compensation for con-
tractors, they might not accept it easily. Contractors
would consider the worthiness of the compensation,
while public owners would be concerned about the
complexity of the procedure. In addition, the payment
of compensation and penalties must be fair to all ten-
derers. An opinion survey of invelved parties, particu-
larly both contractors and public owners, should be

activities to
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conducted before implementing the new incentive
procurement.

Many aspects must be considered in order to
replace a traditional contract with an incentive alter-
native, such as the worthiness of the incentive offered,
the difficulty of the implementation, the fairness of
the competition with multicriteria including price and
environment terms. Multicriteria decision-making
tools have been adopted in recent research such as
Simons and Wiegel (2009), and Kurka and Blackwood
(2013). Datta et al. (2011) used the multicriteria deci-
sion analysis to decide the best operation of the green
energy sources, A questionnaire is used to collect data
or opinions from relevant parties before making a
decision (Charnley and Engelbert 2005). One of the
most commonly used multicriteria decision-making
tools over the past two decades is the Analytical
Hierarchy Process (AHP) technique because of its
practicality and simplicity (Saaty 1980; Wang et al.
2009). AHP breaks down a complicated decision-
making into several simple pairwise comparisons. It
can synthesize personal scattered decisions into
numerical values. Applications of the AHP in project
management were evident. Al-Harbi (2001) and
Abudayyeh et al. (2007) used AHP for the selection
of public construction projects and the contractor
pre-qualification. Jato-Espino et al. (2014) and Darko
et al. (2018) confirmed that the AHP was the most
frequently used as a decision-making method in a
wide range of problems in the construction manage-
ment research.

This article is aimed to propose a Green Road
Incentive Procurement (GRIP) as an incentive con-
tract for reducing GHG emissions. It also reports an
evaluation of GRIP by using the AHP technique. Data
were collected through a questionnaire from two
main parties: contractors and public owners.

Green Road Incentive Procurement {GRIP})

The traditional procurement method for public con-
struction projects is based on the lowest bid price.
For public owners who take a leading role to push an
environmental-friendly ~construction, GRIP is an
incentive contract that creates a mutual benefit
between public project owners who initiate the reduc-
tion of GHG emissions in road construction, and
contractors who receive a deduction to the submitted
bid price and a chance to be the lowest price bidder.
A GRIP contract includes special terms of obligations
and incentives into a traditional contract. It is a con-
ditional agreement that public owners will support
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contractors who propose emission reduction measures
in the road construction process. Without support,
these contractors will hardly be the lowest bidder and
lose the bidding competition because contractors who
have opted for eco-construction processes may incur
additional costs more than conventional ones and
must increase their bid prices. Therefore, GRIP offers
compensations for the contractors by a deduction
term to their submitted bid so that they can maintain
the competitiveness and be the winner even if they
are not the lowest bidder. Calculations for the deduc-
tion must be explicitly established and announced in
advance to ensure the fairness of the competition.
Public owners are a truly party who is responsible for
these excess costs. In addition, the awarding criteria
must be changed to the lowest ‘equivalent’ bid price
rather than the lowest ‘construction’ bid price.
However, some deceitful bidders may submit many
alternative construction methods in order to obtain a
large deduction and overwhelm other bidders. GRIP
contract must define a penalty measure for contrac-
tors who do not completely comply with their own
proposals. This penalty must be effective and fair.
GRIP is developed from a traditional construction
contract with some special conditions including four
main parts: alternative construction methods, award-
ing criteria, caleulation of deductions and penalty.
Descriptions of GRIP are as follows.

Alternative construction methods

Alternative construction methods are an alternative to
conventional methods that are environmentally
friendlier by emitting less GHGs. These alternatives
are generally related to a change in fuel consumption.
Road construction projects require a large amount of
heavy machinery. A change in fuel consumption pat-
tern of this machinery can have a significant effect on
GHG emissions. However, alternative methods can be
varied, and new other methods can be created in the
future. Public owners should define a certain set of
alternative methods to ensure the fairness in the bid-
ding competition. This research proposes six alterna-
tive construction methods as a pilot example for the
newly developed GRIP. They are the use of alternative
fuel biodiesel, a location of aggregate materials near
the construction site, a construction technique for
base courses, use of new model machinery, use of
hybrid machinery and installation of retrofit devices
on machinery. However, these proposed methods can
be revised to suit future construction technology.
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Awarding criteria

There are key variables involved in an establishment
of the new awarding criteria for GRIP. Construction
Price (C) is a bid price offered by a bidder, which
covers both total cost and markup. In traditional bid-
ding, the lowest C is commonly used as an awarding
criterion. Emission Deduction (E) is a monetary
value, which is a multiplication of the total volume of
GHGs emission reduction from a bidder's proposal
and the eco-cost per unit volume of GHG. Equivalent
Bid Price (Q) is simply equal to C minus E and is
used as a criterion for determining the winning bid-
der. A bidder who offers the lowest Q will be the
winner under GRIP.

