
C H A P T E R  IV
R E S U L T S  A N D  D IS C U S S IO N

4.1 L ife  C y c le  In v e n to r y

4 .1 .1  P L A  R e s in  P r o d u c t io n
A s  P L A  r e s in  i s  n o t  c u r r e n t ly  p r o d u c e d  in  T h a i la n d ,  th e  p r o d u c t io n  o f  

P L A  r e s in  b a s e d  o n  N a t u r e W o r k s  L L C  ( U S A ) ,  i s  u s e d  a s  a  b a s e  m o d e l  f o r  th is  s tu d y  

w it h  a  m o d i f i c a t i o n  th a t  c a s s a v a  i s  t o  b e  u s e d  in s t e a d  o f  c o r n . T h e  s y s t e m  b o u n d a r y  

fo r  L C I  o f  th e  P L A  r e s in  p r o d u c t io n  is  s h o w n  in  F ig u r e  4 .1 .  A f t e r  c a s s a v a  p r o d u c t io n  

( c u l t iv a t io n ,  h a r v e s t in g  a n d  tr a n s p o r ta t io n ) ,  c a s s a v a  i s  c o n v e r t e d  t o  f lo u r  b e f o r e  e n 
te r in g  th e  r e s in  p r o d u c t io n  s t a g e .  T h e  f in a l  p r o d u c t  w h i c h  i s  r e s in  i s  c a l l e d  “ C a s s a v a -  

b a s e d  P L A  R e s i n ” .

S o l a r  e n e r g y

F o s s i l  f u e l s

R a w  m a t e r i a l s

C a r b o n  d i o x i d e  
a n d  w a t e r

A i r  e m i s s i o n s

W a t e r  e m i s s i o n s

S o l i d  w a s t e

C o - p r o d u c t

t
C a s s a v a - b a s e d  

P L A  R e s i n

* Including: Dextrose Production, Lactic Acid Production, and Lactide Production

F ig u re  4.1 T h e  p r o d u c t io n  o f  P L A  r e s in  in  T h a i la n d .

In  t h i s  p a r t, th e  in v e n t o r y  d a ta  fr o m  V i n k  et al. ( 2 0 1 0 )  w e r e  u s e d  a s  

th e  s e c o n d a r y  d a ta  f o r  th e  p r o d u c t io n  o f  P L A  r e s in  o f  N a t u r e W o r k s  ( tr a d e  n a m e  is  

“ I n g e o ” ) . B a s e d  o n  V i n k ’ร in v e n t o r y  d a ta , th e  in v e n t o r y  d a ta  fo r  C a s s a v a - b a s e d  P L A
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r e s in  w e r e  c o n s t r u c t e d  s t e p - b y - s t e p  in  t h is  s tu d y . F ir s t ,  th e  c o m  p r o d u c t io n  d a ta  w e r e  

c a r e f u l ly  ta k e n  o u t  fr o m  V i n k ’s  in v e n t o r y  d a ta  b a s e d  o n  d a ta  f r o m  W e s t  et al. ( 2 0 0 2 )  

a n d  R e n o u f  et al. ( 2 0 0 8 )  a n d  th e n  r e p la c e d  b y  t h e  p r im a r y  d a ta  fo r  c a s s a v a  

p r o d u c t io n  fr o m  M T E C  a n d  b y  th e  s e c o n d a r y  d a ta  fo r  c a s s a v a  f lo u r  p r o d u c t io n  fr o m  

D e p a r tm e n t  o f  I n d u s tr ia l  W o r k s  ( D I W ) .  D a ta  fo r  C O 2 u p ta k e  d u r in g  c a s s a v a  

p la n t a t io n  ( - 1 8 8 , 6 1 4  g  C O 2 / t o n  c h ip )  w e r e  e x tr a c te d  f r o m  L e n g  et al. ( 2 0 0 8 )  a n d  

u s e d  in  t h e  c a s s a v a  p r o d u c t io n  s ta g e .  T a b le  4 .1  s h o w s  t h e  in v e n t o r y  a n a ly s i s  o f  th e  

p r o d u c t io n  o f  C a s s a v a - b a s e d  P L A  r e s in . T h e  in v e n t o r y  d a ta  f o r  c a s s a v a  p la n t a t io n  

a n d  c a s s a v a  f lo u r  p r o d u c t io n  a re  in c lu d e d  in  A p p e n d ix  A .

T a b le  4.1 R e s u l t s  o f  th e  in v e n t o r y  a n a ly s i s  o f  o n e  k i lo g r a m  C a s s a v a - b a s e d  P L A  

r e s in

I n p u t  i n v e n t o r y

T y p e U n it
Energy M J

E n ergy , from  co a l 1 6 .5 8 5 4
E n ergy , from  o il 2 .7 7 8 8
E n ergy , from  g a s , natural 1 8 .0 7 2 0
E n ergy , from  h yd ro  p ow er 0 .6 5 9 4
E n ergy , from  u ranium 3 .9 0 7 7
E n ergy , from  c o a l, brow n 1 4 .0 4 6 2
E n ergy , from  su lfu r 0 .0 7 1 8
E n ergy , from  b io m a ss 1 1 1 .4 0 0 5
E n ergy , from  h y d ro g en 0 .0 4 7 7
E n ergy , reco v ered -1 .1 5 4 7
E n ergy , from  w in d 0 .0 0 2 4
E n ergy , u n sp ec ified -5 .1 6 7 2

Resources m g
W ater, p ro cess , d rin k in g 1 6 ,4 9 5 ,0 6 4
W ater, c o o lin g , d rink in g 7 ,2 0 5 ,5 8 5
W ater, p ro cess , o cea n 1.831
W ater, c o o lin g , o cea n 4 6 1 .0 4 9
W ater, p ro cess , su rface 1 ,0 62
W ater, co o lin g , su rfa ce 1 2 ,1 4 9
W ater, p ro cess , w e ll 4 8 .2 4 0

3 .2 2 0 ,7 7 4

O u t p u t  i n v e n t o r y
T y p e U n i t

Product kg
C assa v a -b a sed  P L A  resin 1.00

Emission to Air m g
C O 4 ,8 8 3 .8 4 2 4
c o 2 2 ,5 4 9 ,8 7 5 .4 6 8
S O x as S 0 2 7 ,5 6 3 .9 1 9 8
N O x a s  N O j 1 2 ,3 1 1 .5 2 1
H y d rocarb on s 1 ,2 0 9 .4 8 7 2
c h 4 1 5 ,0 6 0 .4 9
h 2 9 0 .3 3 7 9
HC1 3 4 6 .9 9 3 7
HF 1 2 .9 5 2 8

N M V O C 6 1 .4 4 0 4
v o c 0 .8 0 3 4

Emission to Water m g
P h o sp h a te 0 .2 6 8 2
C O D 8 4 3 ,3 9 3 .7 8
B O D 4 1 9 ,2 6 2 .3 1
c r 1 ,2 6 0 .9 3 3
A cid 0 .6 3 4 9W a ter ,co o lin g , u n sp ec ified
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A m m o n iu m  co m p o u n d s 0 .7 0 3 7
C a lc iu m  c o m p o u n d s 0 .0 0 4 6
C alc iu m  ion 1 4 2 .6 5 0 2
C 0 3' 0 .2 6 3 0
D eterg en t, o il 0 .0 6 5 8
T O C 1 7 .8 3 1 8
S o d iu m , ion 6 5 2 .3 2 2 2
S 0 4- 8 .0 4 1 .2 5 5 9
S u sp en d ed  s o lid s 3 ,0 4 6 .3 4 3 4

Solid Waste m g
C alc iu m 0 .2 6 4 6
C arbon 0 .1 7 1 7
O ils , u n sp e c if ie d 6 .9 7 5 4
S od iu m 0 .1 1 4 1

4 . 1 .2  P B S  R e s i n  P r o d u c t io n
I n  t h i s  p a r t, th e  s e c o n d a r y  d a ta  fr o m  t h e  k e y  p la y e r  w e r e  u s e d  fo r  th e  

in v e n t o r y  d a ta  o f  t h e  p r o d u c t io n  o f  P B S  r e s in .  A  s im p l e  p r o c e s s  d ia g r a m  o f  P B S  

r e s in  p r o d u c t io n . i s  s h o w n  in  F ig u r e  4 .2 .  T h e  p r im a r y  d a ta  fo r  s u g a r  p r o d u c t io n  fr o m  

s u g a r c a n e  w e r e  r e t r ie v e d  f r o m  M T E C . D a t a  fo r  C O 2 u p t a k e  d u r in g  s u g a r c a n e  

p la n t a t io n  ( - 0 . 1 8 9  k g  c c ^ / k g  s u g a r c a n e )  w e r e  e x tr a c te d  f r o m  N g u y e n  a n d  G h e e w a la
( 2 0 0 8 ) .  D u e  t o  t h e  s e c r e c y  a g r e e m e n t ,  th e  in v e n t o r y  d a ta  o f  P B S  r e s in  p r o d u c t io n  

w e r e  n o t  in c lu d e d  in  t h is  r e p o r t . T a b le s  4 .2  a n d  4 .3  s h o w  t h e  in v e n t o r y  d a ta  o f  th e  

s u g a r c a n e  p la n t a t io n  a n d  s u g a r c a n e  m i l l i n g  in  T h a i la n d ,  r e s p e c t i v e ly .

F ig u re  4 .2  A  s im p l e  p r o c e s s  d ia g r a m  o f  P B S  r e s in  p r o d u c t io n .
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Table 4.2 R e s u l t s  o f  th e  in v e n t o r y  a n a ly s i s  o f  s u g a r c a n e  p la n t a t io n  in  T h a ila n d

I n p u t  I n v e n t o r y

____________T >pe U n it A m o u n t

F u e l

Diesel liter 0.222
C h em ica l:
Fertilizer (N) kg 0.277
Fertilizer (P) kg 0.129
Fertilizer (K) kg 0.115
Paraquat kg 0.002
Glyphosate kg 0.000
Atrazine kg 0.007
Ametryne kg 0.005
2,4-D kg 0.002

O u t p u t  I n v e n t o r y

T y p e U n it A m o u n t

P rod u c t
Sugarcane kg 155.576
C o -p ro d u c t
Cane trash - 0% burning kg 31.115

Table 4.3 R e s u l t s  o f  th e  in v e n t o r y  a n a ly s i s  o f  s u g a r c a n e  m i l l i n g  in  T h a i la n d

I n p u t  I n v e n t o r y

T y p e U n it A m o u n t

R a w  m a te r ia l
Sugarcane plant kg 155.576
E n erg y
Production of Electricity 
& Steam Bagasse mainly & other kg 43.308

-E lectric ity from  bagasse kWh 2.703
-Steam fro m  bagasse kg 69.953

C h e m ic a l
Lime kg 0.328
Sodium chloride kg 0.122
Hydrochloric acid kg 7.00E-05
ร 1๐2 kg 3.60E-04
Biocide kg 5.70E-04
Aluminium sulfate kg 5.80E-04

Caustic soda flake kg 1.80E-04
Flocculants kg 6.00E-03
Miscellaneous kg 8.90E-04
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O u t p u t  I n v e n t o r y

Type U n it A m o u n t

P ro d u c t
Raw sugar kg 12.333
White sugar kg 1.212
Pure white sugar kg 3.502
C o -p ro d u c t
Molasses kg 5.645
Surplus bagasse and others kg 14.305
Electricity for sale kWh 0.697

4 .1 .3  P r o d u c t io n  o f  P la s t i c  P r o d u c t s
In  th is  s t u d y ,  T - s h ir t  b a g  a n d  w a t e r  b o t t le  w e r e  s e l e c t e d  a s  m o d e l  

p r o d u c t s  fo r  P L A  a n d  T - s h ir t  b a g  a n d  f o o d  c o n t a in e r  w e r e  s e l e c t e d  f o r  P B S  p r o d u c ts .  
D u r in g  th e  c o l l e c t i o n  o f  d a ta  a n d  in t e r v ie w  w i t h  th e  m a n u f a c t u r e r s ,  w e  h a v e  fo u n d  

th a t  b io p la s t ic  r e s in s  a r e  n o t  e a s y  to  p r o c e s s  a n d  t h e  m a n u f a c t u r e r s  a ls o  a r e  n o t  

f a m il ia r  w i t h  p r o c e s s i n g  b io p la s t ic ,  r e s u l t in g  in  l o w  p r o d u c t iv i t y  o f  p r o c e s s in g  

b io p la s t ic  r e s in  in t o  p r o d u c t s  w h e n  c o m p a r e d  t o  c o n v e n t i o n a l  p la s t i c s .  A s  a  

c o n s e q u e n c e ,  t h e  e n e r g y  c o n s u m p t io n  in  b io p la s t ic  p r o c e s s i n g  ( m a i n l y  e l e c t r i c i t y )  

p e r  k g  o f  p r o d u c t  o r  p e r  p i e c e  o f  p r o d u c t  w a s  s ig n i f i c a n t ly  h ig h e r  th a n  u s u a l  a n d  a  

la r g e  a m o u n t  o f  s c r a p s  w a s  g e n e r a te d . F r o m  th is  r e a s o n ,  it i s  d e c id e d  th a t  th e  d a ta  fo r  

th e  b io p la s t ic  p r o c e s s i n g  s t a g e  a re  to  b e  r e p o r te d  in  2  c a s e s :  b e s t  c a s e  a n d  w o r s t  c a s e .  
In  th e  b e s t  c a s e ,  th e  e l e c t r i c i t y  c o n s u m p t io n  d a ta  w e r e  e x t r a c t e d  a s  th e  a v e r a g e  

v a lu e s  f r o m  P la s t i c  P r o c e s s in g  I n d u s tr y  H a n d b o o k  o f  D e p a r t m e n t  o f  In d u s tr ia l  
W o r k s  ( D I W ) .  In  t h e  w o r s t  c a s e ,  t h e  a c tu a l  e l e c t r i c i t y  c o n s u m p t i o n  d a ta  fo r  

b io p la s t ic  p r o c e s s i n g  f r o m  t h e  fa c t o r ie s  in  T h a i la n d  w e r e  u s e d .  T h e  t r a n s p o r ta t io n s  o f  

P L A  r e s in  a n d  P L A  p r o d u c t  w e r e  a ls o  in c lu d e d  in  t h i s  p a r t a s  d e s c r ib e d  in  th e  

M e t h o d o l o g y  c h a p te r .
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4.1.3.1 T -shirt Bag
T - s h ir t  b a g  i s  a  b a g  th a t u s e  in  s u p e r m a r k e t  a n d  is  p r o d u c e d  

b y  u s in g  b l o w n  f i lm  e x t r u s io n  p r o c e s s .  T a b le  4 .4  i n d ic a t e s  s p e c i f i c a t i o n s  o f  T - s h ir t  

b a g .

