
C H A P T E R  IV
RESULTS AND DISCUSSION

4.1 End-of-life Management of Asphalt

End-of-life processes of asphalt in this study can be divided into three 
technologies (recycle/reuse/landfill) with four main processes of which are hot in- 
plant recycling, hot in-place recycling, cold in-place recycling (reuse) and landfill. 
Hot in-plant recycling and landfill will be included of dismantling and transportation 
processes in their burdens but hot implace recycling and cold in-place recycling are 
not. Because these two latter processes already have dismantling roller included in 
their machine. Energy calculations for hot in-plant recycling, cold in-place recycling 
and landfill of WMA are as same as HMA except hot in-place recycling because the 
temperature use for heating aggregates and asphalt binder of HMA in hot in-place 
recycling is higher than the temperature use in WMA (20-30°C).

4.1.1 Dismantle

from Vidal et al. (2013) which studied on life cycle assessment of hot-mixed asphalt 
and zeolite-based warm-mixed asphalt with reclaimed asphalt pavement. When focus 
on construction and end-of-life section of their paper. It can be found that the 
equation for calculation of energy consumption with 64 L/hr fuel consumption of 
cold milling machine is as follow:

4.1.1.1 Basis o f Calculations
Calculation of energy consumption for this process comes

F u n c t i o n a l  U n i t

=  1 8 1 . 3 8  L  X -----------------  — — — —  . 0 ,1 X  LHV of diesel1000m x7m x0.05?nx2.428—-=r
m 3

=  0 . 2 1 3 4  — X  3 5 . 9 4
M J {D ie s e l )  

L

= 7.671 MJ/ton asphalt
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4.1.1.2 Inventory Analysis
Table 4.1 shows the total input and output data from 

dismantle process of HMA and พ MA (before calculation by SimaPro software) and 
energy consumption from the previous calculation. There are five assumptions for 
dismantle process as follow:

- Traveling speed is 1.9 km/h with full load of diesel engine.
- Effective width for milling machine is 1.3 m.
- Dismantle calculation data use only for hot in-plant 

recycling and landfill.
- No waste both residue and air emission in dismantle 

processes.
- Cold milling machine is as trade name “Wirtgen” model 

พ  130 F / พ  130 Fi (Writgen, G., 2011).

Table 4.1 Results of the inventory analysis of dismantle process

In p u t O u tp u t
Item Quantity Unit Item Quantity Unit

R aw  m aterial P rodu cts
Reclaimed asphalt 
pavement 1000 kg Asphalt binder + aggregate 1000 kg

E n erg y W aste

Milling roller 7.671 MJ No waste

4.1.2 Transportation
4.1.2.1 Basis o f Calculations

Assume distances of trucks for transportation both recycling 
and landfill processes are similar at 50 km for forth trip (full load) and 50 km for 
back trip (empty load). The type of truck is weight of 16 tons and 10 wheels. Energy 
consumption of the truck is 0.2640 L/km (full load) and 0.2188 L/km (empty load) 
(MTEC, 2010).
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4.1.2.2 Inventory analysis
Inventory data of transported RAP which present 

emissions based on one ton reclaimed asphalt pavement was showed in Table 4.2.

Table 4.2 Emissions from transportation of RAP (MTEC, 2010).

Transportation of RAP
Input

Inventory Output Inventory
Description Unit Amount Description Unit Amount

Resource Product
Diesel kg 0.693 Reclaim asphalt pavement kg 1000

-

Emission to air
Carbon dioxide (C 02) g -  2172.5
Carbon monoxide (CO) g 7.445
Nitrogen oxides (NOx) g 22.375
Particulate matter (PM) g 1.675
Hydrocarbons (HC) g 1.945
Methane (CH4) g 0.045
Benzene (C2H6) g 0.0369
Toluene (C7Hg) g 0.01555
Xylene (CgHio) g 0.01555
Non -  methane volatile organic compounds 
(NMVOCs) g 3.71
Sulfur oxides (SOx) g 0.47
Nitrous Oxide (N20) g 0.085
Cadmium g 6.7E-06
Copper g 0.001135
Chromium g 3.34E-05
Nickel g 4.68E-05
Selenium g 6.7E-06
Zinc g 0.00067
Lead g 7.35E-08
Mercury' g 1.34E-08

From inventory data of transported RAP that showed in 
Table 4.2. Thus, total diesel used for transported RAP is equal to:
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Diesel use o f fu ll  load = 0.2640 —- X  0.84 ̂  (Diesel) 1000WRAP) 50,
1 6 0 0 kg  ( t r u c k )

= 0.693 kg diesel (Full load)

Diesel use o f no load — 0.2188-^- X  0.84-^ (Diesel) X  ■ X  50km1 k m  L v '  1600fe,g ( t r u c k )

= 5.74xl0‘7 kg diesel (No load)

Energy consumption = 0.693 kg (Full load) + 5.74x10'7 kg (No load)
X  LHV of diesel

= 0.6930006 kg X  42.91 MJ/kg (Diesel)

= 29.717 MJ/ton asphalt

4.1.3 Flot in-plant recycling
4.1.3.1 Basis o f calculations

The important data of hot in-plant recycling is the storage, 
crushing and screening data that come from Miliutenko et al. (2012), dismantle data 
comes from calculation of dismantle process (7.671MJ) and transportation of RAP 
data comes from calculation of transportation of RAP process (29.717 MJ). There are 
two assumptions for hot in-plant recycling processes as follow:

- No waste both residue and air emission in hot in-plant 
recycling process.

- RAP ratio of hot in-plant recycling process is 100% 
consisting of aggregate (94%) and bitumen (6%) (do not 
add virgin asphalt).

- Transport distance from RAP site to asphalt plant both 
HMA and WMA is 50 km.

4.1.3.2 Inventory analysis
Table 4.3 shows the total input and output data from hot in-

plant process of HMA (before calculation by SimaPro software).
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Table 4.3 Results of the inventory analysis of hot in-plant recycling

In p u t O u tp u t

Item Quantity Unit Item Quantity Unit

R aw ’ m ateria l P rod u cts

Reclaimed asphalt 
pavement 1000 kg Asphalt binder + aggregate 1000 kg

E n erg y W aste

Storage, crushing, screening 25 MJ No waste

Dismantle 7.671 MJ

Transportation (diesel) 29.717 MJ

4.1.4 Hot in-place recycling
4.1.4.1 Basis o f calculations

Calculation of energy consumption for hot in-place recycling 
process comes from Vidal et al. (2013) like dismantle process. Energy consumption 
with 55 L/hr fuel consumption of hot in-place recycling machine which uses only 
scarifying and paving sessions is as follow:

55 1 km  7m 0.05m 1
1 2 —  4.5m 0.05m Functional Unithr

— 42.778 L X --------------—--------- Ton X LHV of diesel100 Om X 7m X 0.0 5m X 2.42 8—-i-m-5
L MJ (Diesel)= 0.0566 7— X 35.94 7- ---- -ton L

= 2.0353 MJ/ton asphalt
4.1.4.2 Inventory analysis

Table 4.4 shows the total input and output data from hot in- 
place process of HMA (before calculation by SimaPro software) and energy 
consumption. Hot in-place recycling process has seven assumptions as follow:
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- Propane is used for heating and mixing based on the study 
of Miliutenko et al (2012).

- Heat capacity of hot-mixed asphalt is 185.515 MJ/Ton 
asphalt used in energy calculation of asphalt heating.

- Traveling speed is 2 km/h with full load of diesel engine.
- Hot in-place recycling machine is as trade name “Wirtgen 

remixer 4500” (พ ritgen, G., 2011).
- Effective width for hot in-place recycling machine is

4.5 m.
- No waste both residue and air emission in hot in-place 

recycling process.
- RAP ratio of hot in-place recycling process is 100% 

consisting of aggregate (94%) and bitumen (6%) (do not 
add virgin asphalt)

Table 4.4 Results of the inventory analysis for hot in-place recycling of hot-mixed 
asphalt

In p u t O u tp u t
Item Q uantity Unit Item Q u a n tity U nit

Raw  m ater ia l P rod u cts

Reclaimed asphalt pavement 1000 kg Asphalt binder + aggregate 1000 kg
E nergy W aste

Propane for Heating and mixing 500 MJ No waste

Diesel for Scarifying, paving 2.0353 MJ

Energy consumption calculation of WMA for hot in-place 
recycling process is as same as the calculation for HMA but propane for heating and 
mixing data are different. Because พ NIA uses mixing temperature less than HMA, 
energy for heating and mixing should be reduced which was calculated by heat



71

capacity value. Table 4.5 shows the total input and output data from hot in-place 
process of WMA.