Calculations of deductions

There are a variety of alternative construction meth-
ods to reduce emissions. This research has initially
proposed and defined six high-potential alternative
methods in the development of GRIP. They are used
for the determination of E. For each alternative
method i, E; is calculated from the eco-cost of the
emission based on the Emission Factor (EF) proposed
by IPCC (2006) and Emission Rate (ER) proposed by
EPA (2005). The emission is calculated based on the
Life-Cycle Assessment (LCA) method. E is expressed
in Equation (1).

E = Sum (E;) Ssum ((Conventional GHGs
- Alternative GHGs)x p) (1)

where E = Emission Deductioni = index of alterna-
tive construction method, for i = 1 to 6

Conventional GHGs = amount of GHGs emission
from the conventional construction

Alternative GHGs = amount of GHGs emission
from the alternative construction

p = eco-cost per unit volume of GHGs

Details of GRIP’s alternative construction methods
are as follows:

Method 1 a use of alternative fuel biodiesel:
machinery used in road construction is usually pow-
ered by diesel which directly causes GHGs emissions.
The amount of fuel consumed by these machines
depends on the total amount of horsepower and
machine working hours. The alternative construction
method can be achieved by using eco-friendly bio
diesel fuel instead of diesel. This helps reduce the
amount of GHGs emissions because biodiesel has
lower emissions than diesel according to EPA (2002).
However, biodiesel is commercialized with a variety
of formulas. The reducing emissions will vary with

Table 1. Parameters for calculation in case of biodiesel sub-
stitution (bd).

GHGs

parameter NOx {l) HC (Il PM (I} o {W) Unit

H 00009794 -0.011195 -0.006384 -0.006561 -

ER, 6.9 1.0 0.6 4.1 {a/hph)
P 6877 4.602 35672 0312 {USD/kg)

the blending biodiesel formula. Also, the lower heat-
ing values of biodiesel fuel must be compensated. The
eco-cost per unit volume of GHGs proposed by
Vogtlinder (2009) is used for the conversion into a
monetary term. Equation (2) expresses the Emission
Deduction for alternative construction method 1 (E,).

v
By =) [(1+{exp[-0008189 x (a)]
bd—I

=[0.88 x {a/100) + 0.85 x (1 — a/100)]/0.85})
x({exp[n x (a)] — 1} x 100%)
xERy x hp x h x b x ply, (2)

where a = blending biodiesel formula (e.g. for Bl,
a = 1; for B20, a = 20)y = coefficients for basic
correlations  see  Table 1 (EPA
2002)ER, = emission rate of diesel engine in Tier 1—
NOx = 69, HC = 1.0, PM = 06, CO = 4.1 (g/hph)
(EPA 2005)kp = total horsepower of all machines
(hps)h = machine working hours (hours)b = a per-
centage of biodiesel to be used in the projectp = eco-
cost per unit volume of GHGs (see Table 1)

Method 2 a location of aggregate materials near
construction site: road constructions require a huge
amount of aggregate materials, such as embankment
soils, base, subbase and subgrade courses. Materials
hauling distance from sources, such as borrow pits or
stone quarries, to the site, are one major factor which
impacts on the number of emissions. Normally, pro-
ject owners will recommend the location of material
sources for the project. In practice, contractors may
choose other sources that are closer or farther than
the recommended sources. The shorter hauling dis-
tance results in the less the amount of emissions, and
vice versa. Therefore, a nearer location of aggregate
materials to the site than recommended sources is
considered as the second alternative method.
Parameters involved in the calculation are the number
of truck hauling trips calculated based on the total
volume of materials required. The average fuel con-
sumption rate of the trucks directly affects the
amount of emission. The emission factor of fuel con-
sumption, which is an estimation of the number of
GHGs emission from the fuel consumed, is equal to
2711 kgCOseq/fliter (IPCC 2006). The Emission

emission
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Deduction of alternative construction method 2 is
expressed in Equation (3).