T a b l e  4 .4  S p e c i f i c a t i o n s  o f  T - s h ir t  b a g  fr o m  C o m p a n y  A  a n d  B

Bioplastic Product Size W eight (per piece)
T - s h ir t  b a g  A 2 5 5 m m . x 3 1 O m m .x O .0 2 0 m m . 0 .0 0 3 8  k g
T - s h ir t  b a g  B 4 4 5 m m . x l 3 0 0 m m . x 0 . 0 1 6 m m . 0 .0 0 5 1  k g

T - s h ir t  b a g  d a ta  w e r e  c o l l e c t e d  fr o m  th e  t w o  c o m p a n ie s  

a c c o r d in g  t o  th e  p r o c e s s  s h o w n  in  F ig u r e  4 .3 .  T h e ir  p r o c e s s e s  a r e  s l ig h t ly  d i f f e r e n t  

a n d  a re  a s s u m e d  to  b e  t h e  s a m e  in  t h is  s tu d y . T h e  p r o c e s s  c o n s i s t s  o f  th r e e  m a in  

s te p s :  b l o w i n g ,  p r in t in g , a n d  r e c y c l i n g .  In  th e  r e c y c l i n g  p a r t, in f o r m a t io n  w a s  g iv e n  

b y  th e  m a n u fa c tu r e r s  th a t  s c r a p s  f r o m  b io p la s t ic  p r o c e s s i n g  c a n  b e  r e c y c le d  u p  to  

o n ly  5 %  o f  th e  v ir g in  r e s in  f e d  to  t h e  p r o c e s s .  R e s u l t s  o f  th e  in v e n t o r y  a n a ly s i s  o f  T -  

sh ir t  b a g  p r o d u c t io n  f r o m  C o m p a n y  A  a n d  B  b a s e d  o n  o n e  k g  o f  b io p la s t ic  p r o d u c t  

a re  s h o w n  in  T a b le  4 .5 .

Figure 4 .3  A  T - s h ir t  b a g  p r o d u c t io n  p r o c e s s .



86

Table 4.5 R e su lts  o f  th e  in v e n to r y  a n a ly s is  o f  T -sh ir t b a g  p r o d u c tio n  fro m  C o m p a n y
A  and B b a se d  o n  o n e  k g  o f  b io p la s t ic  p rod u ct

T ra n s p o rta t io n  o f  P L A  resin  1

D e scrip tio in t b r
v e n to ry

A m o u n t

________ _____2 “
D e scrip t io n

tput Ins 

U n it

'e n to ry

A m o u n t

Resource A  B Product A  B

Diesel kg 0.000999 0.001023 PLA resin kg 1.2654 1.296
Emission to air

NOx g 0.2073 ■ 0.2123
CO g 0.3597 ■ 0.3684

CN๐บ g 19.8827 20.3635
PM g 0.0551 ’• 0.0564

B lo w in g

In p u t  In ve n to ry O u tp u t  In v e n to ry  . .

D e scrip tio n U n it A m o u n t D e scrip tio n U n it A m o u n t

Resources A  B Products A  B

Virgin PLA 
resin g 1265.4 1296 Unprinted bag g 1105.3 1103.4
Recycle PLA 

resin g 66.6 62.7 Solid Waste

Utilities Scrap g 226.7 - 255.3
Electricity* kWh 0.9524-

6.7990
1.2509-
8.9302

P r in t in g

1 In p u t In v e n to ry  1 O u tp u t  In v e n to ry

D e scrip tio n U n it A m o u n t D e scrip t io n U n it A m o u n t

Resources A  B Products A  B
Unprinted bag g 1105.3 1103.4 Uncut bag g 998.7 1061.9 I
Printing color A g 1.3 1.38 Solid Waste

Utilities Scrap g 106.6 41.5
Electricity kWh 0.323 0.34
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*Note: Electricity o f  b low ing process was showed 2 cases as best case and  worst case, respectively.

A t  p r e s e n t ,  t h is  p r o d u c t  h a s  n o t  b e e n  p r o d u c e d  in  T h a i la n d  s o  th e  

p r o d u c t  a n d  th e  p r o c e s s  a re  a s s u m e d  to  b e  th e  s a m e  a s  P L  A  T - s h ir t  b a g  a s  s h o w n  in  

T a b le  4 .6 .  V a r ia b le s  a n d  th e  in v e n t o r y  d a ta  s u c h  a s  e l e c t r i c i t y ,  p l a s t i c  r e s in  in p u t,  
p la s t ic  p r o d u c t ,  a n d  s c r a p s  w e r e  a s s u m e d  to  b e  th e  s a m e  a s  P L A  b a g  p r o d u c t io n  fr o m  

C o m p a n y  A .  T a b le  4 .7  s h o w s  th e  in v e n t o r y  d a ta  o f  P B S  T - s h ir t  b a g .

Table 4.6 S p e c i f i c a t i o n s  o f  P B S  T - s h ir t  b a g  f r o m  C o m p a n y  A

Bioplastic Product Size W eight (per piece) 1
T - s h ir t  b a g  A 2 5 5 m m . x 3 1 O m m .x O .0 2 0 m m . 0 .0 0 3 8  k g



Table 4 .7  R e s u l t s  o f  th e  in v e n t o r y  a n a ly s i s  o f  P B S  T - s h ir t  b a g  p r o d u c t io n  fr o m  

C o m p a n y  A  b a s e d  o n  o n e  k g  o f  b io p la s t ic  p r o d u c t

T r a n s p o r t a t io n  o f  P B S  re s in  1

I n p u t  I n v e n t o r y O u t p u t  I n v e n t o r y

D e s c r ip t io in U n it A m o u n t D e s c r ip t io n U n it A m o u n t

R eso u rce  A P ro d u c t A

Diesel kg 0.000999 PBS resin kg 1.2654
E m issio n  to  a ir
NOx g 0.2073
CO g 0.3597
C 0 2 g 19.8827
PM g 0.0551

B lo w in g

I n p u t  I n v e n t o r y O u t p u t  I n v e n t o r y  1

D e s c r ip t io n U n it A m o u n t D e s c r ip t io n U n i t A m o u n t

R eso u rces  A P rod u cts  A

Virgin PBS resin g 1265.4 Unprinted bag g 1105.3
Recycle PBS resin g 66.6 S o lid  W aste
U tilities Scrap g 226.7
Electricity* kWh 0.9524-6.7990

.  ........................................................

P r in t in g

I n p u t  I n v e n t o r y O u t p u t  I n v e n t o r y  1

D e s c r ip t io n U n it A m o u n t D e s c r ip t io n U n i t A m o u n t

R eso u rces  A P ro d u c ts  A

Unprinted bag g 1105.3 Uncut bag g 998.7
Printing color A g 1.3 S o lid  W aste
U tilities Scrap g 106.6
Electricity kWh 0.323

R e c y c l in g

I n p u t  I n v e n t o r y O u t p u t  I n v e n t o r y

D e s c r ip t io n U n it A m o u n t D e s c r ip t io n U n it A m o u n t

R eso u rces  A P rod u cts  A

Scrap g 66.6 Recycle PBS 
resin g 66.6

U tilities
Electricity kWh 0.0351
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T r a n s p o r ta t io n  o f  P B S  p ro d u c t
I n p u t  I n v e n t o r y O u t p u t  I n v e n t o r y

D e s c r ip t io in U n i t A m o u n t D e s c r ip t io n U n it A m o u n t

Resource  A Product  A

D iesel kg 0 .000403 T -sh irt bag kg 1

E m ission  to a ir

N O x g 0 .0836
C O g 0.1451
c o 2 g 8.0184
PM g 0 . 0 2 2 2

*Note: Electricity o f  blowing process was showed 2 cases as best case and worst case, respectively.

4.1 .3 .2  F o o d  C ontainer
F o o d  c o n t a in e r  i s  a  b o x  th a t  u s e s  f o r  c o n t a in in g  f o o d  a n d  is  

p r o d u c e d  b y  u s i n g  t h e r m o f o r m in g  p r o c e s s .  T a b le  4 .8  g i v e s  a  d e t a i l  o f  f o o d  c o n t a in e r .

Table 4.8 S p e c i f i c a t i o n  o f  f o o d  c o n t a in e r  f r o m  C o m p a n y  c

Bioplastic Product Size Weight (per piece) 1
F o o d  c o n ta in e r 1 2 2  c m  X  1 1 c m  X  4 .5  c m  2  m m 1 4 9 .1 0  g

T h e  in v e n t o r y  d a ta  fo r  th e  f o o d  c o n t a in e r  p r o d u c t io n  w e r e  

c o l l e c t e d  f r o m  C o m p a n y  c. T h e  t h e r m o f o r m in g  p r o c e s s  i s  d i v id e d  in t o  t w o  m a in  

s t e p s  w h i c h  a r e  d r y in g  a n d  t h e r m o f o r m in g  a s  s h o w n  in  F ig u r e  4 .4 .  M i x e d  r e s in s  o f  

P L A  a n d  P B S  ( 3 5 % : 6 5 % )  a r e  u s e d  in  t h is  p r o c e s s ,  w h i c h  c o n s i s t  o f  P L A  r e s in  

3 9 7 .3 9  g  a n d  P B S  r e s in  7 3 8 .0 1  g . F ir s t ly ,  th e  v ir g in  r e s in  ( m i x e d  P B S  a n d  P L A  

r e s in s )  i s  d r ie d  b y  a  d r y in g  m a c h in e .  T h e  r e s in  i s  t h e n  f o r m e d  in t o  f o o d  c o n t a in e r .  
R e s u l t s  o f  t h e  in v e n t o r y  a n a ly s i s  o f  f o o d  c o n t a in e r  p r o d u c t io n  b a s e d  o n  o n e  k g  o f  

b io p la s t ic  p r o d u c t  a re  s h o w n  in  T a b le  4 .9 .
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Figure 4.4 F o o d  c o n t a in e r  p r o d u c t io n  p r o c e s s .

Table 4.9 R e s u l t s  o f  th e  in v e n t o r y  a n a ly s i s  o f  f o o d  c o n t a in e r  p r o d u c t io n  fr o m  

C o m p a n y  c  b a s e d  o n  o n e  k g  o f  b io p la s t ic  p r o d u c t

I n p u t  In ve n to ry

D e sc rip t io n  U n it . 1 A m o u n t  1 R e m a rk
" r ;  O u t p u t  In ve n to ry----------- 1.

Resources Products
Diesel kg 0.000897 PLA&PBS resin kg 1.1354

Emission to air
NOx g 0.1859
CO g 0.3227๐บ g 17.84
PM g 0.0494

D ry in g

In p u t In ve n to ry O u t p u t  In ve n to ry

D e scrip tio n U n it A m o u n t R e m a r k D e sc rip t io n U n it A m o u n t 1 R e m a rk  1

Resources Products

Virgin PBS 
resin g 738.01 Dried resin g 1135.4
Virgin PLA 
resin g 397.39
Utilities

Electricity kWh 1.75
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T h e rm o fo rm m g

D e scrip tio n U n it A m o u n t  1 R e m a r k D e scrip t io n  f U n it
'c n to ry _____

A m o u n t 1 R e m a r k

Resources Products

Dried resin g 1135.4 Food container kg 1

Utilities Solid Waste

Electricity* kWh 0.69-2.38 Scrap g 135.4
T ra n s p o rta t io n  o f  p ro d u c t

In p u t In v e n to ry O u tp u t  In v e n to ry

D e scrip t io n U n it A m o u n t R e m a r k D e scrip tio n  1 U n it  - ' A m o u n t  1 R e m a r k

Resources Products

Diesel kg 0.000594 Food container kg- 1

Emission to air

NOx g 0.1231
CO g 0.2137
C 0 2 g ■ 11.8116
PM g 0.0327

*Note: Electricity of thermoforming process was showed 2 cases as best case and worst case, 
respectively.

4.1.3.3 W ater Bottle
W a t e r  b o t t le  i s  a  b o t t le  th a t  u s e s  fo r  c o n t a i n in g  w a t e r  a n d  is  

p r o d u c e d  b y  u s i n g  I n j e c t io n  s tr e tc h  b l o w  m o ld i n g  ( I S B M )  p r o c e s s .  T h e  s p e c i f i c a t io n  

o f  w a t e r  b o t t le  i s  s h o w n  in  T a b le  4 .1 0 .

