
CHAPTER II 
LITERATURE REVIEW

2.1 Petroleum Outlook in Thailand

2.1.1 Crude Oil Market
Petroleum, also called crude oil is the most important natural re­

sources. It is used mostly, by volume for producing fuel for transportation sector. It 
can be converted to be gasoline, jet fuel, and diesel fuel to run cars, trucks, aircraft, 
ships, and other vehicles. It has played a vital role in the world economy. Unfortu­
nately, this fossil fuel is a non-renewable energy source that takes millions of years 
to form and therefore once existing and any new reserves are depleted there is no 
way to obtain more. The world’s prove reserve at the end of 2007 is 1237.9 thousand 
million barrels which it will be exhausted within 41.6 years (BP, 2008). In 2008, the 
price o f crude oil skyrocketed to new record highs above $147 per barrel affecting 
the prices of gasoline and diesel in Thailand reached 43.35 and 43.68 baht a liter, re­
spectively (EPPO, 2008). Thailand is heavily dependent on crude oil which accounts 
for approximately 42% of the total primary energy supply in 2006 (MOEN, 2008). 
The total primary energy supply in Thailand is shown in Figure 2.1.
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Figure 2.1 Total primary energy supply in Thailand (source: www.energy.go.th).

http://www.energy.go.th
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2.1.2 Oil Potentials. Supply. Demand, and Consumption
In 2007, Thailand held proven oil reserves about 176 million barrels 

and produced roughly 135 thousand barrels per day of crude oil and about 79 thou­
sand barrels per day of condensate (MOEN, 2008). The oil demand in Thailand is 
shown in Figure 2.2.

Figure 2.2 Thailand’s oil demand in barrel per day (source: www.energy.go.th).

Despite the fact that Thailand can produce crude oil -locally, the coun­
try needs very high demand to propel the economic. The demand in Thailand is ap­
proximately 1 million barrels per day but the country can meet just 13.5% of the de­
mand. Thailand imported around 809 thousand barrels per day of crude oil in 2008. 
The majority of crude oil (83%) was imported from the Middle East (UAE, Saudi 
and Oman) (MOEN, 2008). The crude oil import sources are shown in Figure 2.3.

Others

Figure 2.3 Crude oil import sources.

http://www.energy.go.th
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2.1.3 Petroleum Products
In order to use crude oil as energy, burning crude oil itself is of li­

mited use. To extract the maximum value from crude, it first needs to be refined into 
petroleum products. The crude oil products and processes of Thaioil, the biggest re­
finery in Thailand, is illustrated in Figure 2.4.
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Figure 2.4 Thaioil refining process and products (source: www.thaioil.co.th).

The figure illustrates that products from their complex refinery can be 
divided into three categories. Light distillates, which account for 30 % of their prod­
ucts and comprise LPG, and 91- and 95-octane unleaded gasoline. Middle distillates, 
which represent 60 % and comprise jet fuel, kerosene, and diesel. Residues or fuel oil, 
which constitutes the remaining 10 % (TOP, 2009).

In 2008, the majority of petroleum products in Thailand is diesel with 
the production 56.9 M liters per day, followed by LPG (23.5), gasoline (23.1), fuel 
oil (18.8), jet fuel (16.4) and kerosene (0.5) (EPPO, 2009). While Thaioil shared 
around 25% of the total production of petroleum products in Thailand (MOEN, 
2008).

http://www.thaioil.co.th
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2.1.4 Uses of Petroleum Products
Products produced from crude oil were mainly consumed in transport 

sector shared 72.3%, followed by agricultural sector, manufacturing sector, residen­
tial sector, commercial sector, construction sector and mining sector, shared 11.0%, 
8.3%, 5.0%, 2.9% and 0.5% respectively. The main proportion of petroleum products 
consumption was diesel (including palm diesel) shared 48.6%, followed by gasoline 
(including gasohol), LPG, jet fuel, fuel oil, and kerosene, shared 16.9, 13.4%, 12.3%, 
8.8%, and 0.04% respectively (MOEN, 2008). The.petroleum products uses in Thail­
and are shown in Figure 2.5.

Petroleum Products Uses in Thailand

Figure 2.5 Petroleum products uses in Thailand.

Focusing on transportation sector, most of the energy consumed in 
this sector were crude oil products, comprising diesel (including palm diesel) 47.4%, 
gasoline (including gasohol) 22.4%, jet fuel 16.5%, fuel oil 6.8%, and LPG 3.9% 
(MOEN, 2008).

2.2 The Use of Ethanol as Fuel

As seen from Figure 2.5, the consumption of gasoline in Thailand ranks the 
second (22%) in transportation sector. This number also includes gasohol which con­
tains ethanol from bio based resources or bioethanol.
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2.2.1 Ethanol as a Transportation Fuel and Additive
Ethanol can be used in gasoline as a gasoline additive to enhance oc­

tane number and also as a gasoline substitute. Nowadays, it is focused as a fuel. 
However gasoline has a major drawback. The comparison between ethanol and the 
typical hydrocarbon components of refined oils in term of internal combustion en­
gines burn fuels is shown in Table 2.1. Ethanol is more oxygenated, and its combus­
tion in oxygen generates less energy compared either a pure hydrocarbon or a typical 
gasoline. However, ethanol has high octane number (leading to high engine efficien­
cies) and also generates an increased volume of combustion products (gases) per 
energy unit burned; these factors in optimized ethanol engines significantly eroded 
the differential advantages of gasoline. Similar arguments could not be extended to a 
comparison between ethanol and diesel fuel, and ethanol had only 58 to 59% of the 
energy (net heat of combustion) of the latter (Mousdale, 2008).

Table 2.1 Energy parameters for ethanol, isooctane, gasoline, and diesel (Mousdale, 
2008)

Ethanol Isooctane Gasoline Diesel
Density, lb/gal 6.6 5.8 6.25 7.05
Net heat of combustion, 
Btu (Xl03)/gal 75.7-76 110.5-119.1 109-119 128.7-130

MON 104.5 - - -
RON 106 110 - -

The high miscibility of ethanol and refined oil products allow a more 
conservative option that is the use of low ethanol additions to standard gasoline (such 
as E10) and requires no modifications to standard gasoline burning vehicles.

The top 8 countries ethanol producers are shown in Table 2.2. In 2008, 
the world’s giant ethanol fuel producer were the United States and Brazil with pro­
duced 9.0 and 6.4 billion US gallons respectively, accounting for 89 percent of 
world production of 17.33 billion US gallons. While Thailand was ranked at the 6th 
with 89.8 million gallons.
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Table 2.2 World’s ethanol producers

Annual Fuel Ethanol Production by Country 2008 
Top 8 countries

World rank Country/Region Production^11 
(M US gallons) Main feedstock

1 m i  United States 9,000.0 Com[2]

2 H I  Brazil 6,472.2 Sugarcane121

3 H i  European Union 733.6 Sugar beet, wheat131

4 ■ 1 China 501.9 Com, cassava, sweet 
sorghum, potato sweet121

5 1*1 Canada 237.7 Com[2]

ะะะ Thailand 89.8
Sugar cane molasses, 

Cassava^21

7 ■ ii Colombia 79.3 Sugarcane^41

8 wmm. J . 66.0 Sugarcane151

World Total 17,335.29

Sources: [ 11 RFA [2] APEC
[3] Baka e t a l. (2009) [4] www.ers.usda.gov/Publications/WRS0901
[5] http://www.ethanolindia.net/sugarind.html

http://www.ers.usda.gov/Publications/WRS0901
http://www.ethanolindia.net/sugarind.html
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Ethanol 99.5% purity, fuel grade, can mix with gasoline. The mixture 
of ethanol and gasoline has "E" numbers which describe the percentage of ethanol in 
the mixture by volume, for example, E10 is 10% ethanol and 90% gasoline. Low 
ethanol blends (5-25%) are also known as gasohol, though internationally the most 
common use of the term gasohol refers to the El 0 blend.

2.2.2 Ethanol as Fuel in Thailand
Gasohol production in Thailand had originated by the Royal Project 

of King Bhumibol in 1985, in the Study Project on Gasohol Production for an Alter­
native Energy by producing ethanol from cane. Later on, awakening of promising 
ethanol occurred towards the public and private sectors to participate in development 
and tests with engines.

In 2000, the national oil company PTT carried out the tests of using 
gasohol in cars and found that it helps reducing of pollution, saves energy and no 
effect to the car performance. It is released to the country in 2001. In 2008 PTT and 
Bangchak Petroleum started supplying E20 in January, after that, PTT lunched E85 
to the country in August.

Figure 2.6 illustrates that the gasoline consumption is dramatically 
increasing. In the 1st quarter 2009, the consumption rate has been raised to 11.74 mil­
lion liters per day, 73 times higher than 2004 (EPPO, 2009).

Figure 2.6 Gasohol consumption in Thailand.
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2.3 Bioethanol

Generally, ethanol is produced from both as a petrochemical, through 
the hydration of ethylene which is synthesis from fossil fuel, and biologically, by the 
fermentation of sugar which is called “Bioethanol”.

Bioethanol is being considered as the new hope to serve the world’s 
fuel consumption. The conversion by yeast can be summarized as chemical equation 
below.

C6H,20 6 -> 2 CH3CH2OH + 2 C 0 2.

2.3.1 Raw Materials
Bioethanol can be produced from many sources including sugar sub­

stances (such as sugarcane juice and molasses), starchy materials (such as wheat, 
com barley, potato and cassava), and lignocellulosic materials (such as forest resi­
duals, straws and other agricultural by-products). The dominating sugars available or 
produced from these popular raw materials are:

• Glucose, fructose, and sucrose in sugar substances
• Glucose in starchy materials
• Glucose from cellulose and either mannose or xylose from 

hemicelluloses of lignocellulosic materials
2.3.2 Process Overview

The process of ethanol production depends on materials used. A gen­
eral process scheme for ethanol production is shown in Figure 2.7.