"
Ey =Y [(RD;— OD) x 2711 x FCx Ty % p|  (3)
=
where RD; = material hauling distance from the jth
recommended sources (km)OD; = material hauling
distance from the jth bidder’s proposed sources
(km)EF = emission factor of the fuel consumption is
equal to 2.711 kgCOseq/litreFC = average fuel con-
sumption rate for dump truck (litre/lkm)T = total
number of nth hauling tripsp = eco-cost per unit vol-
ume of GHGs (0.1755 USD/kgCO,eq).

Method 3 a construction technique for base
courses: road construction techniques are evolving,
and new construction techniques are being invented
to improve the quality of work. Different construction
techniques lead to different uses of machinery, energy
and materials which resulting in different amounts of
emissions. Method 3 is an initial advantageous
example of using alternative construction techniques
to reduce emissions. GRIP adopts Metham and
Benjaoran (2016) that has conducted a comparative
study of emissions of three different construction
techniques for base courses, i.e. soil cement mixed in
a batching plant (S;), soil cement mixed on site (S,.)
and crushed rock (CR). The study found that CR pro-
duced the least emissions, Sp. was the second, and Sp
produced the most emissions. Therefore, the Spt tech-
nique was defined as the conventional construction
method. A proportion of amounts of emission reduc-
tion of the three techniques in term of percentages
are as 0%, 16.1% and 50.3% for S,, S,. and CR,
respectively. The Emission Deduction of alternative
construction method 3 is expressed in Equation (4).

E; =TEC X ERg X M x p (4)

where TEC = percentage reduction for the three
methods (S, = 0%, Spc = 16.1%, CR = 50.3%)
ERy = emission rate of the Spr construction method
for base course is equal to 60 kgCO,eq/m® (Metham
and Benjaoran, 2016)M = total amount of materials
required for base course (m*)p = eco-cost per unit
volume of GHGs (0.1755 USD/kgCO,eq).

Method 4 a use of new model machinery: EPA
(2005) and EPA (2007) stated that the same engine
size of new machinery consumed less fuel and pro-
duced fewer emissions. EPA classifies machines into
five categories, from the oldest to the newest as Tier-
1, 2, 3, 4i and 4f. GRIP assumes that the conventional
construction method uses all Tier-1 machines. The
emission deduction will be offered if any bidder
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Table 2. Rates of emission reduction in case of newer
machinary replacement (fm}.

GHGs reduction NOx {1} HC (I} M (I o (V)
Tier 1 - - - -

Tier 2 - - 62.5% 9.1%
Tier 3 62.0% - 62.5% 9.1%
Tier 41 62.0% 69.2% 97.5% 9.1%
Tier 4f 95.7% 85.4% 97.5% 9.1%

proposes to use newer machines than Tier-1. A list of
proposed machines and their tiers will be evaluated,
and the amount of emission reduction compared to
the use of machine Tier-1 will be calculated. The cal-
culation of Emission Deduction for method 4 incor-
porates different levels of emissions of GHGs, ie.
NOx, HC, PM and CO for each tier of machinery
(EPA 2005). It depends on the percentage of replace-
ment of Tier-1 machines with higher-tier machines.
The other parameters are the total amount of horse-
power and machine working hours. It is expressed in
Equation (5).

tierdf v
E, = Z {(ZR,W\ERlxhpxhxp) xr"]

n—tierl rn—I
(5)

where R,, = percentage of emission reduction of
NOx, HC, PM and CO for each tier, see Table 2
(EPA 2005)r, = percentage of replacement of Tier-1
machines from 0% to 100%ER, = emission rate of
diesel engine in Tier 1-NOx = 6.9, HC = 1.0,
PM = 06, CO = 4.1 (g/hph) (EPA 2005)hp = total
horsepower of all machines (hps)h = machine work-
ing hours (hours)p = eco-cost per unit volume of
GHGs (NOx = 6877, HC = 4.602, PM = 35.672,
CO = 0.312 USD/kg).