T a b le  4 .1 0  S p e c i f i c a t i o n  o f  w a te r  b o t t le  f r o m  C o m p a n y  D

Bioplastic Product Size Weight (per piece)
W ater b o ttle H e ig h t :  1 4 .5  c m ,  r: 2 .5  c m ,  

S iz e :  2 5 0  m l.
1 8 .6 8  g  ( e x c l u d i n g  w a te r )

2 6 8 .6 8  g  ( i n c l u d i n g  w a te r )

T h e  P L A - b a s e d  w a t e r  b o t t le  p r o d u c t io n  d a ta  w e r e  c o l l e c t e d  

fr o m  C o m p a n y  D . F ig u r e  4 .5  i l lu s tr a t e s  th e  w a te r  b o t t le  p r o d u c t io n  p r o c e s s .  F ir s t ,  th e  

p r e fo r m  ( a l s o  k n o w n  a s  p a r is o n )  i s  p r o d u c e d  b y  u s i n g  a n  in j e c t io n  m o ld i n g  m a c h in e .  
T h e  p r e fo r m  i s  th e n  tr a n s fe r r e d  to  a  b l o w  m o ld in g  m a c h in e  w h e r e  it i s  s t r e tc h e d  in
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th e  a x ia l  d ir e c t io n  a n d  b l o w n  in  th e  h o o p  d ir e c t io n  t o  a c h i e v e  b ia x ia l  o r ie n t a t io n  o f  

th e  p o ly m e r ,  r e s u l t in g  in  t h e  P L A  b o t t le .  S e c o n d ,  c a p  is  p r o d u c e d  b y  u s in g  in j e c t io n  

p r o c e s s .  T a b le  4 .1 1  s h o w s  th e  r e s u l t s  o f  th e  in v e n t o r y  a n a l y s i s  o f  w a t e r  b o t t le  

p r o d u c t io n  b a s e d  o n  o n e  k g  o f  b io p la s t ic  p r o d u c t .  F o r  w a t e r  b o t t le ,  n o t  o n ly  

e l e c t r i c i t y  c o n s u m p t i o n  w a s  d i f f e r e n t  b e t w e e n  th e  b e s t  c a s e  a n d  w o r s t  c a s e ,  b u t  th e  

a m o u n t  o f  p la s t i c  r e s in  u s e d  to  p r o d u c e  th e  b o t t le  w a s  a l s o  d i f f e r e n t  a s  s h o w n  a s  a  

r a n g e  in  t a b le .

Figure 4 .5  W a t e r  b o t t le  p r o d u c t io n  p r o c e s s .

Table 4.11 R e s u l t s  o f  th e  in v e n t o r y  a n a ly s i s  o f  w a t e r  b o t t le  p r o d u c t io n  fr o m  

C o m p a n y  D  b a s e d  o n  o n e  k g  o f  b i o p la s t ic  p r o d u c t

Transport PLA resin
Input inventory Output Inventory

Description Unit Amount Remark Description Unit Amount Remark
Resources Products
Diesel* kg 0.00081- 

0.00111 PLA resin* g 1026.3-1399.5
Emission to air
NOx* g 0.1681-0.2293
CO* g 0.2917-0.3978
c o 2* g 16.1258-21.9897
PM* g 0.0447-0.0609
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Injection Stretch  B lo w  lYIoldir>g 1
ไ..! VTv'fi-.S? ■ '■'■ ■■' •'

D e scrip tio n

ln p u

U n it

In ve n to ry

A m o u n t

j | | | | l | | | j |

R e m a rk D e scrip tio n r S r A m o u n t R e m a r k

Resources Products
Virgin PLA 
resin* g 1026.3-1399.5 PLA bottle g 933
Utilities Solid Waste
Electricity* kWh 2.596-3.541 Scrap* g 93.3-466.5

Injection1 In p u t In ve n to ry O u tp u t  In v e n to ry

D e scrip tio n U n it A m o u n t R e m a rk D e scrip tio n U n it A m o u n t R e m a r k  1
Resources Products
Virgin PLA 
resin* g 73.7-100.5 Cap g 67
Utilities Solid Waste
Electricity* kWh 0.15-0.205 Scrap* g 6.7-33.5

T ra n s p o r t  P L A  p ro d u c t

In p u t In ve n to ry O u tp u t  In v e n to ry1 D e scrip tio n U n it A m o u n t R e m a rk D e scrip tio n U n it A m o u n t R e m a rk

Resources Products1 Diesel kg 0.000488 PLA bottle g 1000
Emission to air
NOx g 0.1012
CO g 0.1755
c o 2 g 9.7022
PM g 0.0269

*Note: These d a ta  sh ow  2 cases as best case a n d  w o rst case, respective ly .

4 .1 .4  D i s p o s a l  P h a s e
T h e  in v e n t o r y  a n a ly s i s  o f  e n d  o f  l i f e  p h a s e  i n v o l v e s  th e  c o l l e c t i o n  a n d  

c o m p u t a t io n  o f  d a ta  to  q u a n t i fy  r e le v a n t  in p u ts  a n d  o u t p u t s  o f  th e  s y s t e m ,  in c lu d in g  

u l i l i t i e s ,  t h e  u s e  o f  e n e r g y ,  a n d  e m i s s i o n s  to  a ir . T h e  in v e n t o r y  d a ta  w e r e  fu r th e r  

a n a ly z e d  fo r  r e le v a n t  e n v ir o n m e n t a l  im p a c t s  a s  g r e e n h o u s e  g a s e s  e m i s s i o n s  ( G H G )  

b y  S im a P r o  7 .1  w i t h  C M L 2 0 0 0  b a s e l in e  m e t h o d o lo g y .



4 .1 .4 .1  p L A  P ro d u ct
4 .1 .4 .1 .1  L a n d f i l l

In  la n d f i l l ,  P L A  w o u l d  b e g in  to  b io d e g r a d e  a f te r  11 

m o n t h s  a t 2 5  ° c  in  w a t e r  ( B o h lm a n n ,  2 0 0 4 ) .  In  a n a e r o b ic  e n v ir o n m e n t ,  
b io d e g r a d a t io n  o f  P L A  c o u ld  g e n e r a te  m e th a n e . B a s e d  o n  B o h h m a n n  ( 2 0 0 4 ) ,  a ll  
P L A  w a s  c o n v e r t e d  t o  m e t h a n e  in  th e  la n d f i l l ,  b u t  1 0 %  o f  m e t h a n e  is  e i th e r  

c h e m ic a l l y  o x i d i z e d  o r  c o n v e r t e d  b y  b a c t e r ia  to  c a r b o n  d i o x id e .  In  c a s e  o f  la n d f i l l  

w it h  e n e r g y  r e c o v e r y ,  4 5 %  o f  m e th a n e  g e n e r a te d  w a s  r e c o v e r e d  a n d  c o m b u s t e d  to  

g e n e r a te  e l e c t r i c i t y  a n d  t h e  o th e r  5 5 %  e s c a p e d  to  t h e  a t m o s p h e r e .  T h e  r e s u lt s  o f  th e  

in v e n t o r y  a n a ly s i s  o f  l a n d f i l l  s c e n a r io  b a s e d  o n  o n e  k g  o f  b i o p l a s t i c  w a s t e  a re  s h o w n  

in  T a b le  4 . 1 2 - 4 . 1 3 .

T a b l e  4 .1 2  R e s u l t s  o f  th e  in v e n t o r y  a n a ly s i s  o f  l a n d f i l l  s c e n a r io  ( w i t h o u t  e n e r g y  

r e c o v e r y )  b a s e d  o n  o n e  k g  o f  P L A  b io p la s t ic  w a s t e
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Table 4.13 R e su lts  o f  th e  in v e n to r y  a n a ly s is  o f  la n d fil l  s c e n a r io  (w ith  e n e r g y
r e c o v e r y )  b a se d  o n  o n e  k g  o f  P L A  b io p la s t ic  w a s te

4 .1 .4 .1 .2  R e c y c l in g
F o r  r e c y c l in g  s c e n a r io ,  b a c k -  t o  m o n o m e r  ( B T M )  

r e c y c l i n g  o f  P L A  w a s  c o n s id e r e d  in  th is  s tu d y . A b o u t  9 0 %  o f  P L A  c a n  b e  r e c o v e r e d  

b y  h y d r o ly s i s  a t 2 5 0 ° c  a n d  a  p r o c e s s i n g  t im e  o f  1 0  -  2 0  m in  ( D o m b u r g  et a l. , 2 0 0 6 ) .
T h e  e n e r g y  c o n s u m p t io n  fo r  s e p a r a t io n  i s  2 .1  M J  

p e r  k g  r e c y c le d  p la s t i c .  W a te r  c o n s u m p t io n  i s  0 .0 0 5  m 3 p e r  k g  r e c y c le d  p la s t ic  

( M o lg a a r d ,  1 9 9 5 ) .  T a b le  4 .1 4  s h o w s  th e  r e s u lt s  o f  th e  in v e n t o r y  a n a ly s i s  o f  r e c y c l in g  

s c e n a r io  b a s e d  o n  o n e  k g  o f  b i o p la s t ic  w a s t e .
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Table 4.14 R e s u lts  o f  th e  in v e n to r y  a n a ly s is  o f  r e c y c lin g  sc e n a r io  b a se d  o n  o n e  k g
o f  P L A  b io p la s t ic  w a s te

4 .1 .4 .1 .3  C o m p o s t in g
C o m p o s t in g  i s  a  p r o c e s s  a t w h i c h  c o m p o s t a b le  

m a t e r ia ls  u n d e r  w e l l  c o n t r o l l e d  c i r c u m s t a n c e s  a n d  a e r o b ic  c o n d i t io n  ( p r e s e n c e  o f  

o x y g e n ) ,  b y  m e a n s  o f  m ic r o o r g a n i s m ,  a re  c o n v e r t e d  a n d  d e c o m p o s e d .  T h e  d a ta  u s e d  

fo r  c o m p o s t i n g  r e c e i v e d  fr o m  th e  c o m p o s t i n g  p la n t  a t P h a n g ,  C h ia n g m a i  P r o v in c e .  
T a b le  4 .1 5  s h o w s  t h e  r e s u lt s  o f  t h e  in v e n t o r y  a n a ly s i s  o f  c o m p o s t i n g  s c e n a r io  b a s e d  

o n  o n e  k g  o f  b i o p l a s t i c  p r o d u c t .



9 7

Table 4.15 R e s u lts  o f  th e  in v e n to r y  a n a ly s is  o f  c o m p o s t in g  sc e n a r io  b a se d  o n  o n e
k g  o f  b io p la s t ic  (P L A )  p rod u ct

4 . 1 .4 . 1 . 4  I n c in e r a t io n
I n c in e r a t io n  i s  a  p r o c e s s  th a t  c o m b u s t e d  th e  w a s t e  

to  g e n e r a t e  e l e c t r i c i t y .  E le c t r ic i t y  p r o d u c t io n  w a s  c a lc u la t e d  w i t h  a  lo w e r  h e a t in g  

v a lu e  o f  P L A  a n d  e l e c t r i c  e f f i c i e n c y  o f  w a s t e  in c in e r a t io n  p la n t  w a s  e s t im a t e d  to  b e  

a b o u t  3 0 %  ( D o r n b u r g  et a l ,  2 0 0 6 ) .  T a b le  4 .1 6  s h o w s  t h e  r e s u l t s  o f  th e  in v e n to r y  

a n a ly s i s  o f  in c in e r a t io n  s c e n a r io  b a s e d  o n  o n e  k g  o f  b i o p l a s t i c  p r o d u c t .
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Table 4.16 R e s u lts  o f  th e  in v e n to r y  a n a ly s is  o f  in c in e r a tio n  sc e n a r io  b a se d  o n  o n e
k g  o f  b io p la s t ic  (P L A )  p rod u ct

4.1.4 .2  P B S  P roduct
4 .1 .4 .2 .1  L a n d f i l l

S im i la r  t o  P L A , b io d e g r a d a t io n  o f  P B S  c o u ld  

g e n e r a t e  m e t h a n e .  A l l  P B S  w a s  c o n v e r t e d  t o  m e t h a n e  in  t h e  l a n d f i l l ,  b u t  1 0 %  o f  

m e t h a n e  i s  e i t h e r  c h e m ic a l l y  o x id iz e d  o r  c o n v e r t e d  b y  b a c t e r ia  t o  c a r b o n  d i o x id e .  In  

c a s e  o f  l a n d f i l l  w i t h  e n e r g y  r e c o v e r y ,  4 5 %  o f  m e t h a n e  g e n e r a t e d  w a s  r e c o v e r e d  a n d  

c o m b u s t e d  to  g e n e r a t e  e l e c t r i c i t y  a n d  th e  o th e r  4 5 %  e s c a p e d  t o  t h e  a t m o s p h e r e .  T h e  

r e s u lt s  o f  th e  in v e n t o r y  a n a ly s i s  o f  la n d f i l l  s c e n a r io  b a s e d  o n  o n e  k g  o f  b io p la s t ic  

w a s t e  a re  s h o w n  in  T a b le  4 . 1 7 - 4 . 1 8 .
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Table 4.17 R e s u lts  o f  th e  in v e n to r y  a n a ly s is  o f  la n d fil l  s c e n a r io  (w ith o u t  e n e r g y
r e c o v e r y )  b a se d  o n  o n e  k g  o f  P B S  b io p la s t ic  w a s te

Landfill scenario (without energy recovery)
I  . ''.ร ' ‘ *ji input Inventory Output Inventory

Description Unit Amount Remark Description Unit Amount Remark 1
B io p la s tic  w a ste  co llec tio n

R eso u rces E m iss io n  to  A ir
D ie s e l I 10.61 C O g 3 1 5

c o 2 g 2 6 ,9 5 0
CEE g 2.1
N O * g 3 5 0
n 20 g 1 .05
N M V O C g 6 6 .5

L a n d fil l
R eso u rces E m iss io n  to  A i r

B io p la s t ic
w a s te k g 1 C O g 0 .0 9

D ie s e l k g 0 .0 0 5 1 3 C 0 2 ( f o s s i l ) g 9 2 6 .5 6
E le c tr ic ity k W h 0 .0 0 2 2 5 CEE g 0 .0 2
T ap  w a ter k g 0 .0 0 4 9 3 N O x g 0 .3 2
W ire k g 0 .0 0 1 6 4 n 20 g 0 .0 0 0 4

' s o x g 0 .0 2
. c o 2

(b io g e n ic ) g 1 0 2 7 .6 6

E m iss io n  to  Water
B O D g 0 .0 6 5 8
C O D g 0 .1 0 8 8
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Table 4.18 R e su lts  o f  th e  in v en to ry  a n a ly s is  o f  la n d fill sc e n a r io  (w ith  e n e r g y
r e c o v e r y )  b a se d  o n  o n e  k g  o f  P B S  b io p la s t ic  w a ste

l ite r a tu r e  r e v i e w .

