
CHAPTER III
EXPERIMENTAL

3.1 Materials and Equipment

3.1.1 E q u ip m en t
- D e sk to p  co m p u te r (P en tiu m  D u a l-C o re  E 5 2 0 0 , R A M  2 G B , 

W in d o w  7 and  M ic ro so ft O ffice  2 0 1 0 )

3 .1 .2  S o ftw are
3 .1 .2 .1  P R O /1 I  v e r s io n  9.1

T h e  co m m erc ia l s im u la to r fo r s im u la te  ch em ica l p ro cesses.

3 .1 .2 .2  S u s ta in ? r o  P r o g r a m
T h e  su s ta in ab ility  an a ly sis  to o l on  ex ce l p la tfo rm  fo r p e rfo rm  

su s ta in a b ility  an a ly sis  o f  p ro cess  in term  o f  sa fe ty , en v iro n m e n ta l and  eco n o m ic  in 
o rd e r to  m ak e  th e  p ro c e ss  m o re  susta in ab le .

3 .1 .2 .3  S im a P r o  v e r s io n  7.1
T h e  co m m erc ia l p ro g ram  fo r ev a lu a te  th e  en v iro n m en ta l 

im p ac ts  u s in g  L C A  tech n iq u e .

3 .1 .2 .4  E C O N  S o f tw a r e
T h e  eco n o m ic  ev a lu a tio n  to o l on  excel p la tfo rm  fo r eco n o m ic  

and  p ro f ita b ility  ev a lu a tio n .

3.2 Experimental Procedures

3.2.1 L ite ra tu re  S u rvey
- S tu d y  an d  rev iew  the  b a c k g ro u n d  o f  b io e th a n o l p ro d u c tio n  

in c lu d in g  th e ir  en v iro n m en ta l im p a c t th ro u g h  L C A  tech n iq u e .
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- S tu d y  th e  fea s ib ility  o f  th e  p o ten tia l o f  lig n o c e llu lo s ic  m a te ria ls  in 
T h a ilan d  an d  se lec t the  b e st m ate ria l fo r s im u la te  th e  p rocess. 
C o n seq u en tly , rice  s traw  is se lec ted  as a  ra w  m ate ria l fo r d es ig n in g  
th e  p ro cess  in  th is  study.

- C o llec t the  co m p o sitio n  d a ta  o f  rice  straw .
- C o lle c t the  in fo rm atio n  o f  o p e ra tin g  c o n d itio n  for b ioe thano l 

p ro d u c tio n  from  lig n o ce llu lo s ic  m ate ria ls  p ro cess .
- S tu d y  v a rio u s  a lte rn a tiv e  p ro cesse s  fo r im p ro v e m e n t o f  the  base 

case  d esig n  in  te rm s o f  en e rg y  an d  w aste.

3 .2 .2  P ro c e ss  S im u la tio n
- S im u la te  th e  b ase  case  p ro cess  d esig n  b a se d  o n  rice  s traw  as raw  

m ate ria l from  p rocess f lo w  d iag ram  sh o w n  in F ig u re  3.1 u sing  
P R O /II 9.1 s im u la tio n  p ro g ram .

- M ak e  assu m p tio n s  based  on  th e  goal d e fin itio n .

Rice straw

Etbanoi 99.5%

Nutrients
Enzyme

Figure 3.1 B io e th an o l p ro d u c tio n  p ro cess fro m  rice  s traw  (B in o d  e t a l ., 2 0 1 0 ; 
N R E L , 1999).
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3 .2 .3  S u s ta in ab ility  A n a ly sis
U se  so ftw a re  n am ed — S u sta in P ro — (C arv a lh o  e t  a l , 2008 ; 2 0 0 9 ) to 

g en e ra te  n ew  d esig n  a lte rn a tiv e s  w h ic h  are d iv id ed  in to  six  s tep s  as  fo llow s:

3 .2 .3 .1  C o lle c t io n  o f  S te a d y -S ta te  D a ta
T his step  in v o lv es  the co lle c tio n  o f  m a ss  an d  energ y  b a lan ce  

d a ta  from  s im u la tio n  re su lts  w ith  P R O /II 9.1.