Method 5 a use of hybrid machinery: hybrid
engine technology is an eco-friendly technology of
modern machinery and vehicles, which allows
machines to use a combination of energy from oil
and electricity. Therefore, hybrid machinery consumes
low diesel and so does fewer emissions than a con-
ventional engine (Ochiai and Ryu 2008). GRIP intro-
duces this technology as the fifth alternative
construction method. The calculation of Emission
Deduction for this method is similar to the previous
method, but this can add up the amount of emission
reduction. According to prestigious machinery manu-
facturers, it was claimed that hybrid machines can
reduce emissions up to 10% of conventional machin-
ery, Le. it is 5%-41% for Komatsu (2001), 10% for
Volvo (2008), 25%-33% for Caterpillar (2013) and
15%-30% for Hitachi (2015). Since the hybrid
machinery is a new technology and an enhancement
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of Tier-4f engines (generation year after 2013), the
rate of emission reduction is assumed as 10% fewer
than that of Tier-4f machines (see Table 3). The cal-
culation is shown in Equation (6).

v
Es = (ZR,ﬁxERlxhpxhxp) Xy (6)
ht

where R,, = percentage of emission reduction of
NOx, HC PM, and CO for hybrid machines,
ry = percentage of replacement of hybrid machines
from 0% to 100%ER; = emission rate of diesel engine
in Tier 1—NOx = 69, HC = 1.0, PM = 0.6,
CO = 4.1 (g/hph) (EPA, 2005)hp = total horsepower
of all machines (hps)h = machine working hours
(hours)p = eco-cost per unit volume of GHGs
(NOx = 6.877, HC = 4.602, PM = 35.672,
CO = 0.312 USD/kg).

Method 6 an installation of retrofit devices on
machinery: retrofit devices are installed into machines
to reduce emissions. Various types of retrofit devices
are designed to work and target different types of
GHGs and they have different effect on reduction.
Installation and maintenance costs are also varied.
These devices can be installed as a single unit or
more to obtain a combined treatment and enhance
performance. Examples of single-unit installations
include diesel particulate filter (DPF), diesel oxidation
catalyst (DOC) and selective catalytic reduction
(SCR). More complete examples of combined unit
installations are such as DPF with SCR and DPF with
an installation of exhaust gas recirculation (EGR).
These retrofit devices of different manufacturers and
types have different effectiveness in reducing emis-
sions. Their reduction ranges are as wide as 5% to
90% (MECA 2007; World Bank 2014; Johnson
Matthey 2015). This study filters out some devices
and considers only reasonable and significant ones
which can reduce more than 50% of NOx and PM
emissions for this method 6. It is assumed that the
retrofit devices are installed on tep of Tier-3
machines (Johnson Matthey 2015), and the rates of
emission reduction for the installation of retrofit devi-
ces are shown in Table 4. The calculation of Emission
Deduction is shown in Equation (7).

G bid
B = Z {(ZRM x ERy x hp X h xp) * i,{| (7)
n=S, | \id_1
whereR;3 = percentage of emission reduction of NOx,
HC, PM and CO for each deviceiy = percentage of
installation of retrofit devices from 0% to 100% for
each available type DPF, DOC, SCR, DPF + SCR and
DPF + EGRER, = emission rate of diesel engine in

Table 3. Rates of emission reduction in case of hybrid
machinary replacement (R}

GHGs reduction NOx {1} HC {1} PM (I11) €0 (v}
Hybrid 100% 93.9% 100% 10.1%

Table 4. Rates of emission reduction in case of retrofit devi-
ces installation (Rig}.

GHGs reduction NOx () HC {1y PM (I} [ R ("]
Tier3 +D0C (84} 62% - 68.75% 1547%
Tier3 + BPF (S,) 62% - 1009 14.56%
Tier3 +5CR (S3) 100% - 78.13% 13.65%
Tier3 +5CR+DPF (Cy) 100% - 1009 17.29%
Tier3 ++ EGR+ DPF (G) 99.2% - 100% 14.56%

Tier 1—NOx = 6.9, HC = 1.0, PM = 06, CO = 4.1
(g/hph) (EPA, 2005)hp = total horsepower of all
machines (hps)h = machine working hours
(hours)p = eco-cost per unit volume of GHGs
(NOx = 6.877, HC = 4.602, PM = 35672,
CO = 0.312 USD/kg).