This scheme is noted that if sugar substances, such as molasses and 
sugarcane juice, are used as raw materials, then milling, pretreatment, hydrolysis, 
and detoxification are not necessary. For the production of fermentable sugar from 
starchy materials, milling, liquefaction, and saccharification processes are usually 
necessary. In the same way, milling, pretreatment, and hydrolysis are typically used 
for the process from lignocellulosic materials. In addition, a detoxification unit is not 
always considered, unless a toxic substrate is fed to the bioreactor.
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Raw materials

Dried Wastewater Ethanol (>99%)
by-products

Figure 2.7 General process scheme for ethanol production (Nag, 2008).

2.4 Lignocellulosic-based Derive Ethanol

2.4.1 Lignocellulosic Biomass
Lignocellulosic biomass is the least expensive, most abundant renew­

able feedstock on earth, with around 200 billion tons produced annually (Zhang, 
2008). It requires less input (such as water and fertilizer) per unit of biomass pro­
duced when compare with grain and crop. It is composed of three major components: 
cellulose, hemicelluloses, and lignin as shown in Figure 2.8.
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Figure 2.8 Composition of lignocellulosic materials (Sierra e t a l., 2008).

Cellulose is the main component of most lignocellulosic materials. It 
is a linear polymer of up to 27000 glucosyl residues linked by P-1,4 bonds. It is simi­
lar to starch, which is a polymer of glucose linked by a -1,4 bonds. The seemingly 
minor difference in linkages makes a major difference in reactivity. For the same en­
zyme loading, amylase hydrolyzes starch about 100 times faster than cellulase hydro­
lyzes cellulose. This is because the hydrogen bonds between adjacent cellulose po­
lymers form crystalline structures that give plants structural strength, but make them 
particularly difficult to digest.

Hemicellulose is a highly branched and heterogeneous polymer com­
posed primarily of pentose (xylose and arabinose), hexose (manose, glucose, and ga­
lactose), and sugar acid. It is chemically bonded to lignin and serves as an interface 
between the lignin and cellulose. Hemicellulose is randomly acetylated, which re­
duces its enzymatic reactivity.

Lignin, a polymer of phenyl propane units linked in three-dimensional 
structure, acts as "glue." It is a very complex molecule. A plant can be compared to
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fiberglass, where the cellulose is analogous to the glass fibers and the lignin serves as 
the epoxy resin. Chemical bonds have been reported between lignin and both cellu­
lose, and hemicelluloses. Lignins are extremely resistant to chemical and enzymatic 
degradation. Biological degradation can be achieved mainly by certain fungi. The 
contents of cellulose, hemicelluloses, and lignin in common lignocellulosic materials 
are shown in Table 2.3 (Nag, 2008).

Table 2.3 Contents of cellulose, hemicellulose, and lignin in common lignocellulos­
ic materials

Lignocellulosic
materials

Cellulose
(%)

Hemicellulose
(%)

Lignin
(%)

Hardwood stems 40-75 10-40 15-25
Softwood stems 30-50 25-40 25-35
Com cobs 45 35 15
Wheat straw 30 50 15
Rice straw 32-47 19-27 5-24
Sugarcane bagasses 40 24 25
Leaves 15-20 80-85 0
Paper 85-99 0 0-15
Newspaper 40-55 25-40 18-30
Waste paper from 60-70 10-20 5-10
chemical pulps
Grasses 25-40 25-30 10-30

The common lignocellulosic materials are wood chips, grasses, and 
agricultural residues. In the US, lignocellulosic ethanol is the only viable scenario to 
replace 30% of US petroleum use as shown in Figure 2.9.
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Figure 2.9 The US annual biomass resource potential (USDE, 2005).

It can be seen that about 368 million dry tons of sustainably remova­
ble biomass could be produced on forestlands, and about 998 million dry tons could 
come from agricultural lands. That all of 1.3 billion tons of biomass could be pro­
duced exclusively for energy production in the United States each year. Even though, 
in term of heating value, it can redeem more than 50% of the crude oil consumption. 
However, with today best’s available conversion technology, this quantity of bio­
mass can replace about 30% as shown in Figure 2.10.

The 1.3 -Billion-Ton Biom ass Scenario

I sII  4

2003 น.ร. Petroleum Consumption

1.3 billion tons of biomass heating value equivalent ilSSl
Thermochemically convert biochem residues and forest resources Biochemically convert non-edible carbohydratesNear-term corn without_affecting food prices

Cunent แร. oil production

Figure 2.10 The US biomass scenario (NREL, 2006).
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2.4.2 Potential of Cellulosic Materials in Thailand

Thailand is agricultural country and has a lot potential of agricultural 
goods and also the country is one of the leading producers and exporters in the world 
market. The potential of lignocellulosic materials in Thailand are both forest and 
agricultural residues. Nowadays, more than 30% of whole Thai area is forest. How­
ever, the forest area in Thailand has decrease from 53% in last 50 years (RFD, 2009). 
Focusing on agricultural residues, it is a big challenge for change that residues to 
ethanol especially from rice, sugarcane, and cassava. All of them is the major crops 
and release a lot of residues. Thailand is the biggest rice exporter of the world since 
1981. More than 10 million tons Thai rice export account around 35% of the world’ร 
rice market. The country is also the world’s number one cassava products (chips, pel­
lets and starch), account around 70% of the world’s cassava market. Furthermore, 
Thailand is the second sugar exporter (10%) which comes after the giant, Brazil. 
Other agricultural plants, oil palm, com, also have potentials (OAE, 2009). The po­
tential of lignocellulosics materials in Thailand is shown in Table 2.4.

Table 2.4 Potential of lignocellulosic materials in Thailand

M ajor
crops

Crop 
output111 
(M tons)

Type of 
residue

Conv
fact

ersion
or'*1 Residue 

am ount 
(M tons)

Available 
unused residue 

(M tons)CRR* SAF**

Sugar cane 73 Bagasses 0.3 0 21.9 0
Trash 0.2 0.8 14.6 11.68

Rice 31 Rice straw 1.19 0.5 36.89 18.45
Rice husk 0.23 0.25 7.13 1.78

Oil palm
9 Fronds 0.27 0 2.43 0

EFB 0.22 0.45 1.98 0.89
Fiber 0.15 0 1.35 0
Shells 0.13 0.25 1.17 0.29

Cassava 25 Rhisome 0.09 1 2.25 2.25
Stalk 0.12 0.3 3 0.9

Corn 4 Corncob 0.19 0.3 0.76 0.23
*CRR = Crops to Residue Ratio Sources: [1] OAE
**SAF = Surplus Available Factor [2] T1STR
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From Table 2.4, it is clear that rice straw is the highest potential from 
agricultural residues with 18 M tons, followed by sugarcane trash, cassava rhizome, 
rice husk. The contents of cellulose, hemicellulose, and lignin from lignocellulosic 
materials in Thailand are shown in Table 2.5.

Table 2.5 Contents o f cellulose, hemicellulose, and lignin in Thai-based- lignocellu­
losic materials

Lignocellulosic materials Cellulose
(%)

Hemicellulose
(% )

Lignin
(%)

Rice straw[Inouee' a/’2009] 26 16 4
Cassava rhizome[Paniya ๙๙’2007] 28 40 22
Cassava stalklKingsuwannarat’2002J 32 14 27
Sugarcane bagasse1 IKt’20U9J 44 29 27
Sugarcane trash[Singhe,al’2007] 40 25 18-20Jatropha [Gunaseelan et a, 2009] . 33 N A NA
Oil palm fronds[Wanrosli ๙"’20071 47 35 15
Oil palm EFB[AlrioIs 20091 37 24 24

2.4.3 Ethanol Plant in Thailand
There are 17 ethanol plants operating in commercial scale in Thailand 

as shown in Table 2.6 (DEDE, 2009). The total production capacity is 2,575,000 li­
ters per day. They use sugarcane molasses and cassava as raw materials. There is on­
ly one plant using lignocellulosic materials. Thai Roong Ruang Energy or TRE lo­
cates in Saraburi. The co-production of ethanol from sugarcane molasses and sugar­
cane bagasse produces ethanol 120,000 liters per day.
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T a b l e  2 .6  L is t  o f  e th a n o l  p la n t s  in  T h a i la n d

No. Plant Site Raw materials Production 
Capacity (1/d)

1 P a w n W ila i  I n te r n a t io n ­
a l G r o u p  T ra d in g  C o .l td Ayuddhaya M o la s s e s /

C a s s a v a 2 5 ,0 0 0

2 T h a i  A lc o h o l  P ic Nakom Pathom M o la s s e s 2 0 0 ,0 0 0
3 T h a i  A g r o  E n e r g y  P ic Suphanburi M o la s s e s 1 5 0 ,0 0 0
4 T h a i  N g u a n  E th a n o l  P ic KhonKhen C a s s a v a 1 3 0 ,0 0 0