4 .1 .4 .2 .2  R e c y c l i n g
F o r  P B S  r e c y c l in g ,  w e  h a v e  n o t  f o u n d  d a ta  fr o m

4 .1 .4 .2 .3  C o m p o s t in g
T a b le  4 .1 9  s h o w s  th e  r e s u l t s  o f  th e  in v e n t o r y  

a n a ly s i s  o f  c o m p o s t i n g  t e c h n o l o g y  b a s e d  o n  o n e  k g  o f  b i o p l a s t ic  ( P B S )  p r o d u c t .
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Table 4.19 R e s u l t s  o f  t h e  in v e n t o r y  a n a ly s i s  o f  c o m p o s t i n g  t e c h n o l o g y  b a s e d  o n  o n e  

k g  o f  P B S  p r o d u c t

Composting scenario

Remark
B io p la s tic  w a ste  c o llec tio n

R eso u rces E m iss io n  to  A ir
D ie s e l 1 10.61 C O g 3 1 5

C 0 2 g 2 6 ,9 5 0
C H 4 g 2 . 1

N O * . g 3 5 0
N 20  . g 1 .05
N M V O C g 6 6 .5

C o m p o stin g
R eso u rces P ro d u c t

B io p la s t ic
w a s te k g 1

S o il
c o n ta in e r k g 0 .1 3

E le c tr ic i ty k W h 0 .0 0 0 6 E m iss io n  to  A ir
W a te r 1 0 .0 0 8 2 C 0 2 ( b io t ic ) k g 0 .9 4 3
D ie s e l 1 0 .0 0 0 0 3 C 0 2 ( a b io t ic ) k g 0 .8 3 5
E le c tr ic i ty k W h 0 .0 0 0 6 c h 4 k g 0 .0 0 0 3

N O * k g 0 .0 .0 0 0 2

S O x k g 0 .0 0 0 0 9
C O k g 0 .0 0 0 2 9

Description
H it  Inventory
1 Unit Amount Remark

(
Description Unit Amount

4 . 1 .4 . 2 . 4  I n c in e r a t io n
I n c in e r a t io n  is  a  p r o c e s s  th a t  c o m b u s t e d  th e  w a s t e  

to  g e n e r a te  e l e c t r i c i t y .  E le c t r ic i t y  p r o d u c t io n  w a s  c a lc u la t e d  w i t h  a  lo w e r  h e a t in g  

v a lu e  o f  P L A  a n d  e l e c t r i c  e f f i c i e n c y  o f  w a s t e  in c in e r a t io n  p la n t  w a s  e s t im a t e d  t o  b e  

a b o u t  3 0 %  ( D o m b u r g  et a l . , 2 0 0 6 ) .  T a b le  4 .2 0  s h o w s  t h e  r e s u l t s  o f  th e  in v e n to r y  

a n a ly s i s  o f  in c in e r a t io n  s c e n a r io  b a s e d  o n  o n e  k g  o f  b i o p l a s t ic  ( P B S )  p r o d u c t .
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Table 4.20 R e s u l t s  o f  th e  in v e n t o r y  a n a ly s i s  o f  in c in e r a t io n  s c e n a r io  b a s e d  o n  o n e  

k g  o f  P B S  p r o d u c t

4.2 Life Cycle Impact Assessment

4 .2 .1  C r a d le  to  G a te  ( R e s i n  P r o d u c t io n )
4.2.1.1 PLA Resin P roduction

A f t e r  L C I  fo r  P L A  r e s in  p r o d u c t io n  w a s  c o m p l e t e d ,  l i f e  c y c l e  

im p a c t  a s s e s s m e n t  ( L C I A )  c o u ld  b e  a n a ly z e d  fo r  o n e  k i lo g r a m  o f  P L A  r e s in  fo r  th e  

r e le v a n t  im p a c t  c a t e g o r i e s ,  u s in g  b o th  im p a c t  a s s e s s m e n t  m o d e l  C M L  2  b a s e l in e  

2 0 0 0  a n d  E c o - I n d ic a t o r  9 5 .  H o w e v e r ,  o n l y  th e  L C I A  r e s u lt s  u s i n g  C M L  m e t h o d  a re  

s h o w n  in  t h i s  c h a p te r  w h e r e a s  th e  r e s u l t s  u s in g  E c o - I n d ic a t o r  m e t h o d  a re  in c lu d e d  in  

A p p e n d ix  B .  F ig u r e  4 .6  i l lu s t r a t e s  a  s im p l e  p r o c e s s  d ia g r a m  o f  C a s s a v a - b a s e d  P L A  

r e s in  p r o d u c t io n ,  w h i c h  c a n  b e  d iv id e d  in to  3 m a in  u n it  p r o c e s s e s :  c a s s a v a  r o o t s  p r o 
d u c t io n ,  c a s s a v a  f lo u r  p r o c e s s ,  a n d  P L A  r e s in  p r o d u c t io n .  T h e  P L A  r e s in  p r o d u c t io n  

i s  b a s e d  o n  I n g e o  p r o d u c t io n  o f  N a t u r e W o r k s  ( 2 0 0 9 )  w h i c h  in c l u d e s  d e x t r o s e  

p r o d u c t io n ,  la c t ic  a c id  p r o d u c t io n ,  a n d  p o ly m e r iz a t io n  p r o c e s s .  F ig u r e  4 .7  s h o w s  th e
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g r e e n h o u s e  g a s  ( G H G )  e m i s s i o n  in  e a c h  u n it  p r o c e s s  p e r  k g  o f  C a s s a v a - b a s e d  P L A  

r e s in .  It c a n  b e  s e e n  f r o m  th is  f ig u r e  th a t  th e  r e s in  p r o d u c t io n  p r o c e s s  h a s  t h e  h ig h e s t  

G H G  im p a c t  a m o n g  t h e  th r e e  u n it  p r o c e s s  o f  th e  o v e r a l l  P L A  r e s in  p r o d u c t io n .

C assav a-b ased  
PL A  R esin

* This process based on Ingeo production from NatureWorks 2009.

Figure 4.6 A  s im p l e  p r o c e s s  d ia g r a m  o f  C a s s a v a - b a s e d  P L A  r e s in  p r o d u c t io n .

3

1 2.5
-7JÛ,
1  1

1 I

-0.5 4...
Cassava  I Cassava f lo u r 

p ro du c tio n  process

B GW  p  100 0.2001 0.1123

P ro d u c t io n T o ta l Inaeo

2.9153 2.82"6 1.3000

Figure 4 .7  G H G  e m i s s i o n  o f  C a s s a v a - b a s e d  P L A  r e s in  p r o d u c t io n  fo r  e a c h  u n it  

p r o c e s s  b y  u s i n g  C M L  2  b a s e l in e  2 0 0 0 .
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•  G lo b a l  w a r m in g  p o t e n t ia l  ( G W P )
G W P  im p a c t  i s  r e p r e s e n t e d  b y  G H G  e m i s s i o n  a s  

s h o w n  in  F ig u r e  4 .7 .  F r o m  th e  f ig u r e ,  it  c a n  b e  s e e n  th a t  t h e  n e t  G H G  e m i s s i o n  fo r  

C a s s a v a - b a s e d  P L A  r e s in  p r o d u c t io n  is  2 .8 2 7 6  k g  C O 2 e q . /k g  r e s in .  T h e  r e s in  

p r o d u c t io n  p h a s e  o r  p o l y la c t id e  p r o d u c t io n  h a s  s h o w n  t o  h a v e  t h e  h ig h e s t  

c o n t r ib u t io n  t o  G W P . T h is  i s  d u e  to  th e  u s e  o f  e n e r g y  w h i c h  i s  s t i l l  b a s e d  o n  f o s s i l  

s o u r c e s  s u c h  a s  c o a l  a n d  n a tu r a l g a s .  T h is  i s  s im i la r  to  th e  r e s u l t s  r e c e n t ly  r e p o r te d  

b y  N a t u r e W o r k s  ( V i n k  et a l ,  2 0 0 9 )  th a t  s h o w s  th e  m a jo r  c o n t r ib u t io n  f r o m  th e  u s e  

o f  c o a l  a s  e n e r g y  s o u r c e  w h i c h  le a d s  to  h ig h e r  g r e e n h o u s e  g a s e s  e m i s s i o n  th a n  in  

th e ir  p r e v io u s  p a p e r  th a t  u s e s  r e n e w a b le  e n e r g y  s o u r c e s  ( V i n k  et al., 2 0 0 7 ) .  A n o th e r  

r e a s o n  th a t  c a u s e s  h ig h  G W P  v a lu e  is  C O 2 u p ta k e  o f  th e  c r o p .  It i s  n o t i c e d  th a t  th e  

d a ta  r e p o r te d  b y  N a t u r e W o r k s  ( b o t h  2 0 0 7  a n d  2 0 0 9 )  fo r  C O 2 t a k e - u p  fr o m  th e  

a t m o s p h e r e  b y  c o m  d u r in g  i t s  g r o w t h  is  m u c h  h ig h e r  th a n  th e  a m o u n t  u p ta k e  b y  

c a s s a v a .  T h is  l e a d s  t o  a  h ig h e r  G W P  fo r  C a s s a v a - b a s e d  P L A  r e s in  in  T h a i la n d  th a n  

P L A  r e s in  p r o d u c e d  in  U S A  ( I n g e o )  a s  s h o w n  in  F ig .4 .7 .
L e a r n in g  fr o m  th e  s t u d y  o f  N a t u r e W o r k s ,  s im i la r  

t r e a tm e n t  c a n  b e  d o n e  in  th is  s t u d y  b y  c r e a t in g  o p t i o n s  fo r  p o s s i b l e  im p r o v e m e n t s  in  

s o m e  s t a g e s  in  th e  l i f e  c y c l e  o f  th e  b io p la s t ic ,  e s p e c i a l l y  in  t h e  u p s t r e a m  p r o c e s s  in  

o r d e r  t o  r e d u c e  th e  G W P  b a s e l in e .  In  th is  w o r k ,  2  o p t io n s  w e r e  o f f e r e d  w h i c h  a re  1) 

u t i l i z a t io n  o f  b i o g a s  f r o m  w a s t e w a t e r  t r e a tm e n t  f r o m  c a s s a v a  p r o d u c t io n  fo r  

e l e c t r i c i t y  g e n e r a t io n  a n d  2 )  im p r o v e m e n t  o f  c a s s a v a  y i e l d  f r o m  3 .5  to  5  to n /r a i .

4 .2 .1 .1 .1  O p t io n  1: U t i l i z a t i o n  o f  B i o g a s  f r o m  W a s t e w a t e r  

T r e a tm e n t  fr o m  C a s s a v a  P r o d u c t io n
F o r  th is  o p t io n ,  w e  u s e d  th e  s e c o n d a r y  d a ta  

e x t r a c t e d  f r o m  C le a n  D e v e l o p m e n t  M e c h a n is m  ( C D M )  a p p l i c a t io n  d o c u m e n t s  o f  o n e  

o f  t h e  la r g e s t  c a s s a v a  p r o c e s s i n g  p la n t s  in  N a k o r n  R a t c h a s im a  (K o r a t ) ,  S a n g u a n w o n g  

I n d u s tr ie s  ( S W I ) .  T h i s  p la n t  c o o p e r a t e s  w i t h  K o r a t  W a s t e  to  E n e r g y  C o .  L im ite d  

( K W T E ) ,  w h i c h  o w n s  a n d  o p e r a t e s  th e  f a c i l i t y  a s  a  r e n e w a b l e  e n e r g y  s e r v ic e  

c o m p a n y .  T h e y  u s e  C o n v e r t e d  I n -G r o u n d  A n a e r o b ic  R e a c t o r  ( C I G A R )  t e c h n o l o g y  to  

tu rn  w a s t e w a t e r  in to  e n e r g y  a n d  th e n  c la im  c a r b o n  c r e d it  t h r o u g h  C D M . T a b le  4 .2 1  

g i v e s  d e t a i l s  o f  th e  w a s t e w a t e r  b e f o r e  a n d  a f te r  d ig e s t io n .



105

Table 4.21 S W I  w a s t e w a t e r  b e f o r e  a n d  a f te r  d i g e s t i o n

Attribute Digester influent Digester effluent3
Chemical oxygen 
demand (COD)

> 32,000 mg/litre 99% reduction

Five-day biochemical 
oxygen demand (B0D5)

> 16,000 mg/litre 99% reduction

Total suspended 
solids (TSS)

> 15,000 mg/litre 99% reduction

Total dissolved solids (TDS) > 14.500 mg/litre 76% reduction
pH 3 .8 -4 2 7.1
Sulphates < 300 mg/litre -
3 Measured at digester outlet.