Penalty clauses

A penalty clause in GRIP is a provision that obligates
the defaulting contractors, who have won the bidding
competition and later could not fulfil their own pro-
posed bids successfully, to provide some compensa-
tions to the project owners. In this case, the actual
Emission Deduction (E) will be less than the pro-
posed Emission Deduction (E). The winning bidder
who has offered the lowest equivalent bid price (Q,)
would take advantage of the other bidders. To achieve
the fairness in the implementation of GRIP, the field
observation and evaluation is required, and the actual
emission reduction should be recalculated. The actual
construction methods must be checked by the field
inspectors through field reports throughout the pro-
ject. Strict enforcement of the penalty clauses is a
very crucial issue to maintain the integrity and credit-
ability of GRIP. The penalty is defined into two rates,
depending on the difference between E and E. The
equivalent bid of the second lowest bidder (Q,) is
referred to as a threshold of the penalty rates.

P:{ Qi-Qfor ¢=Q ®

Q= Q) for Q>Q

where P = penalty(Qy = equivalent bid of the contrac-
tor {or the lowest and winning bid)Q, = equivalent
bid of the second lowest bidderQ,” = actual equiva-
lent bid of the contractorx = extra proportion of fine
for the second penalty rate.
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Specific requirements

The procedure of GRIP is generally based on the
traditional  construction procurement procedure.
Conventional processes such as prequalification of
prospective bidders can be implemented. Project own-
ers should establish and announce a set of qualifica-
tions required, such as the experience of related work,
quantities of in-house staffs and equipment, and
financial status. Contractors who can provide a proof
of eligibility will only be entitled to participate in the
bidding. As in the traditional construction procure-
ment, GRIP including the deduction calculation must
be supervised by the committee who are the public
project owner’s representatives. These committee
members who are a government agency will assure all
stakeholders that the process is fair, transparent and
accountable. The integrity of the process will
be maintained.

Awarding criteria for GRIP is shifted from the
traditional ones. Compensations in terms of Emission
Deduction (E) are calculated by the committee
according to Equations (1) to (7) and using the pro-
posed documents from bidders. Then, they calculate
Qs and determine the lowest Q. The contract will be
awarded to the lowest Q bidder. Only some specific
requirements are added into GRIP procedure includ
ing a proposition of alternative construction methods,
and an inspection of field practices. These specific
requirements in the GRIP procedure are worth for
describing as follows:

Qualified bidders must prepare a proposition of
alternative  construction methods together with
Construction Price (C). Project owners arrange a
form for them to fill in. Bidders must assess their
own capability and readiness to perform the six alter-
native construction methods. Then, they can propose
one or more methods. For some methods, they can
propose a fraction of the full performance in terms of
percentages. Therefore, information that must be sub-
mitted for the six alternative methods is as follows: a
blending formula of biodiesel (a) and a percentage of
biodiesel to be used in the project (b), material haul-
ing distances from the bidder’s proposed sources
(OD), any proposed technique for the three methods
(Spr, Spe or CR), a percentage of replacement of Tier-1
machines for each higher tier (r,), a percentage of
replacement of hybrid machines (), and a percent
age of installation of retrofit devices for each
type (ig).

Inspection of field practices must be carried out to
determine the actual emission reductions. Field
inspectors who are project owners’ representative are
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responsible for monitoring the actual construction
activities on site and appraising the conformation to
contractors’ proposals. They check the contractor’s
daily machinery utilization, Details are the number of
types, horsepower, model, tier, manufacturing vyear,
working hours and retrofit devices. For aggregate
material utilization, details are locations of borrow
pits, distances to the site and quantity of materials.
Also, they check the actual consumption of both bio-
diesel and diesel. This field information is used to cal-
culate the actual Emission Deduction (E’) and the
actual equivalent bid (Q,’). Then, the penalty (P) is
determined according to Equation (8).

Contract payment

Contractors under GRIP are entitled to a total con-
tract payment equal to their proposed Construction
Price (C). However, lagging performances on emis-
sion reduction will cause a penalty (P) which is calcu-
lated using Equation (8). The contractor must submit
a bank guarantee equal to the maximum penalty to
be used as collateral for the contract. Contract pay-
ment to contractors in accordance with the terms of
the contract for delivering the construction work is
equal to C minus P. Contractors will receive this as a
progress payment.

An evaluation on GRIP using AHP

GRIP was evaluated by two main parties, project
owners and contractors prior to the implementation.
This study collected their opinions through a ques-
tionnaire and adopted the AHP technique for
the analysis.

Hierarchical structure design

The hierarchical structure of AHP is an important
element that influences the assessment. It is designed
to consist of three levels: Goal, Criteria and
Alternatives, as shown in Figure 1. The Goal level
explicitly states the purpose of the analysis that is to
decide the right choice of GRIP implementation.