- Energy for heating asphalt which calculates from ‘‘heat 
capacity” of warm-mixed asphalt is 166.992 MJ/Ton 
asphalt.

Table 4.5 Results of the inventory analysis for hot in-place recycling of warm- 
mixed asphalt

In p u t O u tp u t
Item Q uantity U nit Item ^Q uantity Unit

R aw  m aterial P roducts

Reclaimed asphalt pavement 1000 kg Asphalt binder + aggregate 1000 kg
E nergy W aste

Propane for Heating and mixing 481.48 MJ No waste

Diesel for Scarifying, paving 2.0353 MJ

4.1.5 Cold in-place recyclimz (Reuse)
4.1.5.1 Basis o f calculations

Cold in-place recycling or reuse has no dismantling and 
transportation because this machine can mill surface of road and also immediately 
pave as base-course material. Therefore, we do not add impact from transportation 
into this reuse process. Calculation of energy consumption for this process comes 
from Vidal et al. (2013) like dismantle process. Energy consumption with 187 L/hr 
fuel consumption of cold in-place recycling machine is as follow:

187 — 1 km 7m 0.05m 1
1 x วfH - 2.2m 0.05m Functional Unitz  h r

= 297.5 L X -------- -— —  X LHV of diesel
1 0 0 0 m x 7m x 0 .0 5 m x 2 .4 2 8 —7=-77T3

= 0.3501 ^  X 3S.94MKDiLesel)
= 13.8402 MJ/ton asphalt
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4.1.5.2 Inventory analysis
Table 4.6 shows the total input and output data from cold in- 

place process of HMA and WMA (before calculation by SimaPro software) which 
includes energy consumption data from the above calculation. Cold in-place process 
has five assumptions as follow:

- Traveling speed is 2 ๒ท/h with full load of diesel engine.
- Reuse machine is as trade name “Wirtgen” model WR 

2200CR (Writgen, G.,2011).
- Effective width for cold in-place recycling machine is "

2.2 m.
- No waste both residue and air emission in hot in-place 

recycling process.
- RAP ratio of cold in-place recycling process is 100% 

consisting of aggregate (94%) and bitumen (6%) (do not 
add virgin asphalt).

Table 4.6 Results of the inventory analysis of cold in-place recycling

In p u t O u tp u t

Item Q u an tity U nit Item Q u a n tity U n it

R aw  m aterial Products

Reclaimed asphalt pavement 1000 kg Asphalt binder + aggregate 1000 kg

E nergy W aste

Scarifying, paving, 
compaction 13.8402 MJ No waste
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4.1.6 Landfill
4.1.6.1 Basis o f calculations

The important data of landfill is dismantle data that comes 
from calculation of energy use in dismantle process (7.671MJ) and transportation of 
RAP (29.717 MJ). Landfill process has four assumptions as follow:

- Calculated impacts of landfill by using ETH-ESU 96 
system processes from SimaPro 7 program.

- Transport distance from dismantling site to landfill site is 
about 50 km.

- No waste both residue and air emission in landfill process.
- RAP ratio of cold in-place recycling process is 100% 

consisting of aggregate (94%) and bitumen (6%) (do not 
add virgin asphalt)

4.1.6.2 Inventory analysis
Table 4.7 shows the total input and output data from landfill 

process of HMA and WMA (before calculation by SimaPro software)

Table 4.7 Results of the inventory analysis of landfill

I n p u t O u tp u t

Item Quantity Unit Item Quantity Unit

Raw material Products

Reclaimed asphalt 
pavement 1000 kg Asphalt binder + aggregate 1000 kg

Energy W aste

Transportation (diesel) 29.717 MJ No waste

Dismantle 7.671 MJ
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4.1.7 Life cycle impact assessment of end-of-life
After LCI of HMA and WMA for end-of-life asphalt was completed, 

life cycle impact assessment (LCIA) could be analyzed based on one ton of asphalt 
for relevant impact categories, using both impact assessment model CML 2 baseline 
2000 and Eco-Indicator 95. Figure 4.1 illustrates a simple process diagram of FIMA 
and WMA, which can be divided into 4 main unit processes: asphalt production (raw 
material + production), transportation, pavement and end-of-life processes.

Figure 4.1 Simple process diagram of hot-mixed and warm-mixed asphalt 
production.

4.1.7.1 HMA
For energy resources usage, as seen in Figure 4.2, hot in- 

place recycling has the highest energy resource burdens from propane for heating 
and mixing (492.41 MJ LHV/ Ton of asphalt pavement) and avoided energy resource 
burdens from avoided asphalt production (- 443.47 MJ LHV / Ton of asphalt 
pavement). Cold in-place recycling and landfill have no avoided burden for energy
resources.
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Figure 4.2 E n e rg y  r e s o u r c e s  u sa g e  o n ly  e n d -o f - l i f e  s e s s io n s  f o r  e a c h  e n d -o f - l i f e  
p ro c e s s  o f  h o t-m ix e d  a s p h a l t  b y  u s in g  E c o - In d ic a to r  9 5  m e th o d .

I t c a n  b e  se e n  f ro m  F ig u re  4 .3  th a t  la n d f il l  h a s  s h o w n  to  b e  
th e  h ig h e s t  e n e rg y  r e s o u rc e s  u s a g e  w h ic h  is  e q u a l to  4 7 .6 6  M J  L H V / T o n  o f  a s p h a l t  
p a v e m e n t.  T h e  lo w e s t e n e r g y  re s o u rc e  u s a g e  is  h o t in -p la c e  r e c y c l in g  w h ic h  is e q u a l  
to  -  1 0 5 .6 2  M J  L H V  /  T o n  o f  a s p h a l t  p a v e m e n t.  B e c a u s e  th e  m o s t a v o id e d  b u rd e n  o f  
h o t in -p la c e  r e c y c lin g  c o m e s  f ro m  a v o id e d  a s p h a lt  p ro d u c t io n . In  c o n tr a s t ,  la n d f i l l  
h a s  n o  a v o id e d  b u rd e n . M o re o v e r ,  it h a s  b u rd e n s  f ro m  m il l in g  ro l le r , t r a n s p o r ta t io n  
R A P  a n d  la n d f i l l  s ite .

F o r  G H G  e m is s io n  im p a c t, a s  s e e n  in  F ig u re  4 .4 ,  h o t  in -p la c e  
r e c y c l in g  h a s  th e  h ig h e s t  G H G  e m is s io n  b u rd e n s  f ro m  p ro p a n e  fo r  h e a t in g  a n d  
m ix in g  (3 4 .4 4  k g  C O 2 eq . /  T o n  o f  a s p h a l t  p a v e m e n t)  a n d  a v o id e d  G H G  e m is s io n  
b u rd e n s  f ro m  a v o id e d  r a w  m a te r ia l  ( -  3 2 .5 5  k g  C O 2 e q . /  T o n  o f  a s p h a l t  p a v e m e n t) .  
B u t  c o ld  in -p la c e  r e c y c lin g  a n d  la n d f il l  h a v e  n o  a v o id e d  b u rd e n  G F IG  e m is s io n  
im p a c t.
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Figure 4.4 GWP only end-of-life sessions for each end-of-life process of hot-mixed
asphalt by using CML 2 baseline 2000.
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It c a n  b e  s e e n  f ro m  F ig u re  4 .5  th a t  la n d f il l  h a s  s h o w n  to  b e  
th e  h ig h e s t  G H G  e m is s io n  w h ic h  is  e q u a l to  2 .9 9  k g  C O 2 eq . /  T o n  o f  a s p h a lt  
p a v e m e n t.  T h e  lo w e s t  G H G  e m is s io n  is  h o t in -p la n t  r e c y c l in g  w h ic h  is  e q u a l  to  -  
2 7 .8 1  k g  C O 2 e q . /  T o n  o f  a s p h a l t  p a v e m e n t.  B e c a u s e  th e  m o s t  a v o id e d  b u rd e n  o f  h o t 
in -p la c e  r e c y c l in g  c o m e s  f ro m  a v o id e d  r a w  m a te r ia l  w h ic h  is  in c lu d e d  f e e d s to c k  
G H G  e m is s io n  o f  b i tu m e n  ( i .e . ,  h e a v y  fu e l o i l) .  B y  th e  w a y , G H G  f ro m  a s p h a lt  
p ro d u c t io n  o f  h o t in -p la n t  r e c y c l in g  is  11 .11 k g  C O 2 eq . /  T o n  o f  a s p h a l t  p a v e m e n t 
w h ic h  lo w e r  th a n  G H G  e m is s io n  f ro m  h o t in -p la c e  r e c y c l in g  (3 4 .4 4  k g  C O 2 e q . /  T o n  
o f  a s p h a lt) .  In  c o n t r a s t ,  la n d f il l  h a s  n o  a v o id e d  b u rd e n ." M o re o v e r ,  it h a s  b u rd e n s  
f ro m  d is m a n tl in g , t r a n s p o r ta t io n  o f  R A P  a n d j a n d f i l l  s ite .