3 .2 .3 .2  F lo w s h e e t D e c o m p o s i tio n
T he o b jec tiv e  o f  th is step  is to  id en tify  all the  m ass  and 

en e rg y  f lo w -p a th s  in th e  p rocess by  d eco m p o sin g  in to  o p e n -p a th s  and  c lo se -p a th s  for 
each  co m p o u n d  in  th e  p ro cess. A n  o p en -p a th  c o n s is ts  o f  an  e n tra n c e  and an  ex it o f  a 
sp ec ific  c o m p o u n d  in  the  p ro cess. T h e  c lo sed -p a th s  are  th e  p ro c e ss  recy c les  w ith  
resp ec t to  each  c o m p o u n d  in  the  p rocess.

3 .2 .3 .3  C a lc u la tio n  o f  In d ic a to r  S e n s i t iv i ty  A n a ly s is
T h e  o b jec tiv e  o f  th is step  is to  d e te rm in e  the  p a ram e te rs  

(in d ica to rs )  fo r th e  sen s itiv ity  an a ly sis .

• M a te r ia l-V a lu e  A d d e d  (M V A )
T h is  is ca lcu la ted  from  th e  d iffe re n ce  b e tw een  the 

v a lu e  o f  th e  c o m p o n e n t path  flow s ou tside  the  p ro cess  b o u n d a rie s  and  th e  co sts  in 
raw  m a te r ia l c o n su m p tio n  o r feed  co st as sh o w n  in E q u a tio n  3 .1 . N eg a tiv e  v a lu es  for 
M V A  in d ica te  v a lu e  lost and sh o w  that th e re  are  p o te n tia ls  fo r im p ro v in g  the 
eco n o m ic  e ffic ien cy . M V A  is c a lcu la ted  in co st u n its  p e r year.

M V A =  (m ass) (sa les  p rice  - raw  m ate ria l co s t)  (eq. 3.1)

• E n e rg y  a n d  W a ste  C o s t  (E W C )
T h e  E W C  in d ic a to r c o n s is ts  o f  tw o parts: EC 

co n s id e rs  th e  e n e rg y  costs and  w c  the  p ro cess  w aste  co sts  a sso c ia te d  w ith  a  g iven 
pa th , by  a llo c a tin g  th e  u tility  co n su m p tio n  and  w aste  tre a tm e n t costs. T h ey  in d ica te
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th e  m ax im u m  th eo re tica l sa v in g  p o ten tia l fo r a  g iv en  pa th . H ig h  E W C  values 
in d ica te  h ig h  en e rg y  co n su m p tio n  and  w aste  co sts  th a t co u ld  be red u ced  by 
d e c re a s in g  th e  p a th  flo w  o r th e  du ties. E W C  is c a lcu la ted  in  co s t u n its  p e r  year.

E W C  =  E C + W C  (eq. 3 .2)

E C  =  (d u ty ) (c o s t)x  co m p o n e n t m ass X ch arac te ris tic  p h y s ic a l p ro p e rty  (eq. 3 .3) 
sum  o f  all c o m p o n en ts  (m ass  X c h a rac te ris tic  p h y sica l p ro p erty )

w c  =  (m ass) (w aste  tre a tm e n t co s t)  (eq. 3.4)

• R e a c tio n  Q u a li ty  (R Q )
T his in d ica to r m easu res  th e  e ffec t a  co m p o n en t 

p a th  flo w  m ay  h av e  on  th e  reac tio n s  th a t o c c u r  in  its pa th . I f  th e  R Q  v a lu e  is p o sitiv e , 
th e  p a th  flo w  h as  a  p o s itiv e  e ffec t on the o v e ra ll p lan t p ro d u c tiv ity . N e g a tiv e  va lues 
in d ica te  an  u n d e s ira b ly  lo ca ted  co m p o n en t p a th  flo w  in th e  p ro cess.