The Criteria level distinguishes all criteria used in
decision-making. These criteria are very important for
making good decisions, Criteria should be aligned
with the goals, comprehensive, covered all key aspects,
and not overlapping, understandable. Criteria that
were considered for making the decision on any new
system implementation were reviewed from past
research, and they are shown in Table 5. This study
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| Goal: Appropriate Decision for GRIP Implementation

Criterion &

of GRIP
Principles

Figure 1. Hierarchical structure of AHP for GRIP implementation.

Table 5. List of barriers for a novel contract from litera-
ture review.

References
Shi and Chen (2011}

Description

Lack of the public awareness
Grant mechanism to shate the cost
To encourage to take low carbon transport
Avoid Tn maximum transportation
distances of construction -materials
Design alteration

Financial consideration
Technological maturity
Organizational readiness
Industrial and public acceptance
Emission reduction potential
Impact on project performance
Risk

Determined duration
Determination of benefit and penalty rate
Fairness to contractor and owner
Complicated
Ability to early delivery
Law amendment limitation
Quazlity of product
Environmental effect
Cost

Liability of CO, storage
Financial incentives
CO, price
Technological uncertainties
Public acceptance
Political suppart
Cooperation among actors

Cui et al. {2011}

Pabutdee et al. {2012)

Sara et al. {2015)

selectively derived nine criteria from the past research
and then had an expert panel review and arranged
the final list. This selection method is based on the
expert panel’s judgment (Lin 2016). This criteria
selection process was conducted in two rounds. In the
first round, all nine initial criteria were reviewed by
an expert who holds a position of Senior Civil
Engineer and has more than 30 years of work experi-
ence involved in contract administration of highway
construction projects of the Department of Highways.
He suggested excluding one criterion which was the
Implementation Cost of GRIP because it can be con-
sidered as an investment which returns other indirect
benefits. In the second round, six additional experts
were asked to review the remaining eight criteria once

again. These experts included two of over-10-years
experienced construction management researchers,
two of over-25-years experienced senior executives of
contractors and two of over-30-years of experienced
senior executives of the Department of Highways.
This expert panel also commented on the question-
naire of AHP and advised to add some demonstration
of the GRIP implementation into the questionnaire.
Finally, eight criteria used in this study were namely
Difficulty of Implementation, Users’ Readiness,
Attractiveness of Incentive, Legal Constraints,
Penalty,  Significance  of

Number of Alternative

and  Understanding  of

Appropriateness  of
Environmental Impacts,
Construction  Methods
GRIP Principles.

The lowest level is the Alternative level. It distin-
guishes three decision choices of GRIP implementa-
tion, Full, Partial and Not-At-All implementations.
Decision choice 1 is to fully implement GRIP on
every new coming project. Instead, decision choice 2
is to implement GRIP only on some projects, such as
large-scale projects of which contractors and project
owners are more capable. Decision choice 3 is to con-
tinue traditional procurement procedures and to post-
pone the implementation of GRIP. A sample group
was asked to make a pairwise comparison individually
and give weights for these decision choices according
to Criteria 1 to 8.

This study employed the 4-weighted significance
scaling system proposed by Strager and Rosenberger
(2006), which was adapted on the 9-scaling system
originally proposed by Saaty (2006). Strager and
Rosenberger (2006) and Bahurmoz (2006) suggested
that fewer weight scales help experts easily decide the
right weight. The weight scale 1 means the pair of
choices is equally significant. The weight scales 2, 3
and 4 mean that the first choice is ‘somewhat pre-
ferred’, ‘preferred’ and ‘strongly preferred’ to the
other choice, respectively.
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Sample group

The population of this study is two main parties, con-
tractors and public owners, involved in road construc-
tion projects of the Department of Highways in
Thailand. The first sample group is qualified big con-
tractors who have been long registered in Special
Class with the Department of Highways for more
than 10years (Special Class is the highest rank of
DOH'’s registered contractor classification apart from
the 1st, 2nd, 3rd and 4th classes). This group is
selected and targeted as a pioneer group because they
have a large capital and are financially capable of
adopting the GRIP. The other classes may have fund-
ing constraints. At the present, there are 50 registered
contractors in this class (DOH 2016). The other sam-
ple group from public owners are the staff of the
Department of Highways who have worked in road
construction projects for more than 10 years and will
be responsible for enforcing GRIP. Both sample
groups must have experience working on a big road
project (DOH defines a big project as its price is
more than 300 million THB).