Figure 4.5 N e t G W P  o n ly  e n d -o f - l i f e  s e s s io n s  f o r  e a c h  e n d -o f - l i f e  p r o c e s s  o f  h o t-  
m ix e d  a s p h a lt  b y  u s in g  C M L  2  b a s e l in e  2 0 0 0 .

4 .1 .7 .2  W M A
F o r  e n e rg y  r e s o u rc e s  u s a g e , a s  s e e n  in  F ig u re  4 .6 ,  h o t  in -  

p la c e  r e c y c lin g  h a s  th e  h ig h e s t  e n e r g y  r e s o u rc e  b u rd e n s  f ro m  p ro p a n e  fo r  h e a t in g  
a n d  m ix in g  ( 4 8 2 .0 4  M J  L H V / T o n  o f  a s p h a lt  p a v e m e n t)  a n d  a v o id e d  e n e rg y  r e s o u r c e  
b u rd e n s  f ro m  a v o id e d  a s p h a lt  p r o d u c t io n  ( -  4 2 0 .1 2  M J  L H V  /  T o n  o f  a s p h a l t
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p a v e m e n t) .  C o ld  in -p la c e  r e c y c l in g  a n d  la n d f ill  h a v e  n o  a v o id e d  b u rd e n  fo r  e n e rg y  
r e s o u rc e s .
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Figure 4.6 E n e rg y  r e s o u rc e s  u s a g e  o n ly  e n d -o f - l i f e  s e s s io n s  fo r  e a c h  e n d - o f - l i f e  
p r o c e s s  o f  w a r m -m ix e d  a s p h a lt  b y  u s in g  E c o - ln d ic a to r  95  m e th o d .

I t c a n  b e  s e e n  f ro m  f ig u re  4 .7  th a t la n d f i l l  h a s  s h o w n  to  b e  
th e  h ig h e s t  e n e rg y  r e s o u r c e s  u s a g e  w h ic h  is e q u a l  to  4 7 .6 6  M J  L H V / T o n  o f  a s p h a l t  
p a v e m e n t.  T h e  lo w e s t  e n e rg y  r e s o u r c e  u s a g e  is h o t in -p la c e  r e c y c l in g  w h ic h  is  e q u a l 
to  - . 9 2 .3 6  M J  L H V  /  T o n  o f  a s p h a l t  p a v e m e n t. B e c a u s e  th e  m o s t  a v o id e d  b u rd e n  o f  
h o t in -p la c e  r e c y c l in g  c o m e s  f ro m  a v o id e d  a s p h a l t  p ro d u c t io n . In  c o n tr a s t ,  la n d f i l l  
h a s  n o  a v o id e d  b u rd e n . M o re o v e r ,  it h a s  b u rd e n s  f ro m  m il l in g  ro l le r ,  t r a n s p o r ta t io n  
R A P  a n d  la n d f il l  a c t iv i t ie s .

F o r  G H G  e m is s io n  im p a c t, a s  s e e n  in  F ig u re  4 .8 , h o t  in -p la c e  
r e c y c l in g  h a s  th e  h ig h e s t  G H G  e m is s io n  b u rd e n s  f ro m  p r o p a n e  fo r  h e a t in g  a n d  
m ix in g  (3 3 .7 2  k g  C O 2 eq . /  T o n  o f  a s p h a lt  p a v e m e n t)  a n d  a v o id e d  G H G  e m is s io n  
b u rd e n s  f ro m  a v o id e d  r a w  m a te r ia l  ( -  3 1 .7 7  k g  C O 2 eq . /  T o n  o f  a s p h a l t  p a v e m e n t) .  
B u t c o ld  in -p la c e  r e c y c l in g  a n d  la n d f i l l  h a v e  n o  a v o id e d  b u rd e n  G F IG  e m is s io n  
im p a c t.
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-50 ■  M i l l in g  ro l le r

Figure 4.8 GWP only end-of-life sessions for each end-of-life process of warm-
mixed asphalt by using CML 2 baseline 2000.
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It c a n  b e  s e e n  f ro m  F ig u re  4 .9  th a t la n d f i l l  h a s  s h o w n  to  b e  
th e  h ig h e s t  G H G  e m is s io n  w h ic h  is  e q u a l to  2 .9 9  k g  C O 2 e q . /  T o n  o f  a s p h a l t  
p a v e m e n t.  T h e  lo w e s t  G H G  e m is s io n  is  h o t in -p la n t  r e c y c l in g  w h ic h  is e q u a l  to  -
2 7 .0 5  k g  C O 2 eq . /  T o n  o f  a s p h a lt  p a v e m e n t .  B e c a u s e  th e  m o s t a v o id e d  b u rd e n  o f  h o t  
in -p la c e  r e c y c l in g  c o m e s  f ro m  a v o id e d  r a w  m a te r ia l  w h ic h  is  in c lu d e d  f e e d s to c k  
G H G  o f  b i tu m e n  ( i .e . ,  h e a v y  fu e l o i l) .  B y  th e  w a y , G H G  e m is s io n  f ro m  a s p h a l t  
p r o d u c t io n  o f  h o t in - p la n t  r e c y c l in g  is  1 0 .8 2  k g  C 0 2 eq . /  T o n  o f  a s p h a l t  p a v e m e n t  
w h ic h  lo w e r  th a n  G H G  e m is s io n  f ro m  h o t in -p la c e  r e c y c l in g  (3 3 .7 2  k g  C O 2 e q . /  T o n  
o f  a s p h a l t  p a v e m e n t) .  In  c o n tra s t ,  la n d f i l l  h a s  n o  a v o id e d  b u rd e n . M o re o v e r ,  it  h a s  
b u rd e n s  f ro m  m il l in g  r o l l e r ,  t r a n s p o r ta t io n  R A P  a n d  la n d f i l l  a c t iv i t ie s .

Figure 4 .9  N e t  G W P  o n ly  e n d -o f - l i f e  s e s s io n s  f o r  e a c h  e n d -o f - l i f e  p ro c e s s  o f  w a r m -  
m ix e d  a s p h a l t  b y  u s in g  C M L  2 b a s e l in e  2 0 0 0 .
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4.2 Whole life cycle assessment

4 .2 .1  W h o le  l i fe  c y c le  a s s e s s m e n t  o f  H M A
F ig u re  4 .1 0  a n d  4 .11  s h o w  w h o le  l i fe  c y c le  e n e rg y  r e s o u r c e s  u s a g e  fo r  

e a c h  e n d -o f - l i f e  p ro c e s s  a n d  n e t w h o le  l i fe  c y c le  o f  F IM A  r e s p e c t iv e ly .  F ig u r e  4 .1 1  
c a n  b e  s e e n  th a t  la n d f i l l  h a s  s h o w n  to  b e  th e  h ig h e s t  e n e r g y  r e s o u r c e  u s a g e  w h ic h  is  
e q u a l  to -7 3 1 .5 5  M J  L H V / T o n  o f  a s p h a l t  p a v e m e n t.  T h e  lo w e s t  e n e r g y  r e s o u r c e  is 
h o t  in -p la c e  r e c y c l in g  w h ic h  is  e q u a l to  5 7 8 .2 7  M J  L H V  /  T o n  o f  a s p h a l t  a s  s a m e  a s  
th e  re s u l t  w h e n  fo c u s  o n ly  e n d -o f - l i f e  s e s s io n s . B e c a u s e  in v e n to r y  d a ta  fo r  th e  o th e r  
s e s s io n s  o f  e n e rg y  r e s o u r c e s  u s a g e  ( r a w  m a te r ia l ,  p r o d u c t io n ,  t r a n s p o r ta t io n  a n d  
p a v e m e n t)  th a t  c o m e  f ro m  p re v io u s  s tu d y  a re  s im ila r  in  e v e ry  e n d - o f - l i f e  p ro c e s s .

Figure 4.10 Whole life cycle energy resources usage for each end-of-life process of
hot-mixed asphalt by using Eco-Indicator 95 method.
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Figure 4.11 N e t w h o le  life  c y c le  e n e rg y  r e s o u r c e s  u s a g e  fo r  e a c h  e n d - o f - l i f e  p ro c e s s  
o f  h o t-m ix e d  a s p h a l t  b y  u s in g  E c o - In d ic a to r  95  m e th o d .