5 K h o n K h e n  A lc o h o l  
C o .l td KhonKhen M o la s s e s 1 5 0 ,0 0 0

6 P e tr o  G r e e n  C o .l td  
( C h a iy a p h o o m ) Chaiyaphoom M o la s s e s /  

S u g a rc a n e  J u ic e 2 0 0 ,0 0 0

7 T h a i  S u g a r  E th a n o l  
C o . l td Kanchanaburi M o la s s e s 1 0 0 ,0 0 0

8 K I E th a n o l  C o .l td Nakom Ratchasima M o la s s e s 1 0 0 ,0 0 0

9 P e tr o  G r e e n  C o .l td  
( K a la s e e n ) Kanlaseen M o la s s e s /  

S u g a rc a n e  J u ic e 2 0 0 ,0 0 0

10 E k a r a tp a th a n a  C o .l td Nakom Swan M o la s s e s 2 0 0 ,0 0 0

11 T h a i  R o o n g  R u a n g  
E n e r g y  C o .l td  ( T R E ) Saraburi M o la s s e s /

B a g a s s e 1 2 0 ,0 0 0

12 R a tc h b u r i  E th a n o l  
C o .l td Ratchburi M o la s s e s /

C a s s a v a 1 5 0 ,0 0 0

13 E S  P o w e r  C o .l td Sakaew M o la s s e s /
C a s s a v a 1 5 0 ,0 0 0

14 M a e S a w d  C le a n  E n e r g y  
C o .l td Tak S u g a rc a n e  J u ic e 2 0 0 ,0 0 0

15 S u p T h ip  C o .l td Lopburii C a s s a v a 2 0 0 ,0 0 0

16 T h a y P in g  E th a n o l  
C o .l td Sakaew C a s s a v a 1 5 0 ,0 0 0

17 P S C  S ta r c h  P r o d u c t io n  
P ic Chonburi C a s s a v a 1 5 0 ,0 0 0

T o ta l C a p a c i ty 2 ,5 7 5 ,0 0 0

2.4. ร. 1 TRE E th an ol P ro d u ctio n
T R E  e th a n o l  p la n t  is  c a l le d  “ T h e  M o d e l  P r o je c t  f o r  E th a n o l  

P r o d u c t io n  f r o m  M o la s s e s  a n d  B a g a s s e  in  th e  S u g a r  F a c to r y  in  T h a i l a n d ” o p e ra te d  
u n d e r  th e  c o l la b o r a t io n  o f  N e w  E n e r g y  a n d  I n d u s tr ia l  E n e r g y  D e v e lo p m e n t  O r g a n i ­
z a t io n  ( N E D O ) , J a p a n  a n d  O f f ic e  o f  C a n e  a n d  S u g a r  B o a r d  ( O C S B ) ,  T h a i la n d .  T h is
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m o d e l p r o je c t  a im s  to  in t r o d u c e  te c h n o lo g y  fo r  p r o d u c in g  e th a n o l  a s  a  t r a n s p o r t  fu e l 
f ro m  s u g a rc a n e  b a g a s s e  ( p la n t  r e s id u e  f ro m  th e  s u g a r c a n e  r e f in in g  p r o c e s s )  a n d  s u ­
g a r c a n e  m o la s s e s  ( s y r u p  p r o d u c e d  d u r in g  th e  s u g a r  r e f in in g  p r o c e s s ) .  T h e s e  r e ­
s o u rc e s  h a v e  n o t  b e e n  e f f e c t iv e ly  u s e d  in  th e  p a s t  b y  T h a i la n d 's  s u g a r  r e f in in g  in d u s ­
try , a  k e y  in d u s t r y  in  th e  c o u n t ry . T h e  m a in  o p e r a t io n s  o f  T R E  p la n t  a re  s h o w n  in  
F ig u re  2 .1 1 .

Molasses

Bagasse

M o la s s e s  i Molasses Broth E v a p ora tio n
F erm en ta tio n 11D.0001/d ‘

Bagasse Broth I10,000 l/d D istlla tio n  -
เ ฒ ฒ i P B g g »

l I l i i l M i É i i  1
1 Ifj* im  ft 1 -  ฟ ร r  1

1 ! 
D eh y d ra tio n

Î
Ethanol Fuel grade 

9 9 .5 %

F i g u r e  2 .1 1  T h e  m a in  o p e r a t io n s  o f  T R E  p la n t .

S u g a rc a n e  m o la s s e s  g o  to  m o la s s e s  f e r m e n ta t io n  b y  y e a s t  d i r e c t ly  
w h i le  s u g a rc a n e  b a g a s s e  p a s s e s  th o u g h  C 5  a c id  p r e t r e a tm e n t ,  n e u t r a l iz a t io n ,  a n d  C 5  
f e r m e n ta t io n  b y  m ic r o  o r g a n is m . A n d  th e n  th o s e  tw o  b r o th s  a r e  in l in e  m ix e d . A f te r  
th a t ,  th e  m ix e d  b r o th  is  p a s s e d  th o u g h  e th a n o l  r e c o v e r y  s e c t io n ,  w h ic h  a re  e v a p o r a ­
t io n , d i s t i l la t io n ,  a n d  d e h y d r a t io n  ( O C S B , 2 0 0 9 ) .

2.5 Sustainability Analysis

2 .5 .1  S u s ta in a b le  D e v e lo p m e n t
S u s ta in a b le  d e v e lo p m e n t  is  a  p a t te r n  o f  r e s o u r c e  u s e  th a t  a im s  to  m e e t  

h u m a n  n e e d s  w h i le  p r e s e r v in g  th e  e n v i r o n m e n t  s o  th a t  th e s e  n e e d s  c a n  b e  m e t  n o t  
o n ly  in  th e  p r e s e n t ,  b u t  in  th e  in d e f in i te  fu tu re . In  o th e r  w o r d s ,  d e v e lo p m e n t  th a t  
m e e ts  th e  n e e d s  o f  c u r r e n t  g e n e ra t io n  w i th o u t  c o m p r o m is in g  th e  n e e d s  o f  f u tu re  g e n ­
e r a t io n s  is  te r m e d  a s  s u s ta in a b le  d e v e lo p m e n t .  T h u s ,  w h e n  d e v e lo p m e n t  is v i e w e d  in
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te r m s  o f  “ q u a l i ty  o f  l i f e ”  a n d  n o t  m e re  “ n u m b e r s ” , th e  c o m p le m e n ta r i ty  b e tw e e n  e n ­
v i r o n m e n t  a n d  d e v e lo p m e n t  c o m e s  to  th e  fo re . T h e  s c h e m e  o f  s u s t a in a b le  d e v e lo p ­
m e n t  is  s h o w n  in  F ig u r e  2 .1 2  (D e lh ig re e n s ,  2 0 0 9 ) .

Figure 2.12 S u s ta in a b le  d e v e lo p m e n t  c o n c e p t .

2 .5 .2  S u s ta in P r o
T h e  d i s c u s s io n  a b o u t  s u s ta in a b i l i ty  h a s  in c r e a s e d  s ig n i f ic a n t ly  in  th e  

p a s t  f e w  y e a r s ,  a n d  m o s t  im p o r ta n t ly  c o m e s  th e  a n a ly s is  i f  f o r  in s ta n c e  a  p r o c e s s  is  
m o r e  s u s ta in a b le  th a n  o th e r . R e c e n t ly  h a s  in c r e a s e d  th e  s e a r c h  f o r  m e th o d s  a n d  to o l s  
to  m a k e  p r o c e s s e s  m o r e  s u s ta in a b le .

S u s ta in P r o  is  a  s u s ta in a b i l i ty  a n a ly s is  to o l  o n  E x c e l  p l a t f o r m  d e v e l ­
o p e d  b y  C a r v a lh o  a n d  h e r  c o w o r k e r s .  I t  is  th e  f i r s t  to o l  to  p e r f o r m  s u s ta in a b i l i ty  
a n a ly s is  o f  a  p r o c e s s .  I t  a ls o  p r o v id e s  ta r g e t s  f o r  im p r o v e m e n t  in  o r d e r  to  m a k e  th e  
p r o c e s s  s a fe r  a n d  m o r e  s u s ta in a b le ,  b o th  in  e n v i r o n m e n ta l  a n d  e c o n o m ic a l  te rm s . 
T h e  s y s te m a t ic  m o th o d  in  S u s ta in P r o  is  d iv id e d  in to  6  s te p s  a s  s h o w n  in  F ig u r e  2 .1 3  
( C a rv a lh o  e t a l.,  2 0 0 8 , 2 0 0 9 ) .
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Figure 2.13 T h e  s y s te m a t ic  m e th o d o lo g y  in  S u s ta in P r o  ( T e r ra ,  2 0 0 8 ) .

2 .5 .2 .1 C o lle c t S tea d y-s ta te  D a ta
T h is  s te p  is  to  c o l le c t  m a s s  a n d  e n e r g y  b a l a n c e  f ro m  e i th e r  

p la n t  d a ta  o r  s te a d y - s ta te  s im u la t io n  r e s u l t  (P R O /I I  o r  A s p e n ) .
2 .5 .2 .2  F lo w sh ee t D eco m p o sitio n

T h is  s te p  is  to  id e n t i fy  a ll  th e  m a s s  a n d  e n e r g y  f lo w - p a th s  in  
th e  p r o c e s s  b y  d e c o m p o s in g  in to  o p e n - p a th s  a n d  c lo s e - p a th s  f o r  e a c h  c o m p o u n d  in  
th e  p r o c e s s .  T h e  c lo s e d - p a th s  a re  th e  p r o c e s s  r e c y c le s  w i th  r e s p e c t  to  e a c h  c o m p o u n d



หอสบุ*!»!ล » ง ท้าน้กง )นไทยทรัพยากร 
ธุ vnp งกรณํ JJM าไทยาลัย 21

in  th e  p ro c e s s .  A n  o p e n - p a th  c o n s is ts  o f  a n  e n t r a n c e  a n d  a n  e x i t  o f  a  s p e c i f i c  c o m ­
p o u n d  in  th e  p r o c e s s .

2 .5 .2 .3  C a lcu la tio n  o f  Indica tors, S u s ta in a b ility  M e tr ic s  a n d  S afety  
In d ices

A )  C a lc u la t e  M a s s  a n d  E n e rg y  I n d ic a to r s
a )  M a te r ia l - v a lu e  A d d e d  ( M V A )

F o r  a  g iv e n  o p e n  p a th  it  is  d e s i r a b le  to  c a lc u la t e  th e  v a lu e  g e n e r ­
a te d  f ro m  s ta r t  to  e n d  p o in t .  T h is  is  d o n e  b y  c a lc u la t in g  th e  d i f f e r e n c e  b e tw e e n  th e  
v a lu e  o f  th e  c o m p o n e n t  p a th  f lo w s  o u ts id e  th e  p r o c e s s  b o u n d a r ie s  a n d  th e  c o s t s  in  
r a w  m a te r ia l  c o n s u m p t io n  o r  f e e d  c o s t . N e g a t iv e  v a lu e s  f o r  M V A  in d ic a te s  v a lu e  
lo s s e s  a n d  s h o w  th a t  th e r e  a r e  p o te n t ia l s  f o r  im p ro v in g  th e  e c o n o m ic  e f f ic ie n c y . 
M V A  is  c a lc u la te d  in  c o s t  u n i t s  p e r  y e a r .