The sample size was determined using a Yamane’s
formula (Yamane 1973) (as shown in Equation (9). In
case of the population size of the first group was
known (N = 50) and the confidence interval was set
at 95% (e = 0.05), the sample size of the first group
was equal to 44 (n = 44). Also, the second group was
set with the same sample size of 44 in order to
equally balance the influence of both groups. The
total sample size for this study was 88.

N

H = — 9

1+ Ne? )

where #n = sample sizeN —  population

sizee = margin of error at a confidence interval
95% (e = 0.05).

Data collections

This study collected data from the sample group
through a questionnaire which was divided into five
sections. Section 1 gathered the respondent’s personal
information such as job title, work experience and the
experience associated with emission reductions. All
questions in this section were close-ended questions.
Section 2 pmvided an overview of GRIP ie. conceplt,
procedure and examples of implementation of GRIP.
This section communicated important information to
prepare the respondent’s understanding before
responding to the next sections. Section 3 was for
pairwise weighting the significance between every pair
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of criteria, for Criteria I to 8, so that there was a total
of 28 pairs. Also, Section 4 was for pairwise weighting
the degree of appropriateness between every pair of
all three alternatives, for all eight criteria. Section 5
was an open-ended question for free opinions
on GRIP.

Data collection was conducted from January to
June 2017 at the site offices of construction projects
and at the headquarters of the Department of
Highways. The respondent weights in Sections 3 and
4 were analysed using the geometric mean via
Equation (10).

(f[xf)n:\/xlx;>-~m (10)
i—1

where n — numbers of datax — value of the data.

Results and discussions

The results of the AHP are shown in Table 6, consist-
ing of the geometric means of weights, and the total
weighted scores from contractors, project owners and
the overall. The group of project owners gave the
highest total weighted score as 0.432 to Alternative 1
(Full GRIP Implementation) and the lowest one as
0.166 to Alternative 3 (Not-At-All Implementation).
By considering each of the eight criteria, the Criterion
2 (Users’ Readiness) received the highest weight of
0.181, while the Criterion 7 (Number of Alternative
Construction Methods) received the lowest weight
of 0.074.

The group of contractors also gave Alternative I
the highest total weighted score as 0.403 but
Alternatives 3 and 2 received a slightly different total
weighted score as 0.307 and 0.290, respectively. The
highest weighted criterion was also Criterion 2 (Users’
Readiness) equal to 0.154. The lowest weighted criter-
ion was Criterion 6 (Significance of Environmental
Impacts) equal to 0.093.

The overall weighted score from both groups stated
that Alternative 1 was the most preferable. This
implied that they agreed with the concept of GRIP
and support the full implementation. Criterion 2 was
the overall highest weight. Both groups were con-
cerned about the readiness of practitioners as a cru-
cial factor of the success. The second and third
highest weights were given to Criteria 4 (Legal
Constraints) and 8 (Understanding of GRIP
Principles) which were important contributors. These
results are consistent with the previous research by
Pobutdee et al. (2012) as the legal constraints of regu-
lation amendment received the highest weighted
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Table 6. AHP’s total weighting of the sample group.

Number

Significance of alternative Understanding  Total
Sample Difficulty User's  Attractiveness Legal Appropriateness  of environmental  construction of GRIP weighted
Group of implementation readiness of incentive  constraints of penalty impacts methods principles scare
Owner 0.116 0.181 0.124 0.160 0.086 0.141 0.074 0.119
Full GRIP 0.265 0.324 0.548 0.308 0.469 0.656 0.569 0.419 0.432
Partial GRIP 0.560 0.498 0.332 0.427 0.401 0.227 0317 0.420 0.402
Not-At-All 0175 0177 0.120 0.265 0.12¢ onz 0115 0.161 0.166
Contractor 0.125 0.154 0.128 0.129 0.097 0.093 0.135 0.140
Full GRIP 0.325 030 0.538 0.335 0.380 0.333 0.361 0.475 0.403
Partial GRIP 0.272 0375 0.255 0.287 0.335 0.226 0.286 0.260 0.290
Not-At-All 0.403 0.324 0.207 0.377 0.284 0.240 0.353 0.265 0.307
Overall 0121 0.168 0.127 0.145 0.092 0.115 0.101 0.130
Full GRIP 0.309 0317 0.548 0.326 0431 0.600 0.475 0.454 0.425
Partial GRIP 0412 0432 0.294 0.354 0.374 0.230 0315 0336 0.348
Not-At-All 0.280 0.244 0.159 0.320 0.196 0.170 0210 0.210 0.227

score. The lowest weighted criterion was Criterion 5
(Appropriateness of Penalty).