F o r  C I G A R  p r o c e s s  ( F ig u r e  4 .8 ) ,  t h e  g r e a te r  

c o n v e r s i o n  e f f i c i e n c y  a n d  h ig h e r  o r g a n ic  lo a d  t o g e t h e r  w a s  e x p e c t e d  t o  in c r e a s e  

a b o u t  2 0 %  m o r e  b i o g a s  p r o d u c e d . In  a d d it io n ,  th e  g r e a te r  c o m b u s t io n  e f f i c i e n c y  

m e a n s  l e s s  b i o g a s  i s  r e q u ir e d  to  p r o d u c e  e le c t r ic i t y .  C o m b in in g  t h e s e  f a c t o r s  c o u ld  

p r o v id e  u p  to  2 5 %  -  3 0 %  m o r e  b io g a s  th a n  th e  c o n v e n t io n a l  t e c h n o l o g y .  S i n c e  th e  

c o m m e n c e m e n t  o f  C I G A R  o p e r a t io n s  in  2 0 0 3 ,  th e  s y s t e m  h a s  a v e r a g e d  a  p r o d u c t io n  

o f  6 0 , 0 0 0  m 3 b i o g a s  p e r  d a y  a t 6 2 %  m e th a n e  g a s  ( e q u iv a le n t  t o  3 2 ,0 0 0  l i t e r s  o f  H F O  

p e r  d a y )  a n d  th e  p o w e r  p la n t  h a s  a n  a v e r a g e d  e l e c t r i c i t y  g e n e r a t io n  o f  s l i g h t ly  m o r e  

th a n  7 1 ,0 0 0  k W h  p e r  d a y  a t p e a k  o p e r a t io n . M a x im u m  b i o g a s  p r o d u c t io n  a t S W I ’s  

m a x im u m  w a s t e w a t e r  f l o w  ra te  o f  3 5 0  m 3/h o u r  i s  p r o j e c t e d  a t 1 2 4 ,0 0 0  m 3 p e r  d a y .
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Figure 4.8 C o n v e r t e d  in  G r o u n d  A n a e r o b ic  R e a c t o r  ( C I G A R ) .

T o ta l  s y s t e m  o u tp u t  fo r  2 0 0 4  i s  p r o j e c t e d  a t 2 4  

m i l l i o n  k W h  o f  e l e c t r i c i t y ,  w h i c h  w i l l  b e  s u p p l ie d  d ir e c t ly  to  th e  g r id  o f  E G  A T . T h is  

i s  c a lc u la t e d  t o  b e  e q u a l  to  3 8 0 ,0 0 0  t o n n e s  o f  C 0 2 e q u iv a le n t  f o r  G H G  e m i s s i o n  

r e d u c t io n .  D e t a i l s  o f  C I G A R  p e r f o r m a n c e  b a s e d  o n  t a p i o c a  s ta r c h  p o w e r  in  T h a ila n d  

a re  g iv e n  in  T a b le  4 .2 2 .

Table 4.22 C I G A R  p e r f o r m a n c e  s t a t i s t i c s  ( 2 0 0 4 )

B io g a s m eth an e con ten t 62%
B io g a s production  per m 3 w a stew a ter 16.5 m3
M ethane production per m- w a stew a ter 1 0 .25  m3
M axim um  b io g a s production at full w a stew a ter  flow  1 24 ,000  กา3/ day
GHG em iss io n  red u ction s 3 8 0 ,0 0 0  tonnes CO, 

equivalent

F ig u r e  4 .9  s h o w s  t h e  c o m p a r i s o n  o f  th e  G W P  

b e t w e e n  I n g e o  a n d  C a s s a v a - b a s e d  P L A  r e s in  ( b a s e  c a s e )  a n d  w i t h  o p t io n  1. It c a n  b e  

s e e n  th a t  G W P  a s  s h o w n  in  k g  C 0 2 e q . /k g  P L A  r e s in  d e c r e a s e  4  t i m e s  fo r  C a s s a v a -  

b a s e d  P L A  r e s in  w i t h  o p t io n  1 w h e n  c o m p a r e d  t o  th e  b a s e  c a s e .  M o r e o v e r ,  C a s s a v a -  

b a s e d  P L A  r e s in  p r o d u c t io n  w i t h  o p t io n  1 h a s  l o w e r  G W P  th a n  I n g e o  r e s in  o f  

N a t u r e W o r k s .
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Note: * Vink et al. 2009
**Maximum biogas from wastewater treatment is used to produce electricity, so this process get 

maximum G iVP reduction.

Figure 4.9 C o m p a r i s o n  o f  G W P  b e t w e e n  C a s s a v a - b a s e d  P L A  r e s in  ( b a s e  c a s e ) ,  
w it h  o p t io n  1 , a n d  I n g e o  r e s in  o f  N a t u r e W o r k s  b y  u s i n g  C M L  2  b a s e l i n e  2 0 0 0 .

t o  5 to n /r a i
4 . 2 .1 . 1 . 2  O p t io n  2 : I m p r o v e m e n t  o f  C a s s a v a  Y i e ld  fr o m  3 .5

T h is  o p t io n  i n v o l v e s  th e  p la n t a t io n  p h a s e  o f  

c a s s a v a  in  w h i c h  th e  g o v e r n m e n t  h a s  a  p la n  t o  in c r e a s e  th e  c a s s a v a  y ie ld  f r o m  th e  

c u r r e n t  f ig u r e  o f  3 .5  t o n /r a i  to  5 .0  to n /r a i  in  2 0 1 5 .  T h i s  i s  e x p e c t e d  t o  b e  a c h ie v e d  

th r o u g h  th e  i m p r o v e d  c a s s a v a  s e e d s  s e l e c t i o n  fo r  p la n t a t io n .  In  t h is  s tu d y , t w o  

a s s u m p t io n s  w e r e  m a d e  th a t: 1 ) im p r o v e d  c a s s a v a  s e e d s  th a t  c a n  b e  p la n t e d  in  e v e r y  

a r e a  in  T h a i la n d ,  a n d  2 )  im p r o v e d  c a s s a v a  y ie ld  o f  5 to n /r a i  c a n  b e  a c h i e v e d  b y  u s in g  

th e  s a m e  a m o u n t  o f  f e r t i l i z e r s  a n d  h e r b ic id e s  a s  t h e y  w e r e  u s e d  t o  g e t  th e  y i e ld  o f  3 .5  

to n /r a i .
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B a s e d  o n  th is  im p r o v e m e n t  o p t io n ,  th e  G W P  c o u ld  

b e  r e c a lc u la t e d  fo r  C a s s a v a - b a s e d  P L A  r e s in  p r o d u c t io n  w i t h  o p t io n  2  a s  s h o w n  in  

F ig u r e  4 .1 0 .  It c a n  b e  s e e n  th a t  th e  G H G  v a lu e  w a s  r e d u c e d  o n l y  a b o u t  1 0 %  

c o m p a r e d  to  th e  b a s e  c a s e .  T h e  e f f e c t  o f  t h is  o p t io n  i s  n o t  s ig n i f i c a n t  a s  it  o n l y  h e lp s  

r e d u c e  th e  e n v ir o n m e n t a l  lo a d  o f  th e  c a s s a v a  r o o t s  in  t h e  p la n t a t io n  p h a s e  w h e r e a s  

th e  o th e r  p r o c e s s e s  in  th e  l i f e  c y c l e  o f  b i o p la s t ic  r e m a in  t h e  s a m e .  T h is  i s  w h y  th e  

4 0 %  in c r e a s e  in  th e  y i e ld  c o u l d  im p r o v e  o n l y  1 0 %  o f  t h e  G W P  r e d u c t io n .

Figure 4.10 C o m p a r is o n  o f  G W P  b e t w e e n  C a s s a v a - b a s e d  P L A  r e s in  ( b a s e  c a s e ) ,  
C a s s a v a - b a s e d  P L A  r e s in  w i t h  o p t io n  2 ,  a n d  I n g e o  r e s in  f r o m  N a t u r e W o r k s  b y  u s in g  

C M L  2  b a s e l in e  2 0 0 0 .

4 .2 .1 .1 .3  A l l  O p t io n s
In  t h is  p a r t , w e  h a v e  c o m b i n e d  b o t h  t w o  o p t io n s  

t o g e t h e r  to  h e lp  r e d u c e  G W P  th r o u g h o u t  th e  l i f e  c y c l e  o f  t h e  b io p la s t ic .  F ig u r e  4 .1 1  

s h o w s  th e  G W P  im p a c t  a s  r e p r e s e n t e d  b y  G H G  e m i s s i o n  in  k g  C O 2 /  k g  P L A  r e s in  

f o r  th e  b a s e  c a s e  C a s s a v a - b a s e d  P L A  r e s in ,  w i t h  o p t io n  1 , w i t h  o p t io n  2 ,  a n d  w it h



109

b o th  o p t i o n s  c o m p a r e d  t o  I n g e o  

G H G  e m i s s i o n  c o u ld  b e  lo w e r e d  

a n d  2  t i m e s  l o w e r  th a n  t h e  b a s e  

r e s p e c t iv e ly .

r e s in  o f  N a t u r e W o r k s .  T h e  r e s u l t s  s h o w s  th a t  th e  

to  a s  l o w  a s  0 .6 2 9 9  k g  C O 2 e q . / k g  P L A  r e s in  o r  4 .5  

c a s e  o f  C a s s a v a - b a s e d  P L A  r e s in  a n d  I n g e o  r e s in ,

Ingeo Cassava-based W ith  op tion  1. W ith  op tion2  W ith  o il options
P L A

Figure 4.11 G W P  o f  C a s s a v a - b a s e d  P L A  r e s in  fo r  t h e  b a s e  c a s e ,  w i t h  o p t io n  1, w it h  

o p t io n  2 ,  a n d  w i t h  a ll  o p t io n s  c o m p a r e d  to  I n g e o  b y  u s i n g  C M L  2  b a s e l i n e  2 0 0 0 .

4.2.1 .2  P B S  Resin  Production
S im i la r  to  P L A , a f te r  L C I  f o r  P B S  r e s in  p r o d u c t io n  w a s  

c o m p le t e d ,  l i f e  c y c l e  im p a c t  a s s e s s m e n t  ( L C I A )  c o u ld  b e  a n a ly z e d  fo r  o n e  k i lo g r a m  

o f  P B S  r e s in  fo r  th e  r e l e v a n t  im p a c t  c a t e g o r ie s  u s i n g  b o t h  C M L  2  b a s e l i n e  2 0 0 0  a n d  

E c o  I n d ic a t o r  9 5 .  H o w e v e r ,  fo r  s im p l i c i t y  s a k e ,  o n l y  G W P  im p a c t  f r o m  C M L  

m e t h o d  ( a s  r e p r e s e n t e d  b y  k g  C O 2 e q . )  i s  p r e s e n t e d  in  t h is  p a rt w h i l e  f u l l  r e s u lt s  o f  

b o t h  m e t h o d s  a re  in c lu d e d  in  th e  A p p e n d ix  B . F ig u r e  4 .1 2  s h o w s  th e  u n it  p r o c e s s e s  

i n v o lv e d  in  th e  l i f e  c y c l e  o f  P B S  r e s in  p r o d u c t io n .  It c a n  b e  s e e n  th a t  th e  r e s o u r c e s  

fo r  P B S  p r o d u c t io n  c o m e  fr o m  b o th  b i o m a s s  a n d  f o s s i l  a s  s u c c in ic  a c id  i s  p r o d u c e d
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fr o m  s u g a r  w h e r e a s  B D O  is  p r o d u c e d  fr o m  p e t r o le u m . F ig u r e  4 .1 3  s h o w s  th e  L C I A  

r e s u lt s  o f  G W P  o f  P B S  r e s in  in  v a r io u s  s t a g e s  th r o u g h o u t  i t s  l i f e  c y c l e .

P B S  resin

Figure 4.12 A  s im p l e  p r o c e s s  f l o w  d ia g r a m  o f  P B S  r e s in  p r o d u c t io n .

V.ทุ

พit

-2
Suga rcane

• G W P  100 -0,"565

Suga r ; Su cc in ic  a r id  

-0.0254 2.3928

B D O P o ly m e r iz a t i
on T o ta l

2.6181 1.1544 5.3835

Figure 4.13 G W P  o f  P B S  r e s in  in  v a r io u s  l i f e  c y c l e  s t a g e s  b y  u s i n g  C M L  2  b a s e l in e  

2 0 0 0 .

F r o m  F ig .4 .1 3 ,  it  c a n  b e  s e e n  th a t  s u c c i n i c  a n d  B D O  

p r o d u c t io n  c o n t r ib u t e  s ig n i f ic a n t ly  t o  t h e  G W P  o f  P B S  r e s in  f o l l o w e d  b y  

p o ly m e r iz a t io n  p r o c e s s .  T h e  to ta l  G W P  o f  P B S  r e s in  p r o d u c t io n  i s  s h o w n  to  b e



5 .3 8 3 4  k g  C O 2 e q .  o f  w h i c h  th e  h ig h e s t  a m o u n t  o f  a b o u t  5 0 %  c o m e s  f r o m  B D O  

( 2 .6 1 8 1  k g  C O 2 e q . )  d u e  to  it s  p e t r o le u m  o r ig in a l i t y .  T h e  s e c o n d  h ig h e s t  c o n t r ib u t io n  

i s  f r o m  s u c c in ic  p r o d u c t io n  w h e r e  a b o u t  7 0 %  c o m e s  f r o m  e n e r g y  c o n s u m p t io n ,  
in c lu d in g  s t e a m  a n d  e l e c t r i c i t y  f r o m  n a tu r a l g a s  a n d  a b o u t  2 5 %  fr o m  th e  u s e  o f  

a m m o n ia .  It c a n  a l s o  b e  n o t ic e d  fr o m  F ig .4 .1 3  th a t  th e  G W P  v a lu e s  f o r  s u g a r c a n e  

a n d  s u g a r  p r o d u c t io n  a re  n e g a t iv e  b e c a u s e  o f  th e  c a r b o n  o f f s e t  b y  C O 2 u p ta k e  o f  

s u g a r c a n e  a n d  s u r p lu s  e l e c t r i c i t y  p r o d u c t io n  fr o m  b a g a s s e s  in  t h e  s u g a r  p la n t .  A s  a 

r e s u lt ,  t h e  n e t  G H G  e m i s s i o n  fo r  s u c c in ic  p r o d u c t io n  ( c r a d le - t o - g a t e )  i s  r e d u c e d  to  

o n ly  1 .6 1 0 9  k g  C O 2 e q .
T h e  c o m p a r is o n  o f  G W P  b e t w e e n  P B S  r e s in ,  C a s s a v a - b a s e d  

P L A  r e s in  a n d  I n g e o  r e s in  is  s h o w n  in  F ig u r e  4 .1 4 .  F r o m  th is  f ig u r e ,  it  c a n  b e  s e e n  

th a t G H G  e m i s s i o n  f r o m  P B S  h a s  s h o w n  to  b e  th e  h ig h e s t ,  f o l l o w e d  b y  C a s s a v a -  

b a s e d  P L A , a n d  I n g e o  f r o m  th e  บ . ร .  H o w e v e r ,  w h e n  o p t io n  1 o r  b o th  o p t i o n s  w e r e  

in c lu d e d ,  G H G  im p a c t  f r o m  C a s s a v a - b a s e d  P L A  r e s in  h a s  s h o w n  t o  b e  th e  l o w e s t .