MVA = (mass) {sales price - raw material cost)

b )  E n e r g y  a n d  W a s te  C o s t  (E W C )
T h e  E W C  in d ic a to r  c o n s is t s  o f  tw o  p a r ts :  E C  c o n s id e r s  th e  

e n e r g y  c o s ts  a n d  w c  th e  p r o c e s s  w a s te  c o s ts  a s s o c ia te d  w i th  a  g iv e n  p a th ,  b y  a l lo ­
c a t in g  th e  u t i l i ty  c o n s u m p t io n  a n d  w a s te  t r e a tm e n t  c o s ts .  T h e  r e s u l t s  w i l l  in d ic a te  th e  
m a x im u m  th e o r e t ic a l  s a v in g  p o te n t ia l  fo r  a  g iv e n  p a th . H ig h  E W C  v a lu e s  in d ic a te  
h ig h  e n e r g y  c o n s u m p t io n  a n d  w a s te  c o s ts  th a t  c o u ld  b e  r e d u c e d  b y  d e c r e a s in g  th e  
p a th  f lo w  o r  th e  d u t ie s .  E W C  is  c a lc u la te d  in  c o s t  u n i t s  p e r  y e a r .

EWC = EC+WC
£ £  _  rï . (cost) Component mass X characteristic physical property

u t y )  *C0S ' sum of all component (mass xcharacteristic physical property)
WC -  (mass) (waste treatment cost)

c )  R e a c t io n  Q u a l i ty  (R Q )
T h is  in d ic a to r  m e a s u r e s  th e  e f f e c t  a  c o m p o n e n t  p a th  f lo w  m a y  

h a v e  o n  th e  r e a c t io n s  th a t  o c c u rs  in  i t s  p a th . I f  th e  R Q  v a lu e  is  p o s i t i v e ,  th e  p a th  f lo w
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h a s  a  p o s i t iv e  e f f e c t  o n  th e  o v e ra l l  p l a n t  p r o d u c t iv i ty .  N e g a t i v e  v a lu e s  in d ic a te  a n
u n d e s i r a b ly  lo c a te d  c o m p o n e n t  p a th  f lo w  in  th e  p ro c e s s .

RQ = extent of reaction X reaction parameter 
sum of desired products

d )  A c c u m u la t io n  F a c to r  (A F )
A F  is  a  w a y  o f  m e a s u r in g  th e  a c c u m u la t iv e  b e h a v io r  o f  in d iv id ­

u a l  c o m p o n e n ts  in  r e c y c le s .  N o te  th a t  th e  te r m  “ a c c u m u la t i o n ”  is  n o t  u s e d  to  m e a n  
in v e n to r y  in  th i s  m e th o d .  I t  in d ic a te s  th e  a m o u n t  o f  m a te r ia l  b e in g  r e c y c le  r e la t iv e  to  
i t s  in p u t  to  th e  p r o c e s s  a n d /o r  o u tp u t  f ro m  th e  p ro c e s s .

AF = mass of component in recycle 
sum of component mass leaving recycle

e )  T o ta l  V a lu e  A d d e d  ( T V A )
T h is  in d ic a to r  d e s c r ib e s  th e  e c o n o m ic  in f lu e n c e  a  c o m p o n e n t  

p a th  f lo w  m a y  h a v e  o n  th e  v a r ia b le  p r o c e s s  c o s ts . N e g a t iv e  T V A  v a lu e s  in d ic a te  im ­
p r o v e m e n t  p o te n t ia l s  in  th e  p r o c e s s .  S t i l l ,  i f  a  p a th  f lo w  h a s  a  h ig h  E W C  v a lu e  th a t  is  
c o m p e n s a te d  b y  a  h ig h  M V A  v a lu e  a n d  g iv e s  a  p o s i t iv e  T V A  v a lu e  i t  c a n  s ti l l  b e  
p o s s ib le  to  r e d u c e  th e  e n e r g y  c o s t .  T V A  is  c a lc u la te d  in  c o s t  u n i t s  p e r  y e a r .

TVA = MVA -  EWC

f )  E n e r g y  A c c u m u la t io n  F a c to r  (E A F )
T h e  e n e r g y  a c c u m u la t io n  f a c to r  ( E A F ) ,  c a lc u la t e s  th e  a c c u m u la ­

t iv e  b e h a v io u r  o f  e n e r g y  in  a n  e n e r g y  c y c le  p a th  f lo w . S in c e  it  is  o f  in te r e s t  to  r e ­
c y c le  o r  r e c o v e r  e n e r g y ,  th e s e  f a c to r s  s h o u ld  b e  a s  la rg e  a s  p o s s ib l e  in  o r d e r  to  s a v e  
e n e rg y . T h e  e n e r g y  a c c u m u la t io n  f a c to r  c a n  b e  c a lc u la te d  as:

EAF = energy recycled 
enery leaving the recycle
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g ) T o ta l  D e m a n d  C o s t  (T D C )
T h is  in d ic a to r  is  a p p l ie d  o n ly  to  o p e n - p a th s  a n d  t r a c e s  th e  e n e r ­

g y  f lo w s  a c r o s s  th e  p r o c e s s .  F o r  e a c h  d e m a n d  in  th e  p r o c e s s  th e  s u m  o f  a l l  D C , 
w h ic h  p a s s  th r o u g h  it , a r e  c a lc u la te d . D C  c a n  b e  c a lc u la te d  u s in g  th e  f o l lo w in g  e q u a ­
tio n :

D C s U(d =  P E su  E O P su ,d

W h e re  P E  is  th e  u t i l i ty  c o s t ,  in  u n i t s  o f  p r ic e /e n e r g y .  T h e  to ta l  c o s t  f o r  a ll  th e  p a th s  is . 
e x p re s s e d  b y :

T D C d =  ร '  D C Sud

s f c i

W h e re  s s  is  th e  to ta l  n u m b e r s  o f  s u p p l ie s  th a t  e n e r g y  c o n t r ib u te s  a r e  s ig n i f ic a n t  to  
th e  d e m a n d , d . H ig h  v a lu e s  o f  th is  in d ic a to r  id e n t i f y  th e  d e m a n d s  th a t  c o n s u m e  th e  
la r g e s t  v a lu e s  o f  e n e r g y ,  so  th e s e  a r e  th e  p r o c e s s  p a r ts ,  w h ic h  a r e  m o r e  a d a p te d  to  
h e a t  in te g ra t io n .

B )  C a lc u la t e  S a fe ty  In d ic e s
T h e  s a fe ty  o f  th e  p r o c e s s  is  a n o th e r  im p o r t a n t  p a r a m e te r  th a t  

s h o u ld  b e  t a k e n  in to  a c c o u n t .  In  o r d e r  to  a c h ie v e  th e  in h e r e n t ly  s a f e ty  in d e x  th e  v a lu e  
f o r  s o m e  s u b - in d ic e s  n e e d  to  b e  c a lc u la te d . T h e s e  s u b - in d ic e s  c a n  b e  d iv id e d  in to  
tw o  g r o u p s ,  o n e  g r o u p , w h ic h  ta k e s  in to  a c c o u n t  th e  c h e m ic a l  in h e r e n t  s a fe ty ,  a n d  
th e  o th e r  g r o u p  th a t  is  d e p e n d e n t  o n  th e  p r o c e s s  in h e r e n t  s a fe ty .  A  s c a le  o f  s c o r e s  fo r  
e a c h  s u b - in d e x  h a s  b e e n  d e f in e d . T h e s e  s c a le s  a re  b a s e d  o n  th e  v a lu e s  o f  s o m e  s a fe ty  
p a r a m e te r s ,  s u c h  a s  th e  e x p lo s iv e n e s s ,  th e  to x ic i ty ,  th e  p r e s s u r e  o f  th e  p r o c e s s  a n d  so  
o n .



Table 2.7 L is t  o f  s a f e ty  in d ic e s  a n d  th e i r  s o u rc e s  ( C a rv a lh o  e t  a l., 2008)

Score
Total inherent safety index (ISI) 

Chemical inherent safety index, 7 Cj
S u b - in d ic e s  f o r  r e a c t io n s  h a z a rd s

H e a t  o f  th e  m a in  r e a c t io n ,  /rm 0-4
H e a t  o f  th e  s id e  r e a c t io n s ,  /rs 0-4
C h e m ic a l  in te r a c t io n s ,  Tint 0-4

S u b - in d ic e s  f o r  h a z a rd s  s u b s ta n c e s
F la m m a b i l i ty ,  Tfl 0-4
E x p lo s iv e n e s s ,  /ex 0-4
T o x ic i ty ,  / tox 0-6
C o r r o s iv i ty ,  /cor 0-2
M a x im u m , / ci s c o re 28

Process inherent safety index, /p i
S u b - in d ic e s  f o r  p r o c e s s  c o n d i t io n s

I n v e n to r y ,  / , 0-5
T e m p e r a tu r e ,  I j 0-4
P re s s u re ,  /p 0-4

S u b - in d ic e s  f o r  p r o c e s s  c o n d i t io n s  
E q u ip m e n t ,  /eq

/ isbl 0-4
/oSBL 0-3
P r o c e s s  s t r u c tu r e ,  / st 0-5
M a x im u m , /pi s c o re 25

M a x im u m , /s i  s c o re 53
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T h e  s u m  o f  a ll  th e  s u b - in d ic e s  s c o r e s  is  th e  in h e r e n t  s a fe ty  in d e x  
v a lu e ;  th is  p a r a m e te r  h a s  th e  m a x im u m  v a lu e  o f  5 3 . N o te  th a t  th e  h ig h e r  is  th e  in h e ­
r e n t  s a fe ty  in d e x  v a lu e  th e  m o r e  u n s a fe ly  i s  th e  p r o c e s s ,  s o  th e  a im  in  a ll  th e  d e s ig n  
a l t e r n a t iv e s  is  to  t ry  to  r e d u c e  i ts  v a lu e  a s  m u c h  a s  p o s s ib le .  In  T a b le  2 .7  th e  e n t ir e  
s e t  o f  s u b - in d ic e s ,  a s  w e l l  a s  th e  r e s p e c t iv e  s c a le s ,  a re  s p e c i f ie d .