The analysis of the questionnaire’s Section 5 indi-
cated that 92% of respondents were keen to cooperate
if GRIP was implemented. Only 2.27% told that they
would not cooperate, and 5.68% hesitate. Therefore,
the results from both AHP and free opinions were in
the same direction that most respondents were willing
to comply with the terms of GRIP. The rationale for
such cooperation was varied, including they could
increase a chance to win the bid, they want to reduce
the greenhouse effect and global warming, or to help
improve the quality of life of residents around the
construction area, or to adapt to the stricter environ-
mental regulations, or to encourage the private sector
to pay more attention to the environment. On the
other hand, reasons for not to cooperate or hesitancy
were incurring costs for the alternative construction
methods, or breach of bid proposals, or unworthy
investment on new machinery, or unconvincing bene-
fit from GRIP, or a need for more details of GRIP.
These various opinions reflected the viewpoint of
those involved in road censtruction on environmental
problems and their adaptability in the near future.

The evaluation results indicate that the new pro-
curement, GRIP, is accepted by both involved parties.
An evaluation is necessary for any new development,
particularly, the procurement of public projects.
FHWA (2012) also evaluated their new PCC con-
tracting system after development. Ahn (2012) eval-
uated the efficiency of emission reduction for his
proposed A+C bidding system. These preliminary
evaluations must be conducted before implementing
the novel system to gather opinions of the involved
parties and reveal any operational difficulty in differ-
ent aspects (Limsawasd and Athigakunagorn 2016;
Asgari et al. 2017).

Conclusion and recommendations

This article initiates a novel GRIP and evaluates the
implementation of GRIP by using the AHP technique.
The concept of GRIP is to add some special provi-
sions for contractors to perform the GHGs emission
reduction in their construction operations. In return
for these extra obligations, contractors shall receive
some incentives as emission deductions applied to
their proposed bid price. A set of six alternative con-
struction methods which are highly potential emission
reductions was established. The calculations of monet-
ary value for an amount of GHGs reduction were also
provided. Then, this value is employed as a deduction
for calculating the equivalent bid price in the bidding
competition. GRIP helps bidders who propose to
work with cleaner construction methods to have more
chances to win the competition although they do not
offer the lowest construction cost. After contract
awarding, GRIP enforces field monitoring during the
construction to appraise the compliance of the con-
tractors with their winning bid proposals. GRIP
includes provisions of penalty as a punishment meas-
ure for any noncompliance. GRIP has improved the
calculation of the emission reduction so that the bid-
ders are requested to submit fewer parameters than
the incentivizing construction contract proposed by
Gransberg and Lépez Del Puerto (2017). Also, GRIP
allows bidders to propose only a fraction of an alter-
native construction method (parameters are in per-
centage) as they preferred. ‘Thus, GRIP is more
flexible to implement than the A+C contract pro-
posed by Ahn et al (2013).

However, acceptance and collaboration on this new
procurement system may not gain easily. This study,
therefore, aims to conduct an evaluation of the opin-
ions of the two most relevant parties, contractors and
public owners. Questionnaire is designed and used as
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an instrument to collect data from the sample group.
The AHP technique analyses these data to reveal the
results. Most respondents decide to participate in the
full implementation of GRIP as this alternative
receives the highest weighted score among the other
two alternatives, partial and not-at-all implementa-
tion. The AHP technique has effectively assessed the
feasibility of implementation of a new system. It can
collectively reflect opinions and decisions of the sam-
ple group. Another confirmation is that a result of
92% of respondents agrees to collaborate in GRIP.
The result shows that if project owners provide
adequate compensations and reasonable methods to
reduce emissions, contractors are ready to cooperate.
Concern and doubt about the details of the new pro-
curement system need to be taken care of and elimi-
nated by providing complete information about
benefits and procedures to the involved parties.

The results of this study are limited to the sample
group which is big companies who work in big proj-
ects in Thailand. Small companies may have different
opinions because of their funding constraints. Results
may differ by the company size and country.
Different business practices and regulations in each
country are vital factors that can affect the resnlts.
The future research could broaden a survey to cover
the medium- and small-sized contractors via web-
based questionnaire.
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