Figure 4.12 W h o le  li fe  c y c le  G W P  fo r  e a c h  e n d -o f - l i f e  p r o c e s s  o f  h o t- m ix e d  a s p h a l t  
b y  u s in g  C M L  2  b a s e l in e  2 0 0 0 .
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F ig u r e  4 .1 2  a n d  4 .1 3  s h o w  w h o le  life  c y c le  G W P  fo r  e a c h  e n d -o f - l i f e  
p r o c e s s  a n d  n e t  w h o le  life  c y c le  o f  H M A  re s p e c t iv e ly . F ig u re  4 .1 3  c a n  b e  s e e n  th a t 
la n d f i l l  h a s  s h o w n  to  b e  th e  h ig h e s t  G F IG  e m is s io n  w h ic h  is  e q u a l  to  5 3 .8 8  k g  C 0 2 
e q . /  T o n  o f  a s p h a l t  p a v e m e n t .  T h e  lo w e s t  G H G  e m is s io n  is h o t in - p la n t  r e c y c l in g  
w h ic h  is  e q u a l  to  2 3 .0 9  k g  C 0 2 eq . /  T o n  o f  a s p h a l t  p a v e m e n t  a s  s a m e  a s  th e  re s u lt  
w h e n  fo c u s  o n ly  e n d -o f - l i f e  s e s s io n s . B e c a u s e  in v e n to r y  d a ta  fo r  th e  o th e r  s e s s io n s  
o f  G H G  e m is s io n  ( ra w  m a te r ia l ,  p ro d u c t io n , t r a n s p o r ta t io n  a n d  p a v e m e n t)  th a t  c o m e  
f ro m  p re v io u s  s tu d y  a re  s im i la r  in  e v e ry  e n d -o f - l i f e  p ro c e s s .
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Figure 4 .1 3  N e t  w h o le  l i fe  c y c le  G W P  f o r  e a c h  e n d -o f - l i f e  p r o c e s s  o f  h o t-m ix e d  
a s p h a l t  b y  u s in g  C M L  2 b a s e l in e  2 0 0 0 .

4 .2 .2  W h o le  life  c y c le  a s s e s s m e n t o f  W M A
F ig u re  4 .1 4  a n d  4 .1 5  s h o w  w h o le  l i fe  c y c le  e n e rg y  r e s o u r c e s  u s a g e  fo r  

e a c h  e n d -o f - l i f e  p ro c e s s  a n d  n e t  w h o le  life  c y c le  o f  W M A  re s p e c t iv e ly .  F ig u re  4 .1 5  
c a n  b e  se e n  th a t  la n d f i l l  h a s  s h o w n  to  b e  th e  h ig h e s t  e n e r g y  r e s o u r c e  u s a g e  w h ic h  is 
e q u a l  to  7 0 9 .2 2  M J  L H V / T o n  o f  a s p h a lt  p a v e m e n t .  T h e  lo w e s t  e n e r g y  r e s o u rc e  is  
h o t  in -p la c e  r e c y c l in g  w h ic h  is  e q u a l to  5 6 9 .2 1  M J  L H V  /  T o n  o f  a s p h a l t  p a v e m e n t
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as  s a m e  a s  th e  r e s u l t  w h e n  fo c u s  o n ly  e n d -o f - l i f e  s e s s io n s . B e c a u s e  th e  in v e n to ry  
d a ta  f o r  th e  o th e r  s e s s io n s  o f  e n e r g y  r e s o u r c e s  u s a g e  ( r a w  m a te r ia l ,  p r o d u c t io n , 
t r a n s p o r ta t io n  a n d  p a v e m e n t)  th a t  c o m e  f ro m  p r e v io u s  s tu d y  ( L e e d ilo k , ร . ,  2 0 1 3 )  a re  
s im i la r  in  e v e ry  e n d -o f - l i f e  p ro c e s s .

Figure 4.14 W h o le  l i fe  c y c le  e n e r g y  r e s o u rc e s  u s a g e  fo r  e a c h  e n d -o f - l i f e  p r o c e s s  o f  
w a r m -m ix e d  a s p h a l t  b y  u s in g  E c o - In d ic a to r  95  m e th o d .

F ig u re  4 .1 6  a n d  4 .1 7  s h o w  w h o le  l i fe  c y c le  G W P  fo r  e a c h  e n d -o f - l i f e  
p r o c e s s  a n d  n e t w h o le  life  c y c le  o f  W M A  re s p e c t iv e ly . F ig u re  4 .1 7  c a n  b e  s e e n  th a t  
la n d f i l l  h a s  s h o w n  to  b e  th e  h ig h e s t  G H G  e m is s io n  w h ic h  is  e q u a l to  5 2 .8 4  k g  C 0 2 
e q . /  T o n  o f  a s p h a lt  p a v e m e n t.  T h e  lo w e s t G H G  e m is s io n  is  h o t in -p la n t  r e c y c l in g  
w h ic h  is  e q u a l to  2 2 .8 0  k g  C O 2 e q . /  T o n  o f  a s p h a l t  p a v e m e n t  a s  s a m e  a s  th e  r e su lt  
w h e n  f o c u s  o n ly  e n d -o f - l i f e  s e s s io n s . B e c a u s e  th e  in v e n to r y  d a ta  f o r  th e  o th e r  
s e s s io n s  o f  G H G  e m is s io n  ( ra w  m a te r ia l ,  p r o d u c t io n ,  t r a n s p o r ta t io n  a n d  p a v e m e n t)  
th a t  c o m e  f ro m  p r e v io u s  s tu d y  ( L e e d ilo k , ร ., 2 0 1 3 )  a re  s im i la r  in  e v e ry  e n d -o f - l i f e  
p ro c e s s .
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H o t in -p la n t  H o t  in -p la c e  C o ld  in -p la c e  L a n d f i l l  
r e c y c l in g  r e c y c l in g  r e c y c lin g

Figure 4.15 N e t  w h o le  l i fe  c y c le  e n e r g y  r e s o u rc e s  u s a g e  fo r  e a c h  e n d -o f - l i f e  p ro c e s s  
o f  w a r m - m ix e d  a s p h a l t  b y  u s in g  E c o - In d ic a to r  9 5  m e th o d .

Figure 4.16 Whole life cycle GWP for each end-of-life process of warm-mixed
asphalt by using CML 2 baseline 2000.
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Figure 4.17 N e t w h o le  life  c y c le  G W P  fo r  e a c h  e n d -o f - l i f e  p r o c e s s  o f  w a r m -m ix e d  
a s p h a lt  b y  u s in g  C M L  2 b a s e l in e  2 0 0 0 .

4.3 Scenario analysis

T a b le  4 .8  s h o w s  s c e n a r io  a n a ly s is  th a t w a s  p e r f o rm e d  in  o r d e r  to  f in d  th e  b e s t  
e n d -o f - l i f e  p r o c e s s  s c e n a r io  w h ic h  c a n  m o s tly  r e d u c e  e n e rg y  c o n s u m p t io n  a n d  G W P  
b o th  o f  H M A  a n d  W M A  b y  c a s e  1 is  b u s in e s s  a s  u s u a l  c a s e  a n d  c a s e  2 , 3 a n d  4  a re  
th e  s tu d ie d  c a se .

Table 4.8 T h e  s c e n a r io s  fo r  a s s e s s in g  e n d -o f - l i f e  p h a s e  o f  a s p h a l t  p r o d u c t io n

< umlitionv'Scenarios J ■ ■ ■ ■ 42 ■fJ' 4
Cold in-place recycling 90% 60% 50% 40%
Hot in-place recycling 1% 40% 25% 30%
Hot in-plant recycling 0 % 0 % 25% 30%