C )  C a lc u la t e  S u s ta in a b i l i ty  M e tr ic s
T h e  s u s ta in a b i l i ty  m e tr ic s  th a t  a r e  im p le m e n te d  in  S u s ta in P ro  

w e r e  d e f in e d  b y  th e  in s t i tu t io n  o f  C h e m ic a l  E n g in e e r  ( I C h e m E)  b y  
A z a p a g ic  ( 2 0 0 2 ) .  T h e  4 9  m e tr ic s  h a s  b e e n  d e f in e d  a n d  d iv id e d  in to  th r e e  m a in  a re a s : 
e n v i r o n m e n ta l ,  s o c ia l  a n d  e c o n o m ic a l .  T h e  s u b -a r e a s  r e la te d  to  th e s e  m e tr ic s  a r e  h ig ­
h l ig h te d  in  F ig u r e  2 .1 4 ,  f o r  e a c h  s u b -a re a , m o r e  th a n  o n e  m e tr ic  is  c a lc u la te d .  T h e  
u s e  o f  th e  s u s t a in a b i l i ty  m e tr ic s  f o l lo w s  th e  s im p le  r u le  th a t  th e  lo w e r  th e  v a lu e  o f  
th e  m e tr ic  th e  m o r e  e f f e c t iv e  th e  p r o c e s s .  A  lo w e r  v a lu e  o f  th e  m e t r ic  in d ic a te s  th a t  
e i th e r  th e  im p a c t  o f  th e  p r o c e s s  is  le s s  o r  th e  o u tp u t  o f  th e  p r o c e s s  is  m o re .

E n v iro n m e n ta l

Figure 2.14 E x a m p le  o f  th e  s u s ta in a b i l i ty  m e tr ic s  ( C a r v a lh o  e t a l ,  2 0 0 8 ) .

O u t  o f  th e  4 9  d e f in e d  m e tr ic s ,  S u s ta in P r o  h a s  u s e d  2 3  o f  th e m , b e ­
c a u s e  th e  l im i ta t io n  o f  th e  in fo rm a t io n  r e q u e s te d  b y  th e  p r o g ra m . T h e  m e tr ic  c a lc u ­
la te d  in  th is  a n a ly s is  a r e  s h o w n  in  T a b le  2 .8 ,  d iv id e d  b y  th e  g r o u p  o f  m e tr ic s .
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Table 2.8 T h e  s u s ta in a b i l i ty  m e tr ic s  c o n s id e r e d  in  S u s ta in P r o

Group Metrics

Energy
To ta l Net P rim ary E ne rgy U sage ra te  (G J/y)
% To ta l Ne t P rim ary Energy sou rced  from  renew ab le s
To ta l Net P rim ary E ne rgy U sage pe r Kg p roduc t (kJ /kg )
To ta l Ne t P rim ary E ne rgy U sage pe r un it va lue  added  (kJ/$ )

Material
To ta l raw  m ate ria ls  used pe r kg p roduc t (kg /kg )
To ta l raw  m a te ria ls  used pe r un it va lu e  added
F raction  o f raw  m a te ria ls  recyc led  w ith in  com pany
F raction  o f raw  m a te ria ls  recyc led  from  consum e rs
H aza rdous raw  m a te ria l per kg p roduc t

Water N e t w a te r consum ed  per un it m ass o f p roduc t (kg /kg )
N e t w a te r consum ed pe r un it va lue  added

Economic V a lue  added ($/yr)

F o r  th e  e n v ir o n m e n ta l  im p a c t  r e la te d  m e tr ic s ,  th e  w a s te  r e d u c t io n  
( W A R )  a lg o r i th m  h a s  b e e n  p r o p o s e d  in  o r d e r  to  c a lc u la te  th e  e n v i r o n m e n ta l  im p a c ts  
f ro m  a  c h e m ic a l  p r o c e s s .  T h e  E n v ir o n m e n ta l  im p a c t  f a c to r s  a n d  th e i r  m e a n in g  d e ­
te r m in e d  in  W A R  a lg o r i th m  a re  s h o w n  in  T a b le  2 .9 . T h e  lo w e r  th e  P E I  o f  a  p r o c e s s ,  
th e  m o r e  e n v i r o n m e n ta l  f r ie n d ly  it  is . T h is  m e th o d  is  b a s e d  o n  a  P o te n t ia l  E n v i r o n ­
m e n ta l  I m p a c t  ( P E I )  b a la n c e .

Table 2 .9  T h e  e n v i r o n m e n ta l  im p a c t  f a c to r  is  W A R  a lg o r i th m

Im pact Factor Meaning
HTPl Human Toxicity Potential by Inqestion
HTPE Human Toxicity Potential by Exposure both Dermal and Inhalation
TTP Terrestrial Toxicity Potential
ATP Aquatic Toxicity Potential
GWP Global Warminq Potential
ODP Ozone Depletion Potential

PCOP Photochemical Oxidation Potential
AP Acidification Potential
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T o  c a lc u la te  th e s e  m e tr ic s ,  th e  f lo w r a te s  f o r  e a c h  c o m p o u n d  
c o m in g  in to  th e  p r o c e s s  a n d  le a v in g  th e  p r o c e s s  a r e  n e e d e d  a s  k n o w n  in fo rm a t io n .

S u m m a r iz in g ,  th e  in d ic a to r s  a re  a p p l ie d  to  th e  e n t i r e  s e t  o f  o p e n  a n d  
c lo s e d  p a th s .  W i th  th e i r  v a lu e s  th e  c r i t ic a l  p o in ts  o f  th e  p r o c e s s  a s  w e l l  a s  th e  a re a s  
th a t  s h o u ld  b e  im p r o v e d  in  th e  p r o c e s s  a re  d e te rm in e d .  T h e  s u s t a in a b i l i ty  m e tr ic s  a n d  
th e  s a fe ty  in d e x  a re  c a lc u la te d  u s in g  th e  s te a d y - s ta te  d a ta  f o r  th e  g lo b a l  p r o c e s s  a n d  
th e y  a re  u s e d  to  m e a s u r e  th e  im p a c t  o f  th e  p r o c e s s  in  i ts  s u r ro u n d in g s .  T h e y  w il l  b e  
u s e d  a s  p e r f o r m a n c e  c r i te r ia  in  th e  e v a lu a t io n  o f  th e  n e w  s u g g e s te d  d e s ig n  a l t e r n a ­
tiv e s .

2 .5 .2 .4  In d ica to r S en sitiv ity  A n a ly s is  (ISA) A lg o rith m
T h is  s te p  is  to  d e te rm in e  th e  p a r a m e te r s  w h ic h  h a v e  m o r e  e f ­

f e c t  in  th e  ta r g e t s .  T o  a p p ly  th is  a lg o r i th m  th e  in d ic a to r s  h a v in g  th e  h ig h e s t  p o te n t ia l  
f o r  im p r o v e m e n ts  a re  id e n t i f i e d  f ir s t .  T h e n  a n  o b je c t iv e  f u n c t io n  s u c h  a s  th e  g ro s s -  
p r o f i t  o r  th e  p r o c e s s  to ta l  c o s t  is  s p e c if ie d . F o r  p o s i t iv e  v a lu e s  o f  in d ic a to r ,  th e  h ig h  
v a lu e , th e  h ig h  p o te n t ia l  fo r  im p ro v e m e n t .  O th e r s  a re  th e  o p p o s i te ,  , th e r e f o r e  i f  it  is  
m o r e  n e g a t iv e ,  i t  is  m o r e  p o te n t ia l  fo r  im p ro v e m e n t .  H o w e v e r ,  th e  s a m e  lo g ic  a p p l ie s  
to  a l l  in d ic a to r s  a s  th e  c lo s e t  to  z e r o  in  th e i r  v a lu e ,  th e  b e t te r  a s  s h o w n  in  F ig u r e  2 .1 5 .

H o w e v e r ,  th e  W A R  a lg o r i th m  is  n o t  im p le m e n te d  in  รนร-
ta in P ro ,  th e r e f o r e ,  it  is  c a lc u la te d  u s in g  C A P E C  s o f tw a re ,  th e  I n t r e g r e te d  C o m p u te r
A id e d  S y s te m  ( IC A S ) .

Figure 2.15 T h e  ta r g e t  im p r o v e m e n t  fo r  th e  in d ic a to r s .
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A  s e n s i t iv i ty  a n a ly s is  is  th e n  p e r f o r m e d  to  d e t e r m in e  th e  in ­
d ic a to r s  t h a t  a l lo w  th e  la r g e s t  p o s i t iv e  ( fo r  p ro f i t )  o r  n e g a t iv e  ( f o r  c o s t )  c h a n g e  in  th e  
o b je c t iv e  f u n c t io n .  T h e  m o s t  s e n s i t iv e  in d ic a to r s  a r e  s e le c te d  a s  ta r g e t s  f o r  im p r o v e ­
m e n ts .