R Q  =  ex te n t o f  re ac to r X reac tio n  p a ra m e te r  (eq. 3.5)
sum  o f  d e s ired  p ro d u c ts

• A c c u m u la tio n  F a c to r  (A F )
A F p ro v id es  a  w ay  o f  m e a su rin g  th e  accu m u la tiv e  

b e h a v io r  o f  in d iv id u a l co m p o n en ts  in recy c les. N o te  th a t th e  te rm  “ a c c u m u la tio n ”  is 
n o t u sed  to  m ean  in v en to ry  in  th is  m ethod . It in d ica te s  th e  a m o u n t o f  m a te ria l b e in g  
recy c led  re la tiv e  to  its in p u t to  th e  p rocess a n d /o r  o u tp u t fro m  the p ro cess.

A F  =  m ass o f  c o m p o n e n t in  re c y c le  (eq. 3.6)

su m  o f  co m p o n e n t m ass  le a v in g  recy c le

• T o ta l V a lu e A d d e d  (T V A )
T his in d ic a to r d e sc rib e s  th e  eco n o m ic  in flu en ce  a 

co m p o n e n t p a th  f lo w  m ay  h av e  on  the  v a riab le  p ro c e ss  co sts . N e g a tiv e  T V A  va lu es
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in d ica te  im p ro v e m e n t p o te n tia ls  in the  p rocess. S till, i f  a  p a th  f lo w  h as  a  h igh E W C  
value th a t is c o m p e n sa te d  by  a h igh  M V A  value  and  gave  a p o s itiv e  T V A  v alue  it 
co u ld  still be p o ss ib le  to  red u ce  the  en e rg y  cost. T V A  is c a lc u la ted  in  co st un its  p e r 
year.

T V A  = M V A  -  E W C (eq. 3 .7)

• E n e r g y  A c c u m u la tio n  F a c to r  (E A F )
T he e n e rg y  accu m u la tio n  fac to r (E A F ), ca lcu la tes  

the  a c c u m u la tiv e  b e h a v io r  o f  en e rg y  in  an  en e rg y  cy c le  pa th  flow . S ince  it is o f  
in te rest to  re c y c le  o r re c o v e r en ergy , th e se  fac to rs  sh o u ld  be as la rg e  as p o ss ib le  in 
o rd e r to sav e  en erg y . T h e  en e rg y  accu m u la tio n  fac to r co u ld  be c a lc u la ted  as:

E A F  =  en e rg y  recy c led  (eq. 3 .8)
en erg y  leav ing  th e  recy c le

• T o ta l D e m a n d  C o s t  (T D C )
T his in d ica to r is ap p lied  o n ly  to  o p en -p a th s  and  

traces th e  e n e rg y  flow s ac ro ss  the  p ro cess. F or each  d em an d  in  th e  p ro cess  the sum  
o f  all D C , w h ich  p asses  th ro u g h  it, a re  ca lcu la ted . D C  can  be c a lc u la ted  using  the  
fo llo w in g  eq u a tio n :

DCsud = PEsuEOPsud (eq. 3 .9)

W h ere , P E  is th e  u tility  co st, in un its  o f  p rice /en e rg y . T h e  to ta l c o s t fo r all the  p a th s 
is e x p re ssed  by:

T O C ,, =  £  D C S2.a

(eq. 3 .10)
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W here , s s  is the  to ta l n u m b er o f  su p p lies  (รน) w ith  s ig n ific an t e n e rg y  co n trib u tio n s  
c o rre sp o n d in g  to  th e ir  d em an d s (d). H igh  v a lu es  o f  th is  in d ic a to r id en tify  the 
d em an d s  th a t co n su m e  th e  la rgest v a lu es  o f  en e rg y , so th e se  a re  th e  p ro cess  parts , 
w h ich  a re  m o re  a d a p te d  to  heat in teg ra tion .