Landfill 9% 0 % 0 % 0 %

* B u s in e s s  a s  u s u a l c a s e
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4 .3 .1  S c e n a r io  a n a ly s is  o f  H M A
F ig u re  4 .1 8  a n d  4 .1 9  s h o w  th e  e n e rg y  r e s o u r c e  u s a g e  in  e v e ry  s ta g e  

fo r  e a c h  s c e n a r io  a n d  n e t e n e r g y  r e s o u r c e s  u s a g e  p e r  to n  o f  w h o le  li fe  c y c le  h o t-  
m ix e d  a s p h a l t  p a v e m e n t r e s p e c t iv e ly .  I t c a n  b e  s e e n  f ro m  F ig u re  4 .1 9  th a t  c a s e  1 
(B A U )  is  th e  h ig h e s t  e n e rg y  im p a c t  a m o n g  fo u r  c a s e s  o f  th e  s tu d ie d  s c e n a r io s  w h ic h  
is  e q u a l to  6 9 9 .1 7  M J  L F IV / T o n  o f  a s p h a l t  p a v e m e n t .  W h ile  th e  lo w e s t e n e r g y  
r e s o u r c e  is -  c a s e  4  (c o ld  in -p la c e  r e c y c l in g :  h o t in - p la c e  r e c y c lin g :  h o t in - p la n t  
r e c y c l in g  =  4 0 :3 0 :3 0 )  w h ic h  is e q u a l to  6 3 8 .4 0  M J  L F IV / T o n  o f  a s p h a l t  p a v e m e n t .  
B e c a u s e  c a s e  4  h a s  th e  lo w e s t  ra tio  o f  c o ld  in -p la c e  r e c y c l in g  b u t h a s  th e  to ta l  r a t io  
o f  h o t  in -p la c e  a n d  h o t in -p la n t  r e c y c l in g  e q u a l to  6 0 %  o f  w h ic h  b o th  h o t  in -p la c e  
a n d  h o t in -p la n t ,  r e c y c l in g  h a v e  th e  m o s t  a v o id e d  b u rd e n s  th a t  c o m e  f ro m  th r e e  
a v o id e d  p r o c e s s e s  w h ic h  a re  r a w  m a te r ia l ,  a s p h a lt  p r o d u c t io n  a n d  p a v e m e n t.

Figure 4.18 Energy resources usage in every stage of life cycle for each scenario of
1 ton of hot-mixed asphalt pavement by using Eco-Indicator 95 method.
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F ig u r e  4 .2 0  s h o w s  th e  n e t e n e r g y  r e s o u rc e s  u s a g e  c o m p a re d  b e tw e e n  
B A U  c a s e  (c a s e  1) a n d  th e  b e s t  c a se  o f  s tu d ie d  s c e n a r io s  (c a s e  4 )  p e r  to n  o f  w h o le  
l i fe  c y c le  o f  h o t - m ix e d  a s p h a l t  p ro d u c t io n . It c a n  b e  s e e n  f ro m  th is  f ig u re  th a t  c a s e  4  
( c o ld  in -p la c e  r e c y c l in g :  h o t  in -p la c e  r e c y c l in g :  h o t in -p la n t  r e c y c l in g  =  4 0 :3 0 :3 0 )  
s h o w s  th e  v a lu e  o f  e n e rg y  r e s o u r c e s  u s a g e  w h ic h  h a s  8 .6 9 %  r e d u c t io n  lo w e r  th a n  
B A U  c a s e  ( c o ld  in -p la c e  r e c y c lin g :  la n d f i l l :  h o t  in -p la c e  r e c y c l in g  =  9 0 :9 :1 ) .

W h e n  c o m p a r is o n s  o f  B A U  -case in a w h o le  l i fe  c y c le ,  th e  h ig h e s t  
r e d u c t io n  o f  e n e r g y  r e s o u r c e s  u s a g e  is c a s e  4  fo llo w e d  b y  c a s e  3 a n d  c a s e  2  (8 .6 9 % , 
7 .2 9 %  a n d  7 .0 8 %  r e s p e c t iv e ly ) .

Figure 4.19 N e t  e n e rg y  r e s o u r c e s  u s a g e  in  e v e ry  s ta g e  fo r  e a c h  s c e n a r io  o f  1 to n  o f  
h o t- m ix e d  a s p h a l t  p a v e m e n t  b y  u s in g  E c o - In d ic a to r  95 m e th o d .
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F i g u r e  4 .2 0  N e t  e n e r g y  r e s o u r c e s  u s a g e  c o m p a re  b e tw e e n  c a s e  1 (B A U )  a n d  th e  
b e s t  c a s e  o f  s tu d ie d  s c e n a r io s  (c a s e  4 )  o f  1 to n  o f  h o t-m ix e d  a s p h a l t  p a v e m e n t  b y  
u s in g  E c o - In d ic a to r  95  m e th o d .

F ig u re  4 .2 1  a n d  4 .2 2  s h o w  th e  G W P  in  in  e v e r ) ' s ta g e  f o r  e a c h  
s c e n a r io  a n d  n e t G W P  p e r  to n  o f  w h o le  li fe  c y c le  h o t- m ix e d  a s p h a l t  p a v e m e n t  
r e s p e c t iv e ly .  It c a n  b e  s e e n  f ro m  F ig u re  4 .2 2  th a t  c a s e  1 (B A U )  is  th e  h ig h e s t  G H G  
e m is s io n  a m o n g  fo u r  c a s e s  o f  s tu d ie d  s c e n a r io s  w h ic h  is e q u a l  to  5 1 .1 4  k g  C 0 2 eq . /  
T o n  o f  a s p h a l t  p a v e m e n t .  W h ile  th e  lo w e s t G W P  is  c a se  4  ( c o ld  in -p la c e  r e c y c l in g :  
h o t in -p la c e  re c y c lin g :  h o t in -p la n t  r e c y c l in g  =  4 0 :3 0 :3 0 )  w h ic h  is  e q u a l to  3 9 .8 0  k g  
C 0 2 e q . /  T o n  o f  a s p h a l t  p a v e m e n t.  B e c a u s e  c a s e  4  h a s  th e  lo w e s t  r a t io  o f  c o ld  in -  
p la c e  r e c y c lin g  b u t th e  to ta l  r a t io  o f  h o t in -p la c e  a n d  h o t in -p la n t  r e c y c l in g  e q u a l  to  
6 0 %  o f  w h ic h  b o th  h o t  in -p la c e  a n d  h o t in -p la n t  r e c y c lin g  h a v e  th e  m o s t  a v o id e d  
b u r d e n s  th a t  c o m e  f ro m  th re e  a v o id e d  p r o c e s s e s  w h ic h  a re  r a w  m a te r ia l ,  a s p h a l t  
p r o d u c t io n  a n d  p a v e m e n t.
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F i g u r e  4 .2 1  G W P  in  e v e ry  s ta g e  o f  l i fe  c y c le  f o r  e a c h  s c e n a r io  o f  1 to n  o f  h o t-  
m ix e d  a s p h a l t  p a v e m e n t  b y  u s in g  C M L  2 b a s e l in e  2 0 0 0 .

F ig u r e  4 .2 2  N e t  G W P  in  e v e ry  s ta g e  fo r  e a c h  s c e n a r io  o f  1 to n  o f  h o t- m ix e d  a s p h a l t  
p a v e m e n t b y  u s in g  C M L  2 b a s e l in e  2 0 0 0 .
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F ig u re  4 .2 3  s h o w s  th e  n e t  G W P  c o m p a re d  b e tw e e n  B A U  c a s e  (c a s e  1) 
a n d  th e  b e s t  c a s e  o f  s tu d ie d  s c e n a r io s  (c a s e  4 )  p e r  to n  o f  w h o le  li fe  c y c le  o f  h o t-  
m ix e d  a s p h a l t  p a v e m e n t .  I t  c a n  b e  s e e n  f ro m  th is  f ig u re  th a t c a s e  4  (c o ld  in -p la c e  
r e c y c lin g :  h o t  in -p la c e  r e c y c l in g :  h o t in -p la n t  r e c y c l in g  =  4 0 :3 0 :3 0 )  s h o w s  th e  v a lu e  
o f  G H G  e m is s io n  w h ic h  h a s  2 2 .1 7 %  re d u c t io n  lo w e r  th a n  B A U  c a s e  (h o t in -p la c e  
r e c y c l in g :  la n d f i l l :  c o ld  in -p la c e  r e c y c l in g  =  1 :9 :9 0 ) .

W h e n  c o m p a r i s o n s  o f  B A U  c a se  in  a  w h o le  life  c y c le ,  th e  h ig h e s t  
r e d u c t io n  o f  G H G  e m is s io n  is  c a s e  4  f o l lo w e d  b y  c a s e  3 a n d  c a s e  2  (2 2 .1 7 % , 1 8 .5 4 %  
a n d  7 .6 5 %  r e s p e c tiv e ly ) .