2 .5 .2 .5  O p era tio n a l S en sitiv ity  A n a lys is
A  s e n s i t iv i ty  a n a ly s is  w i th  r e s p e c t  to  th e  o p e r a t io n a l  ( p a r a m e ­

te r s )  v a r ia b le s ,  w h ic h  in f lu e n c e  th e  ta r g e t  in d ic a to r s ,  is  p e r f o rm e d . T h e  a n a ly s is  id e n ­
t i f i e s  th e  o p e r a t io n a l  v a r ia b le s  th a t  n e e d  to  b e  c h a n g e d  to  im p ro v e  th e  p r o c e s s  in  th e  
d e s i r e d  d i r e c t io n .

■ 2 .5 .2 .6  G en era tion  o f  N ew  D esign  A lte rn a tive s
T h is  s te p  is  to  g e n e ra te  th e  n e w  s u s ta in a b le  d e s ig n  a l t e r n a ­

t iv e ,  th e  f i r s t  s te p , is  to  v e r i f y  in  w h ic h  o p e ra t io n  ty p e , th e  o p e r a t io n a l  p a r a m e te r  ( d e ­
te r m in e d  in  S te p  5 ) c a n  b e  in c lu d e d . T h a t  is , id e n t i fy  i f  th e  o p e r a t io n a l  p a r a m e te r  is  
in v o lv e d  in  a  s e p a r a t io n ,  o r  in v o lv e d  in  a  r e a c t io n ,  o r  in  f lo w ra te  r e d u c t io n  in  a  
c lo s e d - p a th ,  o r  in  a  f lo w ra te  r e d u c t io n  in  a n  o p e n -p a th . N e x t ,  a n  a p p r o p r ia te  p r o c e s s  
s y n th e s is  a lg o r i th m  is  e m p lo y e d  to  g e n e ra te  th e  n e w  s u s ta in a b le  a l t e r n a t iv e s  th a t  a re  
a b le  to  c h a n g e  th e  o p e ra t io n a l  p a ra m e te r s .

F in a l ly ,  a  v a l id a t io n  a n d  a  c o m p a r i s o n  to  th e  n e w  a l te r n a t iv e s  th a t  
m a tc h  th e  d e s ig n  ta r g e t s  in  t e r m s  o f  th e i r  im p r o v e m e n ts  in  th e  p e r f o r m a n c e  c r i te r ia ,  
i s  d o n e .

2 .5 .3  S u s ta in a b i l i ty  A n a ly s is  S tu d y  o n  B io e th a n o l
M o r a le s  e t a l. (2 0 0 8 )  w o rk e d  o n  u s in g  c o m p u te r  a id e d  to o l s  f o r  s u s ­

ta in a b le  d e s ig n  a n d  a n a ly s is  o f  b io e th a n o l  p r o d u c t io n  b y  c o n s id e r in g  th e  p ro d u c tio n  o f  
9 9 .9 5 %  p u re  e th a n o l f ro m  lig n o c e llu lo s ic  m a te r ia ls  w h e re  th e  h y d ro ly tic  e n z y m e  is p u r ­
c h a se d . H a r d w o o d  c h ip s  w e r e  u s e d  a s  th e  f e e d s to c k  a n d  P R O /I I  s im u la to r  w a s  u s e d  
a s  s im u la t io n  p r o g r a m  a n d  S u s ta in P r o  w a s  u s e d  to  p e r f o r m  th e  s u s t a in a b i l i ty  a n a ly s is .

2 .5 .3 .1  P ro c e ss  S im ulation
T h e  b a s e  c a s e  p r o c e s s  w a s  b a s e d  o n  N R E L  p r o c e s s  ( W o o le y  

e t a l., 1 9 9 9 ) . T h e  m a in  o p e r a t io n s  o f  th e  p r o c e s s  a r e  s h o w n  in  P R O /I I  f lo w s h e e ts  in  
F ig u r e  2 .1 6 .
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2 .5 .3 .2  S u sta in a b ility  A n a lys is
S u s ta in P r o  w a s  u s e d  to  p e r f o r m  s u s t a in a b i l i ty  a n a ly s is  o n  

b a s e  c a s e  p r o c e s s .  T h e  n e w  d e s ig n  a l t e rn a t iv e  w a s  g e n e r a te d  b a s e d  o n  S u s ta in P r o ’s 
r e s u lt s .  T h e  c o m p a r i s o n  o f  in d ic a to r s  b e tw e e n  b a s e  c a s e  d e s ig n  a n d  n e w  d e s ig n  is  
s h o w n  in  T a b le  2 .1 0 .

Table 2.10 T h e  c o m p a r i s o n  o f  in d ic a to r s  b e tw e e n  b a s e  c a s e  d e s ig n  a n d  n e w  d e s ig n  
( M o r a le s  e t a l., 2 0 0 8 )

Path MVA Prob. Path EWC Prob. Path' TVA Prob.
OP 1297-new  
OP 1807-base

-6.1

-107.2

High

High

OP 1297
ท  0-61-58
OP 1807
HjO-14-51

288.5

8084.3

High

High

OP 1297
HoO-61-58
OP 1807 
n o - 14-51

-294.6

-8191.6

High

High

T h e  n e w  v a lu e  th e  O P s  f o r  th e  M V A , T V A  a n d  E W C  in d ic a ­
to r s  w a s  r e d u c e d  a f te r  th e  r e c y c le  o f  w a te r  b a c k  to  th e  s y s te m . T h e  le s s  n e g a t iv e  o f  
M V A  a n d  T V A , th e  le s s  m o n e y  th e y  p a y  f o r  m a te r ia l .  T h e  le s s  p o s i t iv e  o f  E W C , th e  
le s s  m o n e y  th e y  p a y  fo r  e n e rg y .

2.6 Life Cycle Assessment (LCA)

2 .6 .1  O v e r v ie w
L if e  c y c le  a s s e s s m e n t  ( L C A )  is  a  m e th o d  f o r  d e t e r m in in g  th e  e n v i ­

ro n m e n ta l  im p a c t  o f  a  p r o d u c t  (g o o d  o r  s e rv ic e )  d u r in g  i t s  e n t i r e  l i fe  c y c le — f ro m  
e x t r a c t io n  o f  r a w  m a te r ia l s  th r o u g h  m a n u f a c tu r in g ,  lo g i s t ic s  a n d  u s e  to  s c ra p p in g  a n d  
r e c y c l in g . In  L C A  s u b s ta n t ia l ly  b r o a d e r  e n v i r o n m e n ta l  a s p e c t s  c a n  b e  c o v e re d ,  r a n g ­
in g  f ro m  G H G  e m is s io n s  a n d  fo s s i l  r e s o u r c e  d e p le t io n  to  a c id i f ic a t io n  a n d  to x ic i ty  
a s p e c ts ,  h e n c e  i t  is  a  g o o d  to o l  fo r  q u a n t i fy in g  e n v i r o n m e n ta l  im p a c ts  o f  a  d e f in e d  
p r o d u c t  s y s te m . H o w e v e r ,  L C A  a s  it s ta n d s  h a s  i ts  l im i ta t io n s  s u c h  a s  th e  d i f f ic u l t ie s  
in  d a ta  a c q u is i t io n  a n d  v a l id a t io n ,  a n d  th e  m is le a d in g  r e s u l t s  d u e  to  th e  c h o ic e  o f  m e ­
th o d o lo g y  e s p e c ia l ly  o n  a l lo c a t io n  is s u e s .  F ig u r e  2 .1 7  i l lu s t r a t e s  th e  l i fe  c y c le  o f  b io ­
fu e ls  in v o lv in g  C O 2 e m is s io n .
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Figure 2.17 L ife  c y c le  o f  b io f u e ls  ( s o u rc e :  w w w .a l te m a t iv e - e n e r g y -  
n e w s .in fo / im a g e s / te c h n ic a l /b io f u e l - c o n v e r s io n . jp g ).

I n  th e  c a s e  o f  p e t r o le u m - d e r iv e d  f u e ls ,  th i s  m e a n s  L C A  in c lu d e s  e v e ­
r y th in g  f ro m  th e  t im e  th e  o i l  is  e x t r a c te d  f ro m  th e  g r o u n d ,  t r a n s p o r te d  to  th e  r e f in e ry , 
m a d e  in to  f u e l  a n d  d i s t r ib u te d  to  y o u r  lo c a l  g a s  s ta t io n . T h is  is  a l s o  k n o w n  a s  a  W e ll-  
to - W h e e ls  S tu d y  b e c a u s e  i t  s ta r ts  a t  th e  o il w e l l  a n d  e n d s  a t  th e  w h e e ls  - o r  m o r e  s p e ­
c i f ic a l ly  th e  ta i lp ip e  o f  y o u r  c a r  o r  tru c k .

F o r  a  c r o p  l ik e  c o m  e th a n o l ,  th e  L C A  is  m u c h  m o r e  c o m p le x .  T r a c k ­
in g  o f  th e  e n e r g y  a n d  e m is s io n s  i t  ta k e s  to  p l a n t  th e  c o m , a n d  m a k e  th e  f u e ls ,  f e r t i l i z ­
e rs , a n d  p e s t i c id e s  to  g r o w  th e  c o m . E s t im a t in g  w h e th e r  g r o w in g  th e  c o r n  in c re a s e s  
o r  d e c r e a s e s  c a r b o n  in  th e  so il. A p p r a is in g  h o w  m u c h  fu e l  it  t a k e s  to  g e t  th e  c o m  to  
th e  e th a n o l  r e f in e r y  a n d  h o w  m u c h  e n e r g y  is  c o n s u m e d  a n d  th e  a m o u n t  o f  e m is s io n s  
th a t  a re  g e n e r a te d  in  th e  b io e th a n o l  p la n t . C o m  e th a n o l  r e f in e r i e s  ty p ic a l ly  m a k e  a  
c o - p r o d u c t  c a l l e d  d i s t i l l e r s  g ra in , w h ic h  is  a  h ig h - p r o te in  fe e d  f o r  c a t t le .  T h is  p ro d u c -

http://www.altemative-energy-news.info/images/technical/biofuel-conversion.jpg
http://www.altemative-energy-news.info/images/technical/biofuel-conversion.jpg
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t i o n  is  c o u n te d  a s  a  c r e d i t  in  o u r  a c c o u n t in g  s p r e a d s h e e t .  I t  a ls o  in c lu d e s  th e  im p a c t  
o f  g e t t in g  e th a n o l  to  th e  s e rv ic e  s ta t io n  b y  r a i l  a n d  tru c k .