Figure 4.14 Comparison of GWP of PBS resin with Cassava-based PLA resin and
Ingeo resin by using CML 2 baseline 2000.
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4 . 2 .2  B i o p l a s t i c  P r o d u c t s
In  t h is  p a r t, L C  I A  w a s  c o n d u c t e d  fo r  b i o p l a s t ic  p r o d u c t  b a s e d  o n  

c r a d le - t o - g a t e  a p p r o a c h , w h i c h  in c lu d e s  b io p la s t ic  r e s in  p r o d u c t io n ,  t r a n s p o r ta t io n  o f  

r e s in  to  p la s t i c  p r o c e s s i n g  fa c t o r y ,  a n d  th e  p r o c e s s i n g  o f  th e  b i o p la s t ic  p r o d u c t s .  T h e  

p r o d u c t s  s t u d ie d  in c lu d e  T - s h ir t  b a g  a n d  d r in k in g  w a t e r  b o t t le  f o r  P L A , a n d  T -s h ir t  

b a g  a n d  f o o d  c o n t a in e r  f o r  P B S .  F o r  P L A  p r o d u c t s ,  c a s s a v a - b a s e d  P L A  r e s in  w i t h  a ll  
o p t io n s  ( b o t h  1 a n d  2 ) ,  r e p r e s e n t in g  th e  b e s t  e n v ir o n m e n t a l  p e r f o r m a n c e  in  th e  r e s in  

p r o d u c t io n  p h a s e ,  w a s  u s e d  in  th is  a n a ly s i s .  It s h o u ld  b e  n o t e d  th a t  th e  r e s u lt s  s h o w n  

in  th is  p a rt w e r e  c a lc u la t e d  f r o m  t w o  s e t s  o f  t h e  p la s t ic  p r o c e s s i n g  d a ta : th e  w o r s t  

c a s e  a n d  t h e  b e s t  c a s e ,  w h i c h  c o r r e s p o n d  to  th e  d a ta  e x t r a c t e d  f r o m  th e  g o v e r n m e n t  

r e p o r t  f o r  p r o c e s s i n g  o f  c o n v e n t io n a l  p la s t i c s  a n d  th e  a c tu a l  d a ta  f r o m  th e  fa c to r y ,  
r e s p e c t i v e ly .

4.2.2.1 T-shirt B ag
T h e  r e s u lt s  p r e s e n t e d  in  t h is  p a rt a re  s e p a r a te d  in t o  P L A  T -  

s h ir t  b a g  f r o m  C o m p a n y  A  a n d  C o m p a n y  B ,  a n d  P B S  T - s h ir t  b a g  f r o m  C o m p a n y  A .  
In  a d d it io n ,  fo r  e a c h  t y p e  o f  b a g ,  th e  r e s u lt s  a r e  a l s o  p r e s e n t e d  a s  a  c o m p a r is o n  

b e t w e e n  b e s t  c a s e  a n d  w o r s t  c a s e  a s  s h o w n  in  F ig u r e  4 .1 5 .  M o s t  o f  t h e  G W P  im p a c t  

o f  T - s h ir t  b a g  c o m e s  f r o m  e l e c t r i c i t y  u s e  in  th e  p la s t i c  p r o c e s s i n g .  It c a n  b e  s e e n  th a t  

th e  G W P  o f  th e  b a g  f r o m  C o m p a n y  B  i s  s l i g h t ly  h ig h e r  th a n  th a t  o f  C o m p a n y  A  

b e c a u s e  it  i s  b ig g e r  a n d  t h ic k e r  th a n  T - s h ir t  b a g  o f  C o m p a n y  A . C o n s e q u e n t ly ,  it 

r e q u ir e s  l o n g e r  p r o c e s s i n g  t im e ,  l e a d in g  t o  h ig h e r  e n e r g y  c o n s u m p t i o n  a n d  h ig h e r  

e n v ir o n m e n t a l  b u r d e n . F o r  P B S  T - s h ir t  b a g ,  it  h a s  h ig h e r  G W P  th a n  P L A  T -s h ir t  

b a g s  w h i c h  i s  d u e  to  t h e  P B S  r e s in  a s  s h o w n  in  p r e v io u s  s e c t i o n  ( F i g .4 .1 4 ) .

4.2.2 .2  D rin k  W ater Bottle
G W P  r e s u lt s  o f  P L A  w a t e r  b o t t le  f r o m  C o m p a n y  D  a re  

s h o w n  in  F ig u r e  4 .1 6  f o r  b o t h  b e s t  c a s e  a n d  w o r s t  c a s e .  F o r  w a t e r  b o t t le ,  G W P  v a lu e  

o f  w o r s t  c a s e  i s  s l i g h t ly  h ig h e r  b e c a u s e  t h e  b i o p la s t ic  b o t t le s  a re  p r o d u c e d  n o t  o n  a  

r e g u la r  b a s i s ,  b u t  r a th e r  a s  a  s p o t  lo t  fo r  s p e c ia l  o r d e r . F le n c e ,  th e  f a c t o r y  is  n o t  

f a m i l ia r  t o  th e  p r o c e s s  c o n d i t io n s  w h ic h  r e s u lt s  in  a  lo t  o f  s c r a p s  (a s  w a s t e )  a n d  h ig h  

e le c t r i c i t y  c o n s u m p t i o n  th a n  p r o c e s s i n g  o f  c o n v e n t io n a l  p la s t ic .
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P L A  T -sh ir t  l ia g  A  P L A  T -sh ir t  b ag_ B  P B S  ï - s h i r f  hag  A

Figure 4.15 G W P  o f  P L A  a n d  P B S  T - s h ir t  b a g s  f r o m  C o m p a n y  A  a n d  B  f o r  b o th
b e s t  c a s e  a n d  w o r s t  c a s e  b y  u s in g  C M L  2  b a s e l i n e  2 0 0 0 .

Figure 4.16 G W P  o f  P L A  w a te r  b o t t le  f r o m  C o m p a n y  D  f o r  b o t h  b e s t  c a s e  a n d  

w o r s t  c a s e  b y  u s i n g  C M L  2  b a s e l in e  2 0 0 0 .
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4.2.2 .3  F o od  container
F ig u r e  4 .1 7  s h o w s  G W P  o f  P B S  f o o d  c o n t a in e r  fo r  b o th  b e s t  

c a s e  a n d  w o r s t  c a s e  b y  u s in g  C M L  2  b a s e l in e  2 0 0 0 .  S im i la r  e x p la n a t io n  t o  th e  

d r in k in g  w a t e r  b o t t le  c a n  b e  o f f e r e d  h e r e  fo r  th e  h ig h e r  im p a c t  o f  th e  w o r s t  c a s e  

c o m p a r e d  t o  t h e  b e s t  c a s e .  It s h o u ld  b e  n o te d  th a t  in  t h i s  p a r t ic u la r  c a s e  P B S  w a s  

m ix e d  w i t h  P L A  ( 3 : 2 )  t o  p r o d u c e  f o o d  c o n t a in e r .

6

5

G 2 61' îê
1

4 . 2 2 0 0

Best case

5 . 3 1

W o rs t case

Figure 4.17 G W P  o f  P B S  f o o d  c o n t a in e r  f r o m  C o m p a n y  c in  te r m  o f  b o th  b e s t  c a s e  

a n d  w o r s t  c a s e  b y  u s i n g  C M L  2  b a s e l i n e  2 0 0 0 .

4 .2 .3  D i s p o s a l  P h a s e
In  th is  p a r t , o n l y  d i s p o s a l  p h a s e  o f  t h e  b i o p l a s t ic  p r o d u c t s  w a s  

a n a ly z e d  a n d  p r e s e n t e d .  F o u r  d i s p o s a l  t e c h n o l o g ie s :  l a n d f i l l  ( w i t h  a n d  w it h o u t  

e n e r g y  r e c o v e r y ) ;  c o m p o s t in g ;  in c in e r a t io n ;  a n d  r e c y c l i n g ,  w e r e  u s e d  in  t h is  s tu d y  a s  

a  m e a n s  t o  tr e a t  b i o p l a s t ic  w a s t e s .  B a s e d  o n  t h e s e  d i s p o s a l  t e c h n o l o g i e s ,  fo u r  w a s t e  

m a n a g e m e n t  s c e n a r io s  ( B a s e  c a s e ,  S I ,  S 2 ,  a n d  S 3 )  w e r e  c r e a te d  a s  d e s c r ib e d  in  th e  

e x p e r im e n t a l  s e c t i o n  (C h a p t e r  3 )  in  o r d e r  to  a s s e s s  t h e  e n v ir o n m e n t a l  im p a c t s  o f  th e  

d is p o s a l  p h a s e  o f  t h e  b io p la s t ic  w a s t e s  a n d  t o  d e t e r m in e  t h e  s u i t a b le  w a s t e
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m a n a g e m e n t  s c h e m e  fo r  b io p la s t ic s .  T h e  b a s i s  fo r  t h e  a n a l y s i s  in  t h i s  p a r t  i s  t o  trea t 1 
k g  o f  1 0 0 %  P L A  o r  P B S  p la s t i c  w a s t e .

4.2.3.1 PLA products
F ig u r e  4 .1 8  s h o w s  G W P  o f  th e  f o u r  d i s p o s a l  t e c h n o l o g ie s  

b a s e d  o n  1 k g  P L A  w a s t e  b e in g  tr e a te d . E a c h  d i s p o s a l  t e c h n o l o g y  i s  d i s c u s s e d  

b e lo w .

1.2

C om posting  ; In c in e ra tio n  

0 0 90 8  I 0.04*0

L a n d f i l l
w ithout
energy

recovery

L a n d f i l l w ith 
energy 

recovery
Recycle

■ G W P  100 0.0360 ; -0.0230 1.1300

Figure 4.18 G W P  o f  v a r io u s  d i s p o s a l  t e c h n o l o g ie s  b a s e d  o n  1 k g  P L A  p r o d u c t  

tr e a te d  b y  u s i n g  C M L  2  b a s e  l in e  2 0 0 0 .

Landfill
F r o m  F ig u r e  4 . 1 8 ,  th e  G W P  o f  la n d f i l l  w i t h o u t  

e n e r g y  r e c o v e r y  i s  0 .0 3 6  k g  C 0 2 e q . p e r  k g  P L A  tr e a te d . T h e  la r g e s t  a m o u n t  o f  G H G  

g e n e r a t e d  f r o m  la n d f i l l  w a s  a  r e s u lt  o f  th e  d e g r a d a t io n  o f  P L A  u n d e r  a n a e r o b ic  

c o n d i t io n  in  th e  la n d f i l l  s i t e  w h ic h  e m it t e d  la r g e  a m o u n t  o f  m e t h a n e  ( 9 0 %  C E L ) a n d  

c a r b o n  d i o x id e  ( 1 0 %  C 0 2)  to  th e  a tm o s p h e r e .  F u r t h e r m o r e , t h e  u s e  o f  d i e s e l  d u r in g



116

th e  c o l l e c t i o n  o f  b io p la s t ic  w a s t e  a n d  e l e c t r i c i t y  d u r in g  b a l in g  p r o c e s s  c a u s e d  th e  

s e c o n d  a n d  t h e  th ir d  h i g h e s t  c o n t r ib u t io n  to  th e  G W P  im p a c t s ,  r e s p e c t i v e ly .  A s  a  

r e s u lt ,  th e  G W P  o f  th is  t r e a tm e n t  t e c h n o l o g y  i s  s h o w n  t o  b e  h i g h e s t  a m o n g  a ll  
tr e a tm e n t  t e c h n o l o g i e s  s t u d ie d .

In  c a s e  o f  la n d f i l l  w i t h  e n e r g y  r e c o v e r y ,  4 5 %  o f  

m e t h a n e  g e n e r a t e d  w a s  c o l l e c t e d  ( r e c o v e r e d )  th r o u g h  p i p e l i n e  b u r ie d  u n d e r n e a th  th e  

l a n d f i l l  s i t e  a n d  s e n t  t o  g a s  e n g i n e  a n d  g e n e r a to r  in  o r d e r  to  g e n e r a t e  e le c t r ic i t y  

w h e r e a s  t h e  o t h e r  4 5 %  o f  m e t h a n e  w a s  e s t im a t e d  t o  e s c a p e  t o  th e  a t m o s p h e r e .  T h e  

e n e r g y  r e c o v e r e d  i s  e s t im a t e d  t o  b e  e q u a l  to  e l e c t r i c i t y  o f  1 .5 5  k W h . w h ic h  is  

s u p p l ie d  to  t h e  E G A T  g r id - m ix .  T h is  h e lp s  r e d u c e  th e  n e e d  to  p r o d u c e , e q u a l  a m o u n t  

o f  e l e c t r i c i t y  a n d  it  i s  c o n s id e r e d  to  r e d u c e  t h e  e n v ir o n m e n t a l  im p a c t  b y  

c o m p e n s a t in g  t h e  e n v ir o n m e n t a l  im p a c t  r e s u lt in g  f r o m  e le c t r i c i t y  p r o d u c t io n  o f  

E G A T  w h i c h  i s  0 .5 6  k g  C O 2 e q .  p e r  k W h  ( g r i d - m i x e d ) .  T h u s ,  th e  to ta l  G W P  fo r  

l a n d f i l l  w i t h  e n e r g y  r e c o v e r y  w a s  d e c r e a s e d  t o  - 0 .0 2 3  k g  C O 2 e q . /k g  P L A  tr e a te d  a s  

s h o w n  in  F i g .4 .1 8 .