3 .2 .3 .4  C a lc u la tio n  o f  S u s ta in a b i l i ty  M e tr ic
T h e  use o f  th e  su s ta in ab ility  m e tric s  fo llo w  the  s im p le  ru le  

th a t th e  lo w er th e  v a lu e  o f  the m e tric  the m ore e ffec tiv e  (su s ta in a b le )  the p rocess. A 
low er v a lu e  o f  the  m e tric  ind ica tes  th a t e ith e r th e  im p ac t o f  th e  p ro cess  is less o r the 
o u tp u t o f  the  p ro cess  is m ore. T h e  m e tric s  c a lcu la ted  in th is  a n a ly s is  are sh o w n  in 
T ab le  3 .1 , d iv id ed  in to  d iffe ren t g roups. T he re su lts  rep o rt th e  en e rg y  u sed , raw  
m ate ria l u sed , w a te r  co n su m p tio n , an d  value  ad d ed  o f  th is  p ro cess . A fte r  a lte rn a tiv e  
d esig n s  p e rfo rm  in S u sta in P ro , th is  w o rk  w ould  co m p are  th ese  n e w  va lu es w ith  those  
o f  th e  b ase  case  d esig n . T hen , resu lts  are show n  in te rm s o f  h o w  m u ch  im p ro v em en t 
is a ch iev ed  by  a lte rn a tiv e  designs.

Table 3.1 T h e  su s ta in a b ility  m etrics  co n sid e red  in  S u sta in P ro

Group Metrics
T otal N e t P rim ary  E n erg y  U sage  ra te  (G J/y )

Energy' %  T o ta l N e t P rim ary  E n erg y  so u rced  from  re n e w a b le
T o ta l N e t P rim ary  E n erg y  U sage  p e r  K g  p ro d u c t (k j /k g )
T o ta l N e t P rim ary  E nergy  U sag e  p e r  u n it v a lu e  ad d ed  (k J/$ )
T o ta l ra w  m ate ria ls  u sed  p e r kg  p ro d u c t (k g /k g )
T o ta l ra w  m ate ria ls  u sed  p e r u n it v a lu e  add ed

Material F rac tio n  o f  raw  m ate ria ls  recy c led  w ith in  co m p an y
F rac tio n  o f  raw  m ate ria ls  recy c led  fro m  c o n su m ers
H aza rd o u s  raw  m ate ria l p e r kg  p ro d u c t

Water N et w a te r co n su m ed  p e r u n it m ass o f  p ro d u c t (k g /k g )
N e t w a te r  co n su m ed  p e r  u n it v a lue  ad d ed

Economic V alu e  ad d e d  ($ /yr)
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3.2.3.5 Calculate Safety Indices
The safety of the process is another important parameter that 

should be taken into account. In order to achieve the inherently safety index the value 
for some sub-indices need to be calculated. These sub-indices can be divided into 
two groups, one group, which takes into account the chemical inherent safety, and 
the other group that is dependent on the process inherent safety. A scale of scores for 
each sub-index has been defined. These scales are based on the values of some safety 
parameters, such as the explosiveness, the toxicity, the pressure of the process and so 
on.

Table 3.2 List of safety indices and their sources (Carvalho et a i, 2008)

Total Inherent Safety Index (ISI)
Chemical inherent safety index, ICi Score Process inherent safety' index , Ipi Score
Subindices for reactions hazards Subindices for process conditions
Heat of the main reaction, /„„ 0-4 Inventory, I, 0-5
Heat of the side reactions, Irs 0-4 Process temperature, I, 0-4
Chemical Interaction, 0-4 Process pressure, Ip 0-4

Subindices for hazardous substances Subindices for process system
Flammability, //7 0-4 Equipment, Ieq
Explosiveness, Iex 0-4 I/SBL 0-4
Toxicity, 1,01 0-6 loSBL 0-3
Corrosivity, Icor 0-2 Process structure, /„ 0-5

Maximum, Ici score 28 Maximum, Ipi score 25
Maximum ISI score 53

The sum of all the sub-indices scores is the inherent safety 
index value; this parameter has the maximum value of 53. Note that the higher is the 
inherent safety index value the more unsafely is the process, so the aim in all 
alternative designs is to try to reduce or (at least same value) as much as possible. In 
Table 3.2 the entire set of sub-indices, as well as the respective scales, are specified.
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3.2.3.6 Generate New Design Alternatives
Alternatives are created based on operability, energy 

consumption, waste reduction, environmental impact, safety and cost. Alternative 
designs are simulated with PRO/I1 9.1.