2 .6 .2  D e f in i t i o n  o f  L C A
L if e  C y c le  A s s e s s m e n t  is  a  p r o c e s s  to  e v a lu a te  th e  e n v ir o n m e n ta l  

b u r d e n s  a s s o c ia te d  w i th  a  p r o d u c t ,  p r o c e s s ,  o r  a c t iv i ty  b y  id e n t i f y in g  a n d  q u a n t i fy in g  
e n e r g y  a n d  m a te r ia ls  u s e d  a n d  w a s te s  r e le a s e d  to  th e  e n v i r o n m e n t ;  to  a s s e s s  th e  im ­
p a c t  o f  th o s e  e n e r g y  a n d  m a te r ia ls  u s e d  a n d  r e le a s e s  to  th e  e n v i r o n m e n t ;  a n d  to  id e n ­
t i fy  a n d  e v a lu a te  o p p o r tu n i t i e s  to  a f fe c t  e n v i r o n m e n ta l  im p r o v e m e n ts .  T h e  a s s e s s ­
m e n t  in c lu d e s  th e  e n t i r e  l i f e  c y c le  o f  th e  p r o d u c t ,  p r o c e s s  o r  a c t iv i ty ,  e n c o m p a s s in g ,  
e x t r a c t in g  a n d  p r o c e s s in g  r a w  m a te r ia ls ;  m a n u f a c tu r in g ,  t r a n s p o r ta t io n  a n d  d i s t r ib u ­
t io n ;  u s e ,  r e -u s e , m a in te n a n c e ;  r e c y c l in g ,  a n d  f in a l  d is p o s a l  ( S E T A C , 1 9 9 3 ) .

2 .6 .3  M e th o d o lo g y
T h e  L C A  f r a m e w o r k  w a s  s ta n d a r d iz e d  b y  th e  I n te r n a t io n a l  O r g a n iz a ­

t io n  f o r  S ta n d a r d iz a t io n  ( IS O ) ,  a n d  i t  is  c o n s t i tu te d  b y  f o u r  e le m e n ts :
2 .6 .3 .1  G o a l a n d  S cope

T h e  f i r s t  s te p  is  w h e re  th e  in te n t io n  o f  th e  u s e  o f  L C A  is  d e ­
f in e d ,  a n d  w h e r e  th e  s e t t in g  o f  th e  b o u n d a r ie s  f o r  th e  p r o d u c t  s y s te m  ta k e s  p la c e . 
T h r o u g h  th e s e  a r e  a ls o  d e f in e d  th e  te c h n o lo g ic a l  a n d  te m p o r a l  s c o p e ,  a s  w e l l  a s  th e  
a s s e s s m e n t  p a r a m e te r s .  T h e  s y s te m  is  q u a n t i f i e d  in  th e  f u n c t io n a l  u n i t  w h ic h  is  th e  
f u n c t io n  o r  s e r v ic e  th a t  d e te r m in e s  th e  r e f e r e n c e  f lo w  o f  p r o d u c ts .  F o r  in s ta n c e  a  
p a c k a g in g  s tu d y  m ig h t  c h o o s e  to  d e f in e  th e  f u n c t io n a l  u n i t  a s  — p a c k a g in g  o f  1 0 0 0  
l i te r s  o f  m i lk  in  c o n ta in e r s  o f  1 l i tr e . T a k in g  th is ,  th e  r e le v a n t  s ig n i f i c a n t  c o m p a r i s o n  
c a n  b e  b e tw e e n  1 0 0 0  c a r to n  b o x e s  a n d  4 0  r e tu r n a b le  p o ly c a r b o n a te  b o t t le s ,  w h ic h  
c a n  b e  u s e d  in  a v e r a g e  2 5  t im e s .  U s u a l ly  w h a t  L C A  d o e s  is  c o m p a r e  d i f f e r e n t  w a y s  
o f  o b ta in in g  th e  s a m e  f u n c t io n .  T h e r e fo re  in  o r d e r  to  g u a r a n te e  f a i r n e s s  a n d  r e le v ­
a n c e  it  is  c r u c ia l  to  b e  c o m p a r in g  b e tw e e n  p r o d u c t  s y s te m s  t h a t  a c tu a l ly  p r o v id e  th e  
s a m e  f u n c t io n ,  b e in g  th is  a s s u r e d  th ro u g h  c a r e f u l ly  d e f in in g  th e  f u n c t io n a l  u n i t .  T h is  
s te p  f o l lo w s  IS O  1 4 0 4 0 .

2 .6 .3 .2  In ven to ry  A n a lysis
T h is  s te p  is  w h e re  a ll th e  n e c e s s a r y  in p u t  a n d  o u tp u t  d a ta  fo r  

th e  p r o c e s s e s  r e g a r d in g  th e  p r o d u c t  s y s te m  is  g a th e r e d . T h e s e  g a th e r e d  d a ta  a re  r e ­
la te d  w i th  th e  r e f e r e n c e  f lo w  g iv e n  b y  th e  f u n c t io n a l  u n it .  T y p ic a l ly  th e  d a ta  f o r  th e
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d i f f e r e n t  p r o c e s s e s  is  c o m b in e d  o v e r  th e  l i f e  c y c le  a n d  p r e s e n te d  a s  th e  to ta l  e m is ­
s io n s  o f  a  s u b s ta n c e  o r  to ta l  u s e  o f  a  r e s o u r c e .  T h is  s te p  f o l lo w s  I S O  1 4 0 4 1 .

2 .6 .3 .3  LC IA
T h e  th i r d  s te p  w a s  r e f e r r e d  p r e v io u s ly  m e a n s  l i f e  c y c le  im p a c t  

a s s e s s m e n t  ( L C I A ) ,  h a s  th e  p u r p o s e  o f  t r a n s l a t in g  th e  in v e n to r y  d a t a  o n  in p u t  ( m a te ­
r ia ls  a n d  r e s o u r c e s )  a n d  o u tp u t  (w a s te  a n d  e m is s io n s )  in to  in f o r m a t io n  r e g a r d in g  th e  
im p a c ts  th e  p r o d u c t  s y s t e m  h a s  o n  th e  e n v i r o n m e n t ,  h u m a n  h e a l th ,  a n d  r e s o u rc e s .  
T h is  s te p  f o l lo w s  IS O  1 4 0 4 2 .

2 .6 .3 .4  In terp re ta tio n
T h e  la s t  s te p  is  w h e re  th e  r e s u l t s  f ro m  th e  p r e v io u s  s te p  w il l  

b e  r e la te d  w i th  th e  g o a l  o f  th e  s tu d y . In  o r d e r  to  q u a n t i f y  th e  r e s u l t s  s e n s i t iv i ty  a n d  
u n c e r ta in ty  a r e  a ls o  a n a ly z e d  in  th is  s te p . T h is  s te p  f o l lo w s  IS O  1 4 0 4 3 .

T h e  r e la t io n s h ip s  o f  th e s e  e le m e n ts  a r e  i l lu s t r a t e d  in  F ig u r e  2 .1 8 .

'°f) rfensatiof'

Figure 2.18 L if e  c y c le  a s s e s s m e n t  f r a m e w o r k  
( s o u rc e :  h t tp : / /w w w .ta n g r a m .c o .u k /T I - L C A _ I n t r o d u c t io n .h tm l).

http://www.tangram.co.uk/TI-LCA_Introduction.html
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2 .6 .4  L C A  S tu d ie s  o n  B io e th a n o l
S in c e  b io e th a n o l  h a s  b e c o m e  th e  n e w  c h a l le n g e  o n  th e  r e d u c t io n  o f  

fo s s i l  r e s o u r c e  u s e  a n d  g r e e n h o u s e  e f fe c t .  M a n y  r e s e a r c h  te a m s  h a v e  c o n d u c te d  th e  
L C A  o n  b io e th a n o l  in  v a r io u s  m a te r ia ls  in c lu d in g  s u g a r ,  s ta r c h y ,  a n d  l ig n o c e l lu lo s ic  
m a te r ia ls .

In  2 0 0 7 ,  N g u y e n  e t al. w o rk e d  o n  th e  l i fe  c y c le  a s s e s s m e n t  o f  c a s s a v a  
u t i l i z a t io n  f o r  f u e l  e th a n o l  in  T h a i la n d . H is  s tu d y  s h o w s  th e  p o s i t i v e  im p a c ts  o f  u s in g  
c a s s a v a - b a s e d  e th a n o l  o n  fo s s i l  e n e r g y  u s e  a n d  g r e e n h o u s e  g a s  ( G H G )  e m is s io n .  T h e  
m a jo r i ty  o f  e m is s io n s  c a m e  f ro m  th e  e n e r g y  u s e d  in  e th a n o l  c o n v e r s io n  p r o c e s s .  H e  
a ls o  c o m p a r e d  th e  G H G  e m is s io n  b e tw e e n  g a s o l in e  a n d  e th a n o l  f ro m  c a s s a v a  in  
T h a i la n d ,  a n d  e th a n o l  f ro m  o th e r  f e e d s to c k s . T h e  c o m p a r i s o n  is  s h o w n  in  T a b le  2 .1 1 .