Recycling
T h e  r e c y c l i n g  p r o c e s s  u s e d  in  t h i s  s t u d y  is  b a s e d  

o n  l ite r a tu r e  r e v i e w  w h e r e  P L A  w a s t e  is  r e c y c le d  b a c k  t o  l a c t ic  a c id  ( L - L A )  a n d  th e n  

p o ly m e r iz e d  t o  P L A  r e s in  a g a in . F r o m  th e  a s s e s s m e n t ,  th e  to ta l  G W P  o f  r e c y c l in g  

P L A  w a s t e  w a s  f o u n d  t o  b e  3 .2 5  k g  C O 2 e q . /k g  P L A  tr e a te d . H o w e v e r ,  a s  th e  

r e c y c le d  P L A  i s  f i n a l ly  c o n v e r t e d  in to  th e  n e w  r e s in ,  t h i s  r e c y c l i n g  a c t i v i t y  l e a d s  t o  a  

r e d u c t io n  o f  n e e d  to  p r o d u c e  f r e s h  P L A  r e s in  ( f r o m  v ir g in  m a t e r ia l)  o f  th e  e q u a l  

a m o u n t .  T h u s ,  th e  to ta l  G W P  o f  r e c y c l i n g  P L A  w a s t e  s h o u ld  b e  d e d u c t e d  b y  th e  

G W P  o f  th e  p r o d u c t io n  o f  f r e s h  P L A  r e s in  ( 1 .5 3  -  2 .7 1  k g  C O 2 e q .  p e r  k g  P L A ) .  A s  

a  r e s u lt ,  t h e  n e t  G W P  fo r  r e c y c l i n g  P L A  w a s t e  w a s  s h o w n  t o  b e  1 .1 3  k g  C O 2 e q . p e r  

k g  P L A  tr e a te d  (a n  a v e r a g e  v a lu e ) .  T h is  i s  t h e  f ir s t  h i g h e s t  G W P  a m o n g  a ll  t r e a tm e n t  

t e c h n o l o g i e s  w h i c h  i s  d u e  to  c o m p l ic a t io n  o f  t h e  p r o c e s s  t o  r e c y c le  P L A  b a c k  to  it s  

m o n o m e r  a n d  r e s in .
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Composting
F o r  c o m p o s t in g ,  th e  b i o p l a s t ic  w a s t e s  a re  d e g r a d e d  

u n d e r  a e r o b ic  c o n d i t io n s  w h i c h  r e s u lt s  in  s o i l  c o n t a in in g  s u b s t a n c e  a n d  e m i s s i o n  o f  

C O 2 . A s  P L A  i s  p r o d u c e d  to t a l ly  fr o m  r e n e w a b le  r e s o u r c e s ,  t h e  C O 2 e m it t e d  is  

c o n s id e r e d  c a r b o n  n e u tr a l  in  th is  s tu d y  ( n o t  c o u n t e d  a s  G H G  e m i s s i o n ) .  T h e  s o i l  

c o n t a in in g  s u b s t a n c e  fr o m  th e  c o m p o s t in g  p r o c e s s  i s  u s u a l ly  m i x e d  w i t h  a n im a l  

m a n u r e  a n d  u t i l i z e d  a s  s o i l  c o n t a in e r  w h i c h  c a n  r e p la c e  th e  u s e  o f  o r g a n ic  c o m p o s t .  
T h u s ,  th e  to ta l  G W P  o f  t h e  c o m p o s t in g  p r o c e s s  s h o u ld  b e  c o m p e n s a t e d  b y  th e  G W P  

o f  o r g a n ic  c o m p o s t  p r o d u c t io n .  A s  a  r e s u lt ,  th e  n e t  G W P  o f  c o m p o s t i n g  t e c h n o l o g y  

i s  - 0 .0 9 0 8  k g  C O 2 e q . /k g  P L A  tr e a te d . A s  s h o w n  in  F i g .4 .1 8 ,  i t  s h o u ld  b e  n o t e d  th a t  

th e  G W P  o f  t h e  c o m p o s t i n g  tr e a tm e n t  fo r  P L A  w a s t e  i s  s h o w n  t o  b e  t h e  l o w e s t  

a m o n g  a ll t r e a tm e n t  t e c h n o l o g i e s  s tu d ie d .

Incineration
W h e n  P L A  w a s t e s  a re  tr e a te d  b y  in c in e r a t io n ,  th e y  

a re  r e c o v e r e d  a s  e n e r g y .  T h e  r e m a in in g  p a rt fr o m  th e  c o m b u s t io n  o f  p la s t i c s  i s  a s h  

w h i c h  is  r e q u ir e d  t o  b e  tr e a te d  b y  la n d f i l l .  T h e  e n e r g y  a s  e s t im a t e d  f r o m  th e ir  L H V  is  

u t i l i z e d  t o  g e n e r a t e  e l e c t r i c i t y .  T h e  e le c t r i c i t y  g e n e r a t e d  i s  c o n s id e r e d  a s  a  

c o m p e n s a t io n  fo r  th e  g r id - m ix  e l e c t r ic i t y ,  a n d  th u s ,  t h e  G H G  o f  g r id - m ix  e l e c t r i c i t y  

o f  E G A T  is  u s e d  t o  s u b tr a c t  f r o m  th e  to ta l  G H G  e m i s s i o n  o f  t h e  i n c in e r a t io n  p r o c e s s .  
C o n s e q u e n t ly ,  th e  n e t  G W P  o f  in c in e r a t io n  t e c h n o l o g y  i s  0 .0 4 7  k g  C O 2 e q .  p e r  k g  

P L A  tr e a te d  a s  s h o w n  in  F ig u r e  4 .1 8 .

A f t e r  a ll  fo u r  d i s p o s a l  t e c h n o l o g i e s  w e r e  e v a lu a t e d  a n d  

c o m p a r e d  in  t h e  p r e v io u s  s e c t io n ;  t h e y  w e r e  in te g r a te d  in t o  fo u r  w a s t e  m a n a g e m e n t  

s c e n a r io s  ( B a s e  c a s e ,  S I ,  S 2 ,  a n d  S 3 )  a s  d e s c r ib e d  in  th e  e x p e r im e n t a l  c h a p te r  

(C h a p te r  3 ) .  F o r  th e  b a s e  c a s e ,  it  i s  c o n s id e r e d  a s  2  s u b - c a t e g o r i e s ,  d e p e n d in g  o n  

w h e t h e r  o r  n o t  th e  e n e r g y  r e c o v e r y  i s  in c lu d e d  in  th e  la n d f i l l .  F o r  o th e r  s c e n a r io s  ( S I  

-  S 3 ) ,  th e  la n d f i l l  w i t h  e n e r g y  r e c o v e r y  w a s  u s e d  in  th e  a n a l y s i s .  F ig u r e  4 .1 9  

i l lu s tr a t e s  th e  c o m p a r i s o n  o f  a ll d i s p o s a l  s c e n a r io s  in c lu d e d  in  t h i s  s tu d y  b a s e d  o n  1 
k g  P L A  p r o d u c t .  F r o m  t h is  f ig u r e ,  th e  r e s u lt s  s h o w  th a t  th e  b a s e  c a s e  w i t h o u t  e n e r g y  

r e c o v e r y ,  w h i c h  r e p r e s e n t s  th e  c u r r e n t  w a s t e  m a n a g e m e n t  o f  B a n g k o k  (1 2 %
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c o m p o s t i n g  a n d  8 8 %  la n d f i l l )  h a s  G W P  im p a c t  o f  a p p r o x im a t e ly  0 .0 2  k g  C O 2 e q .  p e r  

k g  P L A  p r o d u c t .  H o w e v e r ,  w h e n  e n e r g y  r e c o v e r y  i s  in c lu d e d ,  th e  G W P  o f  th e  b a s e  

c a s e  s c e n a r io  w a s  s ig n i f i c a n t ly  r e d u c e d  to  - 0 .0 3 1 1  k g  C O 2 e q . C o n s id e r in g  a l l  w a s t e  

m a n a g e m e n t  s c e n a r io s ,  t h e  b e s t  c a s e  o f  d i s p o s a l  s c e n a r io  h a s  s h o w n  t o  b e  S I  ( 1 0 0 %  

c o m p o s t i n g )  w h i c h  h a s  G W P  o f  - 0 .0 9 0 8  k g  C O 2 e q .  p e r  k g  P L A  p r o d u c t ,  a n d  th e  

w o r s t  c a s e  i s  ร 3  ( 3 0 %  la n d f i l l  w i t h  e n e r g y  r e c o v e r y ,  3 0 %  c o m p o s t i n g ,  3 0 %  

in c in e r a t io n ,  a n d  1 0 %  r e c y c le )  h a s  s h o w n  G W P  d is t r ib u t io n  0 . 0 9 3 0  k g  C O 2 e q .  p e r  

k g  P L A  p r o d u c t .

0 .15

0.1

- 0 .1  +....... ................ ........1---------------— ■ -1............. .... ........... - โ............................ .....T ............
Base case Base case w ith

I w ith o u t energy I energy S I  .ร2* S3*
I recove ry  I recovery* I

■ G W P 1 0 0  0.0208 -0.0311 0.0908 0.0153 ! 0.0930

*Note: These scenarios use landfill with energy recovery

Figure 4.19 C o m p a r i s o n  o f  G W P  fo r  v a r io u s  w a s t e  m a n a g e m e n t  s c e n a r io s  fo r  P L A  

b a s e d  o n  1 k g  P L A  p r o d u c t  tr e a te d  b y  u s in g  C M L  2  b a s e  l in e  2 0 0 0 .

4.2 .3 .2  P B S  prod u cts
S im i la r  a n a ly s i s  t o  P L A  w a s  u s e d  t o  a s s e s s  t h e  e n v ir o n m e n t a l  

im p a c t  o f  t h e  w a s t e  tr e a tm e n t  fo r  P B S  a s  w e l l  a s  t h e  w a s t e  m a n a g e m e n t  s c e n a r io s .
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F o r  P B S ,  o n l y  th r e e  d i s p o s a l  t e c h n o l o g ie s ,  la n d f i l l ;  c o m p o s t i n g ;  a n d  in c in e r a t io n ,  
w e r e  s t u d ie d  s i n c e  r e c y c l e  o f  P B S  h a s  n o t  b e e n  r e p o r te d  a n y w h e r e .  A f t e r  th a t , th e  

d i s p o s a l  t e c h n o l o g i e s  w e r e  in te g r a te d  in to  fo u r  w a s t e  m a n a g e m e n t  s c e n a r io s  ( B a s e  

c a s e ,  S I ,  S 2 ,  a n d  S 3 )  in  o r d e r  to  e v a lu a t e  th e  b e s t  s c e n a r io  fo r  t r e a t in g  P B S  w a s t e .  It 
s h o u ld  b e  n o t e d  th a t  P B S  i s  m a d e  o f  s u c c in ic  a c id  a n d  B D O  w h i c h  a re  p r o d u c e d  

fr o m  r e n e w a b le  a n d  f o s s i l  r e s o u r c e s ,  r e s p e c t i v e ly ,  a s  s h o w n  in  F i g .4 .1 3 .  O w in g  to  

th is  f a c t ,  t h e  e n v ir o n m e n t a l  a s s e s s m e n t  fo r  P B S  i s  a n a ly z e d  a  b i t  d i f f e r e n t  c o m p a r e d  

to  P L A . H o w e v e r ,  t h is  s t u d y  c o n s id e r s  P B S  t o  b e  t o t a l ly  b io d e g r a d a b le .  F ig u r e  4 .2 0  

s h o w s  G W P  o f  a l l  th r e e  d i s p o s a l  t e c h n o l o g ie s  b a s e d  o n  1 k g  P B S  p r o d u c t .

F ig u re  4 .2 0  G W P  o f  th r e e  d i s p o s a l  t e c h n o l o g i e s  b a s e d  o n  1 k g  P B S  p r o d u c t  b y  

u s in g  C M L  2  b a s e  l in e  2 0 0 0 .