3.2.4 Economic Evaluation
This part can be done by using—ECON software—(Saengwirun, 2011) 

to evaluate the economic section which is divided into three steps as follows:

3.2.4.1 Collect the Price and Economic Information
The price of all raw material, product and utility prices are 

collected. Moreover, the data that related to economic is also collected for example; 
the inflation rate, MARR, depreciation rate and tax rate.

3.2.4.2 Unit Sizing
The data of each unit operation can be collected from PRO/II 

9.1. The size of the units are calculated which up to the main parameters of that unit 
for instance; the area of heat exchanger can be calculated from temperature of inlet 
and outlet streams, overall heat transfer coefficient and duty.

3.2.4.3 Calculate Capital Cost and Operating Cost
Capital cost can be calculated from the size and operating 

condition of units. Capital cost is divided into two sub costs; direct cost and indirect 
cost. Direct cost is mainly come from the unit cost, install cost, building and yard 
improvement. Indirect cost is mainly construction expenses and contingency. For 
operating cost is the cost that has to expenses every year which have raw material 
and utility cost, labor cost, maintenance and operating supplies cost, and plant 
overhead cost.

3.2.4.4 Economic Evaluation
The profit of the project is analyzed in term of 1RR, 

breakeven point and net present value (NPV) which up to the project life.



53

3.2.5 Life cycle Assessment (LCA)
The assessment is carried out in four phases consisting of:

3.2.5.1 Goal and Scope
- Identify functional unit of bioethanol production: In this 

study, one kilogram of bioethanol 99.5 wt% purity is used 
as functional unit.

- Determine system boundaries of bioethanol production 
(what is and is not included in this study) based on the 
goal definition. In this study, the selected system boundary 
of bioethanol production process is shown in Figure 3.2.

Utilities Energy Chem icals

Em ission or Fertilizer 1 99.5 %»'t. It_______ 1

Figure 3.2 System boundary for bioethanol conversion process.

3.2.5.2 Inventory A nalysis
- Collect data related to environment and technical 

quantities for all relevant and within the study boundaries 
unit processes, for example;
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o Raw materials, utilities, and energy consumptions 
o Air and water emissions 
o Waste generations

The sources of inventory data of bioethanol conversion 
process are given in Table 3.3.

Table 3.3 Sources of inventory data of bioethanol conversion process

Step Type of data Data source
Rice plantation and transportation 2nd Data Niracharopas, 2011
Ethanol conversion 2nd Data Process simulation
Wastewater treatment 2nd Data NREL

- Quantify how much energy and raw materials are used, 
and how much solid, liquid and gaseous waste is generated, 
at each stage of the product's life.

3.2.5.3 Life Cycle Impact Assessment (LCIA)
- Calculate impact potentials based on the LCI results by 

using software named—SimaPro version 7.1— with CML 
2 baseline 2 0 0 0  method.

- Analyze and compare the impacts on human health and 
the environment burdens associated with raw material and 
energy inputs and environmental releases quantified by the 
inventory.

3.2.5.4 Interpretation
- Evaluate the greenhouse gas (GHG) emissions per one 

kilogram of ethanol for the design of bioethanol
conversion process.
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- Evaluate opportunities to reduce energy, material inputs, 
or environmental impacts at each stage of the product life- 
cycle.

- Analyze an improvement, in which recommendations are 
made based on the results of the inventory and impact
stages.

3.2.6 Alternative Designs
- Generate new design alternatives using PRO/II and consider the 

results from sustainability analysis, economic evaluation and life 
cycle assessment of the base case design.

- Perform sustainability analysis of alternative designs to calculate 
sustainability metrics and safety indices.

- Perform economic evaluation of alternative designs to calculate the 
profitability.

- Perform life cycle assessment of alternative designs to evaluate 
environmental impact.

3.2.7 Comparison
The results between the base case and alternatives are compared to 

determine the improvement achieved by alternative designs. The results are given in 
terms of;

- Water consumption
- Sustainability metrics
- Safety indices
- Profitability
- Life cycle assessment
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