Table 2.11 G r e e n h o u s e  g a s  e m is s io n  c o m p a r i s o n  ( N g u y e n  e t a l ,  2 0 0 7 )

Feedstock
Gross emission less emissions 

displaced by co-products 
(gC 02 eq/L EtOH)

% Reduction
C a s s a v a  in  C h in a 15 3 8 2 3 .3
C o m  in  th e  U S 15 0 6 4 8 .4
C a s s a v a  in  T h a i la n d 9 6 4 6 2 .9
S u g a rc a n e  in  B r a z i l 2 5 6 9 0 .9
H e r b a c e o u s  b io m a s s  
in  th e  U S 2 4 5 9 1 .6

T h e  ta b le  is  s h o w n  th a t  h e r b a c e o u s  w h ic h  i s  a  l i g n o c e l lu lo s ic  m a te r ia l ,  
e m it in g  th e  lo w e s t  C O 2 w i th  9 1 .6 %  r e d u c t io n  f ro m  g a s o l in e .  F o l lo w in g  b y  s u g a r  
b a s e  m a te r ia l  ( s u g a r c a n e )  a n d  s ta r c h y  m a te r ia l  ( c a s s a v a ) .

I n  2 0 0 9 ,  L u o  a n d  c o - w o r k e r s  w o r k e d  o n  l i f e c y c le  a s s e s s m e n t  a n d  li fe  
c y c le  c o s t in g  o f  b io e th a n o l  f ro m  s u g a rc a n e  tw o  c a s e s  in  B r a z i l .  T h e  tw o  c a s e s  e n ­
g a g e d  w e re :  b a s e  c a s e — b io e th a n o l  p r o d u c t io n  f r o m  s u c r o s e ,  a n d  h e a t  a n d  e le c t r i c i ty  
g e n e ra t io n  f ro m  b a g a s s e s  u s in g  th e  c u r r e n t  t e c h n o lo g y  (1 ) ;  f u tu r e  c a s e — b io e th a n o l  
p r o d u c t io n  f ro m  b o th  s u c r o s e  a n d  b a g a s s e s  (2 ) ,  a n d  h e a t  a n d  e le c t r i c i ty  g e n e ra t io n  
f ro m  w a s te s .  H is  s tu d y  p e r f o r m e d  L C A  a n d  c o m p a r e d  g a s o l in e  w i th  E 1 0 ,  E 8 5  a n d  
E th a n o l  a s  w e l l .  T h e  r e s u l t  is  s h o w n  in  F ig u re  2 .1 9 .



3 5

Greenhouse Gas (GHG) Emissions

Fuel Type
F i g u r e  2 .1 9  G r e e n h o u s e  g a s  e m is s io n  p e r  o n e  k i lo m e te r  d r iv in g  ( L u o  e t a l .,  2 0 0 9 ) .

W h e n  G H G  e m is s io n s  w e re  c o n c e rn e d ,  b u r n in g  b a g a s s e  f o r  e le c t r ic i ty  
g e n e r a t io n  ( b a s e  c a s e )  w a s  a  m u c h  b e t te r  o p t io n  th a n  c o n v e r t in g  b a g a s s e  to  e th a n o l  
( fu tu r e  c a s e ) .  T h e y  a ls o  p e r f o r m e d  li fe  c y c le  c o s t in g ,  th e  r e s u l t  in d ic a te d  th a t  d r iv in g  
w i th  e th a n o l  f u e ls  w a s  m o r e  e c o n o m ic a l  th a n  g a s o l in e ,  a n d  th e  f u tu re  c a s e  w a s  e c o ­
n o m ic a l ly  m o r e  a t t r a c t iv e  th a n  th e  b a s e  c a s e , w h ic h  h a v e  b e e n  th e  d r iv in g  f o rc e  fo r  
th e  p r o m o t io n  o f  a d v a n c e d  te c h n o lo g ie s  c o n v e r t in g  b a g a s s e  to  e th a n o l .

S e a rc y  e t a l. ( 2 0 0 8 )  c o m p a re d  th e  L C A  e m is s io n  r e n e w a b le  e n e rg y  
r o u te s  th a t  c o n v e r t  s t r a w /c o m  s to v e r  in to  u s a b le  e n e r g y  w e r e  e x a m in e d .  T h e  c o n v e r ­
s io n  o p t io n s  s tu d ie d  w e r e  e th a n o l  b y  f e rm e n ta t io n ,  s y n d ie s e l  b y  o x y g e n  g a s i f i c a t io n  
f o l lo w e d  b y  F i s c h e r  T r o p s c h  s y n th e s is ,  a n d  e le c t r i c i ty  b y  e i th e r  d i r e c t  c o m b u s t io n  o r  
b io m a s s  in te g r a te d  g a s i f i c a t io n  a n d  c o m b in e d  c y c le  ( B IG C C ) .  T h e  g r e e n h o u s e  g a s  
( G H G )  e m is s io n s  w e r e  8 3 0  g  C C L e /k W h  fo r  d i r e c t  c o m b u s t io n ,  8 3 9  g  C 0 2 e /k W h  fo r  
B I G C C , 2 ,0 6 0  g  C 0 2 e /L  f o r  e th a n o l  p r o d u c t io n ,  a n d  2 ,4 4 0  g  C 0 2 e /L  f o r  F T  s y n th e ­
s is  o f  s y n d ie s e l .  T h e  c o m p a r i s o n  in  u n i t  p e r  m e g a  jo u l e s  is  s h o w n  in  T a b le  2 .1 2 .



3 6

T a b l e  2 .1 2  T h e  c o m p a r i s o n  o f  G H G  e m is s io n  f ro m  d i f f e r e n c e  s o u rc e s

M e t h o d E m is s io n  
(g  C O 2/ M J )

D i r e c t  C o m b u s t io n 2 3 0 .5 6
B I G C C 2 3 3 .0 6
F e r m e n te d  E th a n o l 9 7 .3 1
F T  S y n d ie s e l 6 7 .4 0

T h e  .r e s u lts  s h o w  th a t  b io e th n o l  c h o ic e  g a v e  m o r e  a t t r a c t iv e  th a n  th o s e  
f ro m  e le c t r i c i ty  c h o ic e s .  H o w e v e r ,  s y n d ie s e l  e m i t te d  th e  lo w e s t  e m is s io n  w i th  6 7 .4 0  
g  C O 2 p e r  m e g a  jo u l e s .  B y  th is ,  i t  m e a n s  th a t  th e  u s e  o f  l i g n o c e l lu lo s ic  m a te r ia ls  in  
c o n v e r s io n  p r o c e s s  to  b e  e th a n o l  is  b e t te r  th a n  u s e  i t  to  g e n e ra te  e le c t r i c i ty .

In  2 0 0 9 , G o n z a le z - G a r c ia  a n d  c o w o r k e r s  s tu d ie d  o n  th e  L if e  c y c le  
a s s e s s m e n t  o f  f la x  s h iv e s  in  S p a in . T h e y  c o m p a re  th e  e m is s io n  in  d i f f e r e n c e  a l lo c a ­
t io n  m e th o d ,  e c o n o m ic  a n d  m a s s . T h r e e  s c e n a r io s  (E A 1 , E A 2  a n d  E A 3 )  b a s e d  o n  
e c o n o m ic  a l lo c a t io n  w e r e  e v a lu a te d  a c c o rd in g  to  th e  la r g e  d i f f e r e n c e  in  th e  m a r k e t  
p r ic e s  ( f r o m  15 to  3 6  € / to n  r e g a r d le s s  o f  th e i r  f in a l  d e s t in a t io n ) .  M a s s  a l lo c a t io n  
( s c e n a r io  M A )  w a s  a l s o  a s s u m e d  in  o r d e r  to  e s t im a te  th e  e f f e c t  o f  a l lo c a t io n .  T h e  
c o m p a r i s o n  o f  g lo b a l  w a r m in g  p o te n t ia l  in  d i f f e r e n c e  a l lo c a t io n  m e th o d s  a re  s h o w n  
in  F ig u r e  2 .2 0 .
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F i g u r e  2 .2 0  T h e  c o m p a r i s o n  (b e tw e e n  a l lo c a t io n  f a c to r )  o f  C O 2 e q u iv a le n t  e m is s io n  
fo r  e th a n o l  p r o d u c t io n  a n d  m a in  p r o c e s s  in v o lv e d  ( G o n z a le z - G a r c ia  e t a l., 2 0 0 9 ) .
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A c t iv i t i e s  r e la te d  to  th e  e th a n o l  c o n v e r s io n  p la n t ,  s u c h  a s  d i s t i l la t io n  a n d  
e le c t r i c i ty  p r o d u c t io n ,  a r e  th e  m a in  h o t  s p o ts  in  th is  im p a c t  c a te g o r y .  In  a d d it io n , 
w h e n  m a s s  a l lo c a t io n  is  a s s u m e d , th e r e  is  a  r e m a r k a b le  c o n t r ib u t io n  f ro m  f o s s i l  fu e l 
e x t r a c t io n  d u e  to  a  h ig h e r  a m o u n t  o f  d ie s e l  f ro m  a g r ic u l tu ra l  m a c h in e r ie s  b e in g  a l lo ­
c a te d  to  th e  f la x  s h iv e s .  M o re o v e r ,  i t  is  im p o r ta n t  to  r e m a r k  th e  p o s i t iv e  e f f e c t  o f  th e  
c a r b o n  s e q u e s te r e d  d u r in g  c r o p  g r o w th  (9 .9  to n  c c ^ / h a ) ,  w h ic h  c o n t r ib u te s  to  o f f s e t  
th e  G H G  e m is s io n s .  T h is  e f f e c t  is  m o r e  o u ts ta n d in g  in  th e  m a s s  a l lo c a t io n  ( h ig h e s t  
a l lo c a t io n  f a c to r )  s in c e  m o r e  C O 2 t a k e n  u p  d u r in g  th e  c r o p  g r o w in g  is  a l lo c a te d  to  
f la x  s h iv e s .
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