60.00

50,00 -

c  40 00
I‘บ>ร■ 30.00

10.00

0.00

3 2 .5 3  3 2 .5 3

Raw material Production

-10.00 -

7 4 5  7 .1 5

M
Transportation

-0.11 0.1
Pavement

-20.00

Figure 4.23 Net GWP compare between case 1 (BAU) and the best case of studied
scenarios (case 4) of 1 ton of hot-mixed asphalt pavement by using CML 2 baseline
2000 method.
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4 .3 .2  S c e n a r io  a n a ly s is  o f  W M A
F ig u re  4 .2 4  a n d  4 .2 5  s h o w  th e  e n e rg y  r e s o u r c e  u s a g e  in  e v e ry  s ta g e  

fo r  e a c h  s c e n a r io  a n d  n e t e n e r g y  r e s o u r c e s  u s a g e  p e r  to n  o f  w h o le  l i f e  c y c le  w a rm -  
m ix e d  a s p h a l t  p a v e m e n t r e s p e c t iv e ly .  I t  c a n  b e  s e e n  f ro m  F ig u re  4 .2 5  th a t  c a s e  1 
(B A U )  is  th e  h ig h e s t  e n e rg y  im p a c t  a m o n g  f o u r  c a s e s  o f  th e  s tu d ie d  s c e n a r io s  w h ic h  
is  e q u a l to  6 7 6 .9 7  M J L H V / T o n  o f  a s p h a l t  p a v e m e n t .  W h ile  th e  lo w e s t  e n e rg y  
r e s o u rc e  is  c a s e  4  ( c o ld  in -p la c e  re c y c lin g ':  h o t  in - p la c e  r e c y c lin g :  h o t  in -p la n t  
r e c y c l in g  =  4 0 :3 0 :3 0 )  w h ic h  is  e q u a l  to  6 2 0 .1 3  M J  L H V / T o n  o f  a s p h a l t  p a v e m e n t.

B e c a u s e  c a s e  4  h a s  th e  lo w e s t  r a tio  o f  c o ld  in -p la c e  r e c y c l in g  b u t h a s  
th e  to ta l  r a t io  o f  h o t in -p la c e  a n d  h o t in - p la n t  r e c y c l in g  e q u a l  to  6 0 %  o f  w h ic h  b o th  
h o t in -p la c e  a n d  h o t in -p la n t  r e c y c l in g  h a v e  th e  m o s t  a v o id e d  b u r d e n s  th a t  c o m e  
f ro m  th re e  a v o id e d  p r o c e s s e s  w h ic h  a re  ra w  m a te r ia l ,  a s p h a lt  p r o d u c t io n  a n d  
p a v e m e n t.

■  End-of-life 

C' Pavement 
SB Transportation 
HS Production 

a Raw material

F i g u r e  4*24 E n e r g y  r e s o u r c e s  u s a g e  in  e v e ry  s ta g e  o f  l i fe  c y c le  fo r  e a c h  s c e n a r io  o f  
1 to n  o f  w a r m -m ix e d  a s p h a lt  p a v e m e n t  b y  u s in g  E c o - I n d ic a to r  95  m e th o d .
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6 9 0 .0 0

6 8 0 .0 0

6 7 0 .0 0

S 6 6 0 .0 0  
>

£  6 5 0 .0 0

! "  6 4 0 .0 0

H  6 3 0 .0 0

^  6 2 0 .0 0  i
6 1 0 .0 0

6 0 0 .0 0

5 9 0 .0 0

676.97

C a se  1 (B  A U )

632.65

C ase2

629.27

C a se3 C a se 4

F i g u r e  4 .2 5  N e t  e n e rg y  r e s o u r c e s  u s a g e  in  e v e ry  s ta g e  f o r  e a c h  s c e n a r io  o f  1 to n  o f  
w a rm -m ix e d  a s p h a l t  p a v e m e n t b y  u s in g  E c o - In d ic a to r  9 5  m e th o d .

F ig u r e  4 .2 6  s h o w s  th e  n e t  e n e r g y  r e s o u r c e s  u s a g e  c o m p a r e d  b e tw e e n  
B A U  c a se  (c a s e  1) a n d  th e  b e s t  c a s e  o f  s tu d ie d  s c e n a r io s  (c a s e  4 )  p e r  to n  o f  w h o le  
li fe  c y c le  o f  w a r m -m ix e d  a s p h a l t  p ro d u c t io n . I t c a n  b e  s e e n  f ro m  th is  f ig u re  th a t  c a s e  
4  (c o ld  in -p la c e  re c y c lin g :  h o t  in -p la c e  r e c y c lin g :  h o t in - p la n t  r e c y c l in g  =  4 0 :3 0 :3 0 )  
s h o w s  th e  v a lu e  o f  e n e rg y  r e s o u r c e s  u s a g e  w h ic h  h a s  8 .4 0 %  r e d u c t io n  lo w e r  th a n  
B A U  c a s e  (c o ld  in -p la c e  r e c y c l in g :  la n d f ill :  h o t  in -p la c e  r e c y c l in g  =  9 0 :9 :1 ) .

W h e n  c o m p a r is o n s  o f  B A U  c a s e  in  a  w h o le  li fe  c y c le ,  th e  h ig h e s t  
r e d u c t io n  o f  e n e r g y  r e s o u rc e s  u s a g e  is c a s e  4  fo l lo w e d  b y  c a s e  3 a n d  c a s e  2  ( 8 .4 0 % , 
7 .0 5 %  a n d  6 .5 5 %  re s p e c tiv e ly ) .
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-100.00

18.32 18.32 15.41
Pavement end o f lite

a Case 1 (B A U )

' Case4 (Best case)

total

-41.43

F i g u r e  4 .2 6  N e t  e n e rg y  r e s o u r c e s  u s a g e  c o m p a re  b e tw e e n  c a s e  1 ( B A U )  a n d  th e  
b e s t  c a s e  o f  s tu d ie d  s c e n a r io s  (c a s e  4 )  o f  1 to n  o f  w a r m -m ix e d  a s p h a lt  p a v e m e n t  b y  
u s in g  E c o - In d ic a to r  95  m e th o d .

F ig u r e  4 .2 7  a n d  4 .2 8  s h o w  th e  G W P  in  in  e v e ry  s ta g e  fo r  e a c h  
s c e n a r io  a n d  n e t  G W P  p e r  to n  o f  w h o le  l i fe  c y c le  w a r m -m ix e d  a s p h a l t  p a v e m e n t  
r e s p e c t iv e ly .  I t  c a n  b e  se e n  f ro m  F ig u re  4 .2 2  th a t  c a s e  1 ( B A U )  is  th e  h ig h e s t  G H G  
e m is s io n  a m o n g  f o u r  c a s e s  o f  s tu d ie d  s c e n a r io s  w h ic h  is  e q u a l  to  5 0 .1 0  k g  C O 2 eq . / 
T o n  o f  a s p h a lt  p a v e m e n t.  W h ile  th e  lo w e s t G W P  is  c a s e  4  ( c o ld  in -p la c e  r e c y c l in g :  
h o t  in -p la c e  re c y c lin g :  h o t in -p la n t  r e c y c l in g  =  4 0 :3 0 :3 0 )  w h ic h  is  e q u a l  to  3 9 .0 8  k g  
C O 2 eq . /  T o n  o f  a s p h a lt  p a v e m e n t .  B e c a u s e  c a s e  4  h a s  th e  lo w e s t  r a t io  o f  c o ld  in -  
p la c e  r e c y c lin g  b u t  th e  to ta l r a t io  o f  h o t in -p la c e  a n d  h o t  in -p la n t  r e c y c l in g  e q u a l  to  
6 0 %  o f  w h ic h  b o th  h o t in -p la c e  a n d  h o t in -p la n t  r e c y c l in g  h a v e  th e  m o s t  a v o id e d  
b u rd e n s  th a t  c o m e  f ro m  th re e  a v o id e d  p r o c e s s e s  w h ic h  a re  r a w  m a te r ia l ,  a s p h a lt  
p r o d u c t io n  a n d  p a v e m e n t.
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■  E n d - o f - l i f e  

1’' P a v e m e n t  

« T r a n s p o r t a t io n  

y> P r o d u c t io n  

æ R a w  m a te r ia l

F ig u r e  4 .2 7  G W P  in  e v e ry  s ta g e  o f  li fe  c y c le  fo r  e a c h  s c e n a r io  o f  1 to n  o f  w a rm -  
m ix e d  a s p h a l t  p a v e m e n t  b y  u s in g  C M L  2 b a s e l in e  2 0 0 0 .