L a n d fill
In  t h is  p a r t, w e  c o n s i d e r  P B S  to  b e  1 0 0 %  

b io d e g r a d a b le  w h i c h  i s  t h e  s a m e  a s  P L A . H o w e v e r ,  a s  o n l y  s u c c in ic  p a rt o f  P B S  

c o m e s  f r o m  r e n e w a b le  s o u r c e ,  o n l y  h a l f  o f  C O 2 g e n e r a t e d  a lo n g  w i t h  C R 4 u n d e r
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a n a e r o b ic  c o n d i t io n  in  la n d f i l l  i s  t h e n  c o n s id e r e d  c a r b o n  n e u tr a l .  T h is  i s  d i f f e r e n t  

fr o m  P L A  c a s e  w h e r e  a l l  C O 2 g e n e r a te d  i s  c o n s id e r e d  c a r b o n  n e u tr a l .  F o r  C H 4 , a ll  
C H 4 g e n e r a t e d  f r o m  a n a e r o b ic  d ig e s t io n  i s  c o n s id e r e d  p o t e n t ia l  G W P  s in c e  it  c a n n o t  

b e  a b s o r b e d  b i o l o g i c a l l y  b y  p la n t s .
F o r  la n d f i l l  w i t h o u t  e n e r g y  r e c o v e r y ,  th e  to ta l  

G W P  is  s h o w n  to  b e  0 .9 4  k g  C O 2 e q . /k g  P B S  tr e a te d . T h is  i s  h ig h e s t  a m o n g  a ll  
d is p o s a l  t e c h n o l o g i e s  s t u d ie d  w h ic h  c a n  b e  a t tr ib u te d  t o  th e  h i g h  g e n e r a t io n  a n d  

r e le a s e  o f  G H G  fr o m  la n d f i l l  p r o c e s s  a n d  th e  u s e  o f  f o s s i l  f u e l s  d u r in g  c o l l e c t i o n  o f  

w a s t e  a n d  la n d f i l l  o p e r a t io n .  In  c a s e  o f  la n d f i l l  w i t h  e n e r g y  r e c o v e r y ,  it  w a s  a s s u m e d  

th a t  4 5 %  o f  m e t h a n e  g e n e r a te d  c o u ld  b e  r e c o v e r e d  a n d  s e n t  t o  g a s  c o m b u s t io n  

e n g in e  to  g e n e r a t e  e l e c t r i c i t y  w h i l s t  th e  o th e r  4 5 %  C H 4  w a s  n o t  c o l le c t e d / r e c o v e r e d  

a n d  c o n s e q u e n t ly  r e l e a s e d  to  th e  a t m o s p h e r e .  It i s  e s t im a t e d  th a t  i . 5 5  k W h  o f  

e l e c t r i c i t y  w a s  p r o d u c e d  a n d  s u p p l ie d  t o  th e  g r id  w h i c h  i s  c o n s id e r e d  t o  h e lp  

d e c r e a s e  e n v ir o n m e n t a l  im p a c t  b e c a u s e  o f  th e  s u b s t i t u t io n  o f  t h e  e l e c t r i c i t y  fr o m  

la n d f i l l  g a s  t o  th e  e l e c t r i c i t y  p r o d u c t io n  o f  E G A T  ( G r id - m i x e d )  ( 0 .5 6  k g  C C ^ /k W h ) .  
A f t e r  th e  c o m p e n s a t io n  o f  t h is  e le c t r ic i t y ,  th e  to ta l  G W P  is  r e d u c e d  to. 0 .1 8  k g  C O 2 

e q . /k g  P B S  tr e a te d . W h e n  c o m p a r e d  to  P L A  ( F i g .4 .1 8 ) ,  th e  G W P  o f  la n d f i l l  o f  P B S  

w a s t e  fo r  b o th  c a s e s  ( w i t h  a n d  w it h o u t  e n e r g y  r e c o v e r y )  i s  h ig h e r  th a n  P L A . T h is  is  

d u e  to  th e  h ig h e r  c a r b o n  c o n t e n t  in  P B S  a n d  th e  f a c t  th a t  o n l y  h a l f  o f  P B S  is  fr o m  

r e n e w a b le  r e s o u r c e s  w h i l e  P L A  i s  t o t a l ly  f r o m  r e n e w a b le  r e s o u r c e s .

Composting
S im i la r  a n a ly s i s  t o  P L A  w a s  d o n e  fo r  c o m p o s t i n g  

P B S ,  a c c e p t  th e  a m o u n t  o f  th e  C O 2 t o  b e  c o n s id e r e d  c a r b o n  n e u tr a l .  D u e  to  th e  fa c t  

th a t o n ly  h a l f  o f  P B S  i s  f r o m  r e n e w a b le  r e s o u r c e s ,  h a l f  o f  C O 2 e m it t e d  fr o m  

c o m p o s t in g  P B S  m u s t  b e  tr e a te d  a s  p o t e n t ia l  G H G . A s  P B S  i s  c o n s id e r e d  1 0 0 %  

b io d e g r a d a b le  s a m e  a s  P L A , th e  w h o l e  P B S  w a s t e s  a re  d e g r a d e d  u n d e r  a e r o b ic  

c o n d i t io n s  a n d  e v e n t u a l ly  b e c o m e  s o i l  c o n t a in in g  s u b s t a n c e  w h i c h  c a n  b e  u t i l i z e d  a s  

s o i l  c o n t a in e r  t o  h e lp  r e d u c e  th e  u s e  o f  o r g a n ic  c o m p o s t .  A f t e r  t h e  c o m p e n s a t io n  o f  

th e  G W P  o f  o r g a n ic  c o m p o s t  p r o d u c t io n ,  th e  n e t  to ta l  G W P  o f  t h e  c o m p o s t i n g  

p r o c e s s  fo r  P B S  w a s t e s  i s  0 .0 0 1 6  k g  C O 2 e q . /k g  P B S  tr e a te d .



121

Incineration
In this part, as LHV of PBS could not be found, we 

assumed the LHV value of PLA to be used for PBS. Therefore, the amount of heat 
and electricity generated from incineration of PBS is equal those of PLA case. 
However, as about half of PBS is from fossil resources (BDO), half of CO2 emitted 
from combustion of PBS was treated as potential GHG emission. This is the only 
difference between PLA and PBS in the case of incineration which leads to higher 
GWP of PBS (0.35 kg CO2 eq./ kg PBS treated) when compared to PLA (Fig.4.18).

These three disposal technologies were calculated into three 
waste management scenarios (Base case, SI, and S2) which is one scenario (S3) 
fewer than in PLA case because recycle of PBS was not included in the study. The 
analysis was done similar to PLA such that the base case was considered as 2 sub
categories, depending on whether or not the energy recovery is included in the 
landfill. For other scenarios (SI and S2), the landfill with energy recovery was used 
in the analysis. Figure 4.21 illustrates the comparison of all waste management 
scenarios included in this study for PBS based on 1 kg PBS treated. From this figure, 
the results show that the base case without energy recovery (representing current 
waste management of Bangkok which consists of 12% composting and 88% landfill 
without energy recovery) has shown to be the worst case for PBS disposal scheme. 
However, if the energy recovery is included, the GWP is reduced to 0.1586 kg CO2 

eq. which is the second best disposal scenario. It should be noted that 100% 
composting scenario (SI) has shown to be the first best scenario which has GWP of 
as low as 0.0016 kg CO2 eq./kg PBS treated.
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Figure 4.21 Comparison of GWP of various waste management scenarios for PBS 
based on 1 kg PBS treated by using CML 2 base line 2000.

4.2.4 Cradle to Grave
In this part, the environmental impact assessment of the whole life 

cycle of bioplastics or “cradle-to-grave” was performed which combines all phases 
throughout the life cycle of PLA and PBS, including four main phases as discussed 
in sections 4.2.1. 4.2.2, and 4.2.3: resin production, processing of bioplastic products, 
transportation, and disposal.

4.2.4.1 Whole Life Cycle o f PLA Products
The entire life cycle of PLA product composes of PLA resin 

production and transportation, product processing, transportation of PLA product, 
and disposal phase. Two PLA products were selected as a model to study which are 
T-shirt bag and drinking water bottle. In this study, the environmental impact 
category of interest is GWP which is analyzed for each product and for all waste 
management scenarios per kg of PLA product.
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4.2.4.1.1 PLA T-shirt Bag
The life cycle GWP of PLA T-shirt bag A for all 

waste management scenarios is shown in Figure 4.22. S3 (30% landfill with energy 
recovery, 30% composting, 30% incineration, and 10% recycle) has shown to have 
the highest impact of 1.6809 kg CO2 eq. while SI (100% composting) has shown to 
be the best scenario which has lowest GWP of 1.4972 kg CO2 eq. /kg PLA product.

As shown in Figure 4.23, the GWP of T-shirt bag 
B for S3 (30% landfill with energy recovery, 30% composting, 30% incineration, and 
10% recycle) is shown to be 1.8738 kg CO2 eq./kg PLA product which is the highest 
and slightly higher than. T-shirt bag A. Similar to T-shirt bag A, SI (100% 
composting) has shown to. be the best scenario among all scenarios studied as it 
provides the lowest GWP of 1.6901 kg CO2 eq. /kg PLA product.
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* N o te : F o r  ร 2  a n d  S 3 , la n d f i l l  w ith  e n e r g y  r e c o v e r y  is  u s e d  in  th e s e  s c e n a r io s .

Figure 4.22 Life cycle GWP of PLA T-shirt bag A by using CML 2 baseline 2000.
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Figure 4.23 Life cycle GWP of PLA T-shirt bag B by using CML 2 baseline 2000.

4.2.4.1.2 PLA Drink Water Bottle
The life cycle GWP of PLA drinking water bottle 

for all waste management scenarios is shown in Figure 4.24. ร3 (30% landfill with 
energy recovery, 30% composting, 30% incineration, and 10% recycle) has shown to 
have the highest impact of 2.6502 kg CO2 eq. per kg PLA product while SI (100% 
composting) has shown to be the best scenario which has lowest GWP of 2.4665 kg 
CO2 eq. /kg PLA product. Comparing to the results shown in Fig.4.22 and 4.23, it 
can be seen that the GWP values of PLA drinking water bottle are higher than GWP 
of T-shirt bag on the same weight basis for all cases studied. This may be attributed 
to the more complicated process of drinking water bottle which consists of two parts: 
bottle and cap. Higher amount of plastic wastes was also reported by the 
manufacturer.
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Figure 4.24 Life cycle GWP of PLA water bottle using CML 2 baseline 2000.

4.2.4.2 Whole Life Cycle o f  PBS Products
The entire life cycle of PBS product composes of PBS resin 

production and transportation, product processing, transportation of PBS product, 
and disposal phase. Two PBS products were selected as a model to study which are 
T-shirt bag and food container. In this study, the environmental impact category of 
interest is GWP which is analyzed for each product and for all waste management 
scenarios per kg of PBS product.

4.2.4.2.1 PBS T-shirt Bag
The life cycle GWP of PBS T-shirt bag for all 

waste management scenarios is shown in Figure 4.25. From this figure, we can see 
that the base case without energy recovery has shown to have the highest impact of 
8.4306 kg CO2 eq./ kg PBS product while SI (100% composting) has shown to be 
the best scenario which has lowest GWP of 7.6048 kg CO2 eq./kg PBS product.
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GWP distribution seem to be the case of PLA product where ร 1 ( 100% composting) 
is the best scenario.

* N o te : F o r  ร 2, la n d f i l l  w ith  e n e rg y  r e c o v e r y  is  u s e d  in  th is  s c e n a r io .

Figure 4.25 Life cycle GWP of PBS T-shirt bag A by using CML 2 baseline 2000.

4.2.4.2.2 PBS Food Container
The life cycle GWP of PBS food container is 

shown in Figure 4.26. The base case without energy recovery has shown to have the 
highest impact of 5.0474 kg CO2 eq./ kg PBS product while SI (100% composting) 
has shown to be the best scenario which has lowest GWP of only 4.2216 kg CO2 

eq./kg PBS product.
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Figure 4.26 Life cycle GWP of PBS food container using CML 2 baseline 2000.

4.3 Comparison of the Environmental Performance between Bioplastics and 
Conventional Plastics

In this part, the environmental performance of bioplastics, PLA and PBS, 
were compared with conventional plastic of the same products. The comparison was 
divided into 2 parts: comparison of the cradle-to-gate environmental performance of 
plastic resin and comparison of the cradle-to-grave environmental performance of the 
product.

4.3.1 Cradle to Gate
Figure 4.27 shows the comparison of the environmental performance 

in term of GWP between bioplastic resins and conventional plastic resins on a cradle- 
to-gate approach. HDPE, PET, and PS were selected in this study to compare with
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PLA and PBS based on the end products of interest in this study (T-shirt bag, 
drinking water bottle, and food container).

Figure 4.27 Comparison of the environmental performance of plastic resin (cradle- 
to-gate) based on one kilogram of plastic resin by using CML 2 baseline 2000.

The results show that owing to its half fossil-based in nature (1,4- 
butanediol or BDO), PBS resin has the highest GWP per weight basis among all 
resins used in this comparison. The second highest GWP is Cassava-based PLA resin 
without any improvement options which has the GWP value comparable to those of 
conventional plastic resins. However, when both improvement options are taken into 
account, the GWP of Cassava-based PLA resin (with both options) is reduced 
significantly to only 0.6299 kg CO2 eq. per kg resin. This GWP value is the lowest 
and much lower than GWP of conventional plastic resins (HDPE and PET) to be 
used to produce the same products (T-shirt bag and water bottle). When compared to 
commercial PLA resin “Ingeo”, GWP of Cassava-based PLA resin (with both
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4.3.2 Cradle to Grave
In this part, the life cycle environmental performance of model 

bioplastic products produced from PLA and PBS were compared with the same 
products produced from conventional plastics. The comparison based on cradle-to- 
grave approach covers the production of the resin, processing of the products, and 
disposal o f the products. The first part (the production of the resin) was already 
discussed in the previous section. For processing of the products, the best condition 
of processing phase was used in the analysis. For the disposal phase, the base case 
scenario with energy recovery (12% composting and 88% landfill with energy 
recovery) was used to evaluate bioplastic products. However, for conventional 
plastics, as they are not biodegradable or composable, they were assumed to be 100% 
treated by landfill. Figure 4.28 shows the comparison of the life cycle GWP between 
bioplastic products and conventional plastic products.

From this figure, it can be seen that the life cycle GWP values of 
bioplastic products are much lower than the values of conventional plastic products 
in most cases, except PBS T-shirt bag. Comparison between PLA and PBS for the 
same product, PTA has shown to have lower GWP than PBS which is due to the fact 
that approximately half PBS is still made from petroleum resource. For PBS food 
container, the GWP is less than PBS T-shirt bag on the same weight basis since PBS 
was not used 100% but it was mixed with PLA as mentioned previously. Thus, the 
impact was lower due the PLA content in the product.

options) is about 50% o f GWP of Ingeo as reported by Vink e t  a l . (2010) o f 1.3 kg
CO2 eq. per kg resin.
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* N o te: - F o r  b io p la s t ic  p r o d u c t ,  b e s t  c a s e  o f  b io p la s t ic  p r o d u c t io n  is  u s e d  to  c o m p a r e  w ith  
c o n v e n t io n a l  p la s t ic .

-  T h is c o m p a r is o n  is  b a s e  c a s e  s c e n a r io  w ith  e n e r g y  r e c o v e r y .

Figure 4.28 Comparison of the environmental performance of plastic product 
(cradle-to-grave) based on one kilogram of plastic product by using CML 2 baseline 
2000.
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