6 0 .0 0

5 0 .0 0

<£ 4 0 .0 0

<  3 0 .0 0
oH

i - 20.00
๐
^  10.00

0.00

50.10

C a s e l ( B A U )

46.31

C a s e 2  C a se 3  C a s e 4

F ig u r e  4 .2 8  N e t  G W P  in  e v e ry  s ta g e  fo r  e a c h  s c e n a r io  o f  1 to n  o f  w a r m -m ix e d  
a s p h a lt  p a v e m e n t b y  u s in g  C M L  2 b a s e l in e  2 0 0 0 .
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F ig u r e  4 .2 9  s h o w s  th e  n e t G W P  c o m p a re d  b e tw e e n  B A U  c a s e  
(c a s e  1) a n d  th e  b e s t  c a s e  o f  s tu d ie d  s c e n a r io s  (c a s e  4 )  p e r  to n  o f  w h o le  life  c y c le  o f  
h o t- m ix e d  a s p h a l t  p a v e m e n t .  I t c a n  b e  s e e n  f ro m  th is  f ig u re  th a t  c a s e  4  ( c o ld  in -p la c e  
r e c y c l in g :  h o t  in -p la c e  r e c y c lin g :  h o t  in -p la n t  r e c y c l in g  =  4 0 :3 0 :3 0 )  s h o w s  th e  v a lu e  
o f  G H G  e m is s io n  w h ic h  h a s  2 2 .0 0 %  re d u c t io n  lo w e r  th a n  B A U  c a s e  (h o t in -p la c e  
r e c y c l in g :  la n d f il l :  c o ld  in -p la c e  r e c y c l in g  =  1 :9 :9 0 ) .

W h e n  c o m p a r is o n s  o f  B A U  c a s e  in  a  w h o le  l i f e  c y c le , th e  h ig h e s t  
r e d u c t io n  o f  G H G  e m is s io n  is  c a s e  4  fo l lo w e d  b y  c a s e  3 a n d  c a s e  2  ( 2 2 .0 0 % , 1 8 .3 8 %  
a n d  7 .5 6 %  re s p e c t iv e ly ) .
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50.00 -
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39.08

■ Casel (B A U )

» Case4 (Best case)

Raw material Production Transportation Pavement end o f  life total

-10.00 - -10.78

-20.00

Figure 4 .2 9  N e t  G W P  c o m p a re  b e tw e e n  c a se  1 (B A U )  a n d  th e  b e s t  c a s e  o f  s tu d ie d  
s c e n a r io s  ( c a s e  4 )  o f  1 to n  o f  w a rm -m ix e d  a s p h a l t  p a v e m e n t  b y  u s in g  C M L  2 
b a s e l in e  2 0 0 0  m e th o d .
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4 .4  C o m p a r i s o n  b e tw e e n  H M A  a n d  W M A

It c a n  b e  s e e n  f ro m  F ig u re  4 .3 0  th a t  th e  a v o id e d  e n e rg y  r e s o u rc e  u s a g e  o f  
h o t  in - p la c e  a n d  h o t  in -p la n t  r e c y c l in g  p r o c e s s  o f  H M A  is  lo w e r  th a n  W M A  a b o u t
1 3 .2 6  M J  L H V / T o n  o f  a s p h a lt  p a v e m e n t  a n d  0 .2 8  M J  L H V / T o n  o f  a s p h a l t  
p a v e m e n t  r e s p e c t iv e ly .  B e c a u s e  h o t - m ix e d  a s p h a l t  p ro d u c t io n  c o n s u m e s  e n e r g y  
c o n s u m p t io n  a n d  r a w  m a te r ia l  m o re  th a n  w a r m -m ix e d  a s p h a lt  p r o d u c t io n  d u e  to  th e  
h ig h  m ix in g  te m p e r a tu r e  u s a g e . T h e r e fo re ,  w h e n  a s p h a l t  p r o d u c t io n  a n d  ra w  m a te r ia l  
f o r  H M A  b u rd e n s  a re  a v o id e d , it w ill  s h o w  th e  a v o id e d  b u rd e n  m o r e  th a n  W M A .

F i g u r e  4 .3 0  C o m p a r is o n  o f  n e t e n e r g y  r e s o u rc e  u s a g e  o n ly  e n d - o f - l i f e  s e s s io n s  fo r  
e a c h  e n d -o f - l i f e  p r o c e s s  b e tw e e n  h o t- m ix e d  a s p h a l t  a n d  w a r m -m ix e d  a s p h a l t  b y  
u s in g  E c o - I n d ic a to r  9 5  m e th o d .

I t  c a n  b e  s e e n  f ro m  F ig u re  4 .3 1  th a t  th e  a v o id e d  G W P  o f  h o t  in -p la c e  a n d  
h o t in - p la n t  r e c y c l in g  p r o c e s s  o f  H M A  is  lo w e r  th a n  W M A  a b o u t  0 .31  k g  C O 2 e q . /  
T o n  o f  a s p h a l t  p a v e m e n t  a n d  0 .7 6  k g  C O 2 eq . /  T o n  o f  a s p h a l t  p a v e m e n t  
r e s p e c t iv e ly .  B e c a u s e  h o t- m ix e d  a s p h a l t  p ro d u c t io n  c o n s u m e s  e n e r g y  c o n s u m p t io n
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a n d  r a w  m a te r ia l  m o re  th a n  w a rm -m ix e d  a s p h a lt  p r o d u c t io n  d u e  to  th e  h ig h  m ix in g  
te m p e ra tu re  u s a g e . T h e r e fo re ,  w h e n  a s p h a l t  p r o d u c t io n  a n d  ra w  m a te r ia l  fo r  H M A  
b u rd e n s  a re  a v o id e d , it w i l l  s h o w  th e  a v o id e d  b u rd e n  m o re  th a n  พ M A .

F i g u r e  4 .3 1  C o m p a r is o n  o f  n e t G W P  o n ly  e n d -o f - l i f e  s e s s io n s  fo r  e a c h  e n d -o f - l i f e  
p ro c e s s  b e tw e e n  h o t- m ix e d  a s p h a lt  a n d  w a r m - m ix e d  a s p h a l t  b y  u s in g  C M L  2 
b a s e l in e  2 0 0 0 .

F ig u re  4 .3 2  a n d  4 .3 3  s h o w  n e t e n e r g y  r e s o u r c e  u s a g e  a n d  n e t  G W P  o f  w h o le  
li fe  c y c le  o f  H M A  a n d  W M A  in e v e ry  e n d -o f - l i f e  p r o c e s s ,  th e s e  tw o  f ig u re s  h a v e  
s h o w n  th e  e n e r g y  c o n s u m p t io n  u sa g e  a n d  G H G  e m is s io n  o f  W M A  3 - 5 %  lo w e r  th a n  
H M A . B e c a u s e  h o t- m ix e d  a s p h a l t  p r o d u c t io n  u se  te m p e ra tu re  in  te r m s  o f  p r o d u c t io n ,  
p a v in g  a n d  r e c y c l in g  s e s s io n s  h ig h e r  th a n  w a r m -m ix e d  a s p h a lt .  H o w e v e r ,  H M A  
s h o w s  th e  b e n e f i t  in  te r m  o f  e n d -o f - l i f e .  B e c a u s e  th e  a v o id e d  b u r d e n s  o f  e n d -o f - l i f e  
s e s s io n s  o f  h o t- m ix e d  a s p h a l t  a re  a v o id e d  m o re  th a n  w a r m -m ix e d  a s p h a lt  b o th  
e n e rg y  c o n s u m p t io n  a n d  G H G  e m is s io n . T h u s , th e  p e r c e n t  r e d u c t io n  is  o n ly  3 -5 % .
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F i g u r e  4 .3 2  C o m p a r is o n  o f  w h o le  life  c y c le  e n e rg y  r e s o u r c e s  u s a g e  fo r  e a c h  e n d -o f -  
life  p ro c e s s  b e tw e e n  h o t- m ix e d  a s p h a lt  a n d  w a rm -m ix e d  a s p h a l t  b y  u s in g  E c o -  
I n d ic a to r  95  m e th o d .

EนIน>
et

f i.

5 0

4 0

<  3 0
๐

H

S' 20 
๐
j»  10

g  LIMA 
Si W M A

H ot in-p lant H ot in -p lace  C o ld  in -p lace  L andfill
r e c y c lin g  r e cy c lin g  r e cy c lin g

F i g u r e  4 .3 3  C o m p a r is o n  o f  w h o le  life  c y c le  G W P  fo r  e a c h  e n d - o f - l i f e  p ro c e s s  
b e tw e e n  h o t-m ix e d  a s p h a lt  a n d  w a rm -m ix e d  a s p h a l t  b y  u s in g  C M L  2 b a s e l in e  2 0 0 0 .
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F ig u re  4 .3 4  a n d  4 .3 5  s h o w  n e t e n e r g y  r e s o u r c e s  u s a g e  a n d  n e t G W P  o f  
s tu d ie d  s c e n a r io  p e r  to n  o f  w h o le  life  c y c le  h o t-m ix e d  a n d  w a r m -m ix e d  a s p h a l t  
p a v e m e n t .  T h e s e  tw o  f ig u re s  h a v e  sh o w n  th e  e n e rg y  c o n s u m p t io n  u s a g e  a n d  G H G  
e m is s io n  o f  W M A  3 -5 %  lo w e r  th a n  H M A . B e c a u s e  h o t-m ix e d  a s p h a l t  p r o d u c t io n  
u s e  te m p e ra tu re  in  te rm s  o f  p ro d u c t io n , p a v in g  a n d  r e c y c l in g  s e s s io n s  h ig h e r  th a n  
w a r m -m ix e d  a s p h a l t .  H o w e v e r ,  H M A  s h o w s  th e  b e n e f i t  in  te rm  o f  e n d -o f - l i f e .  
B e c a u s e  th e  a v o id e d  b u rd e n s  o f  e n d -o f - l i f e  s e s s io n s  o f  h o t-m ix e d  a s p h a l t  a r e  a v o id e d  
m o r e  th a n  w a r m -m ix e d  a s p h a l t  b o th  e n e rg y  c o n s u m p t io n  a n d  G H G  e m is s io n . T h u s , 
th e  p e r c e n t  r e d u c t io n  is o n ly  3 - 5 %  as  sa m e  a s  th e  re su lt  f ro m  F ig u re  4 .3 2  a n d  4 .3 3 .
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F i g u r e  4 .3 4  C o m p a r is o n  o f  n e t e n e rg y  r e s o u r c e s  u sa g e  fo r  e a c h  s c e n a r io  o f  1 to n  o f  
a s p h a l t  p a v e m e n t  b e tw e e n  h o t-m ix e d  a s p h a lt  a n d  w a rm -m ix e d  a s p h a l t  b y  u s in g  E c o -  
I n d ic a to r  9 5  m e th o d .

I f  c a s e  4  is  u e sd  fo r  c a lc u la t io n . A c c o rd in g  to  F ig u re  4 .3 4  a n d  4 .3 5 ,  e n e rg y  
c o n s u m p t io n  o f  h o t-m ix e d  a s p h a l t  a n d  w a rm -m ix e d  a s p h a lt  is  6 3 8 .4 0  a n c T 6 2 0 .1 3  M J  
LF1V / T o n  o f  a s p h a l t  p a v e m e n t  a n d  G H G  e m is s io n  o f  h o t-m ix e d  a s p h a l t  a n d  w a rm -  
m ix e d  a s p h a lt  is  3 9 .8 0  a n d  3 9 .0 8  k g  C O 2 e q . /T o n  a s p h a lt  p a v e m e n t.  O n e  f u n c t io n a l
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u n i t  is  1 k m  le n g th , 7 w id th  a n d  5 cm  th ic k n e s s  w h ic h  e q u a l  to  8 4 9 .8  to n  h o t-m ix e d  
a s p h a l t  a n d  8 4 8 .0 5  to n  w a r m -m ix e d  a s p h a lt .  T h u s . G H G  e m is s io n  a n d  e n e rg y  
c o n s u m p t io n  u s a g e  o f  w a r m -m ix e d  a s p h a lt  w h e n  c o m p a re  w ith  h o t- m ix d  a s p h a l t  is  
d e c r e a s e d  to  6 8 0 .2 5  k g  p e r  fu n c t io n a l  u n it  a n d  1 6 ,6 1 1 .0 7  M J  L H V  p e r  fu n c t io n a l  
u n i t  r e s p e c t iv e ly .

6 0 .0 0  -

5 1 1 4  5 0 .1 0
-  5 0 .0 0  

?
0? 4 0 .0 0

<  3 0 .0 0
§f—

๐บผุิ)น

20.00

10.00

0.00
C a se  1 (B  A U )

47.23 46 .31

C a se2  C ase3 C a se4

■  H M A
■  W M A

F i g u r e  4 .3 5  C o m p a r is o n  o f  n e t  G W P  fo r  e a c h  s c e n a r io  o f  1 to n  o f  a s p h a l t  p a v e m e n t  
b e tw e e n  h o t- m ix e d  a s p h a lt  a n d  w a rm -m ix e d  a s p h a l t  b y  u s in g  C M L  2 b a s e l in e  2 0 0 0 .

F ig u re  4 .3 6  s h o w s  w h o le  life  c y c le  e n e r g y  r e s o u rc e  u s a g e  c o m p a re  b e tw e e n  
B A U  c a s e  o f  F IM A  a n d  th e  b e s t  c a s e  o f  s tu d ie d  s c e n a r io s  o f  W M A  p e r  to n  o f  a s p h a lt  
p a v e m e n t .  It c a n  b e  s e e n  f ro m  th is  f ig u re  th a t  th e  b e s t  c a s e  o f  W M A  (c o ld  in -p la c e  
r e c y c l in g :  h o t in -p la c e  r e c y c l in g :  h o t in -p la n t  r e c y c l in g  =  4 0 :3 0 :3 0 )  s h o w s  1 1 .3 0 %  
r e d u c t io n  o f  e n e r g y  r e s o u r c e s  u s a g e  lo w e r  th a n  B A U  c a s e  o f  H M A  ( c o ld  in -p la c e  
r e c y c l in g :  la n d f i l l :  h o t  in -p la c e  r e c y c lin g  =  9 0 :9 :1 ) .
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800.00

700.00 -

600.00

I  500.00
« fi

l l  400.00
ท.J»

g 300.00
ë
J  200.00 —;

100.00

0.00

4 4 2 .1 8

Raw material Production Transportation Pavement

-100.00 J

15.28
total

Case l (B A U  H M A ) 

Case4 (Best case W M A )

6 9 9 .1 7

-4 1 .4 3

F i g u r e  4 .3 6  C o m p a r is o n  o f  n e t  e n e rg y  r e s o u r c e s  u s a g e  b e tw e e n  c a s e  1 (B A U )  o f  
h o t- m ix e d  a s p h a lt  a n d  th e  b e s t  c a s e  o f  s tu d ie d  s c e n a r io s  (c a s e  4 )  o f  w a r m -m ix e d  
a s p h a l t  b y  u s in g  E c o - In d ic a to r  9 5  m e th o d .

F ig u re  4 .3 7  s h o w s  w h o le  li fe  c y c le  G W P  c o m p a re  b e tw e e n  B A U  c a s e  o f  
H M A  a n d  th e  b e s t  c a s e  o f  s tu d ie d  s c e n a r io s  o f  W M A  p e r  to n  o f  a s p h a l t  p a v e m e n t.  I t 
c a n  b e  s e e n  f ro m  th is  f ig u re  th a t  th e  b e s t  c a s e  o f  W M A  (c o ld  in -p la c e  r e c y c l in g :  h o t 
in -p la c e  re c y c lin g :  h o t  in -p la n t  r e c y c l in g  =  4 0 :3 0 :3 0 )  s h o w s  2 3 .5 8 %  r e d u c t io n  o f  
e n e r g y  r e s o u r c e s  u s a g e  lo w e r  th a n  B A U  c a s e  o f  H M A  (c o ld  in -p la c e  re c y c lin g :  
la n d f i l l :  h o t in -p la c e  r e c y c l in g  =  9 0 :9 :1 ) .

T h e re fo re ,  i f  th e  te c h n o lo g y  o f  a s p h a lt  p r o d u c t io n  is  c h a n g e d  f ro m  b u s in e s s  
a s  u s u a l  o f  h o t- m ix e d  a s p h a lt  ( c o ld  in -p la c e  r e c y c lin g :  la n d f i l l :  h o t  in -p la c e  r e c y c l in g  
=  9 0 :9 :1 )  to  th e  b e s t  c a s e  o f  w a r m -m ix e d  a s p h a l t  (c o ld  in -p la c e  r e c y c l in g :  h o t  in - 
p la c e  r e c y c lin g :  h o t  in -p la n t  r e c y c l in g  =  4 0 :3 0 :3 0 ) .  T h e  b e n e f i t  o f  11 %  r e d u c t io n  fo r  
e n e r g y  c o n s u m p t io n  u s a g e  a n d  2 3 %  fo r  G H G  e m is s io n s  a re  g o tte n .
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F i g u r e  4 .3 7  C o m p a r i s o n  o f  n e t  G W P  b e tw e e n  c a s e  1 (B A U )  o f  h o t- m ix e d  a s p h a lt  
a n d  th e  b e s t  c a s e  o f  s tu d ie d  s c e n a r io s  ( c a s e  4 )  o f  1 to n  o f  w a r m -m ix e d  a s p h a l t  b y  
u s in g  C M L  2 b a s e l in e  2 0 0 0  m e th o d .
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