
CHAPTER IV
ENERGY AND ENVIRONMENTAL ASSESSMENT FOR 

POLYAMIDE FIBER PRODUCTION

ABSTRACT: Life cycle assessm ent is a new  m ethod used for evaluate  the 
environm ental burden from  products. In this study, environm ental perfo rm ance o f  
tw o types o f  polyam ide chip (T-100 and T -200) used for polyam ide fiber production  
in T hailand, w as determ ined. S im apro 5.1 softw are w as used to analyze and estim ate 
the environm ental im pact o f  the tw o products. The m ethods used to evaluate the data 
w ere E co-indicator 95 and 99. A com parison betw een polyam ide chips type T-100 
and T-200, functional unit was one ton o f  the chip, show ed that T-200 generated  
approxim ately  7.3 percent less environm ental burden than the T-100. This w as due to 
low er electrical energy being used per functional unit in the h igher production  
capacity  o f  the T-200. The extra  additives in T-200 chip had very  little effect on the 
environm ent perform ance o f  the tw o chips. The largest environm ental effect in the 
production  o f  tw o chips, shared 84 percent o f  all effects, w as due to resources usage. 
The raw  m aterial phase generated the m ost environm ental burden, th is w as due to 
environm ental burden o f  the crude oil used to produce caprolactam , w hich  w as used 
as the raw  m aterials for polyam ide chip. The recovery phase generated  the low est 
environm ental burden because low  volum e ratio o f  recovery w ater w as used in 
p roduction  phase.

Key words: life cycle assessment; environmental assessment; polyamide 6; fiber;
simapro 5.i
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INTRODUCTION
The developm ent o f  industrial technology has enabled the transform ation  o f  

the environm ent in d ifferent w ays, changing the nature and ex ten t o f  the 
environm ental im pacts o f  industrial activities. R esource depletion , air, w ater and 
land pollu tion , are exam ples o f  the environm ental problem s w hich have em erged as a 
result o f  in tensified in terventions into the environm ent. Interest in the environm ental 
qualities o f  the products has been increasing over the last 10 years. From  the earlier 
focus on only a few  product types and som e parts o f  the process, especially 
p roduction  process. A s a m atter o f  fact, all o f  the process m akes the transform ation 
to the environm ent. T hen it is becom ing apparent w ith  the increasing scientific 
aw areness and m ove aw ay from  the narrow  system  that focus only at the production 
process. The new  m ethod o f  the environm ental sustainability  is realized , it is called 
Life C ycle A ssessm ent (LCA).

The increase in socie ty ’s aw areness o f  environm ental problem s has sped up 
the developm ent o f  assessm ent m ethods. A n im portant m ethod is L ife Cycle 
A ssessm ent (LC A ) w hich is a tool for assessing the environm ental im pact o f  a 
product, process or service during its entire life cycle from  the “crad le-to-g rave” . It 
m ay be used, for exam ple, for product developm ent and im provem ent, strategic 
p lanning, public  po licym aking and m arketing. The LC A  tool is e.g. used for finding 
the hot spots in the life cycle in order to be able to m ake the best decisions on 
m inim izing  the environm ental burdens o f  the product, process or service. It is also 
used for com parisons betw een for instance different products regarding 
environm ental im pact. The m ain developm ent o f  this m ethod has taken  place in the 
1990s and it has been standardized in ISO standards no. 14040 to 14043. A t present, 
LC A  is w idely  used by m any industrial to develop the environm ental perform ance o f  
product. M any sectors use LC A  for their environm ental assessm ent such as 
com puter parts sector, e lectrical appliances sector, au tom otive sector, and textile 
sector. In this research  the LCA  tool is described w ith  focus on the tex tile  sector. 
Polyam ide chip that used for fiber production (nylonô fiber) is assessed by Sim aPro
5.1, using E co-indicator 95 and E co-indicator 99 for evaluating  the im pacts.
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Polyam ide chip and fiber

Polyam ides are a group o f  polym ers characterized  by a carbon chain  w ith 
-C O -N H - groups interspersed at regular intervals along it. They are com m only  

referred  to by the generic nam e “N ylon” . For nylon 6  chips, they can be produced  by 
condensation  polym erization  o f  caprolactam . A bout tw o thirds o f  the nylon produced 
is used for fibers (textiles, carpets, etc.). Polyam ide chip w ill be used for sp inning to 
po lyam ide fiber in the process called “M elt spinning process” .

M elt-spinning process is the process that used for polyam ide fiber spinning. 
It is the sim plest m ethod o f  fiber m anufacture, m ainly because it does no t involve 
p rob lem s associated  w ith the use o f  solvents. It is therefore the preferred  m ethod, 
provided  the po lym er gives a stable melt. W hen polyam ide granules or ch ips form  
the starting  m aterial for m elt spinning, they are first dried and then m elt in the 
extruder. The hom ogenized and filtered m elt is squirted through narrow  channels 
into a quench  cham ber w here so lid ification  o f  the fluid filam ent bundles is achieved 
(F ig .2). Finally, spin finish is applied before the filam ent bundles are w ound on tube 
rolls. In large m odem  plants, nylon is produced in continuous po lym erization  units 
in w hich  the m elt is directly transported  from  the final polym erize to the m elt
sp inning  unit.

L ife C ycle A ssessm ent (LCA .)

The LC A  m ethod is an environm ental assessm ent m ethod, w hich focuses on 
the entire  life cycle o f  a product from  raw  m aterial acquisition to f in d  product 
d isposal. A ccording to ISO 14040 to 14043 (W enzel e t  a l ,  1997), an LC A  study 
m ust consist o f  four parts:

G o a l  a n d  s c o p e  d e f in it io n  (IS O  1 4 0 4 1 )

The goal shall state the intended application, the reason for carry ing  out the 
study and the target audience. The scope describes the breadth, the depth  and the
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detail o f  the study. It is im portant to define a functional unit and the system 
boundaries. The data  quality  requirem ents should be carefully  specified.

-F u n c tio n , f u n c t io n a l  u n it a n d  r e fe r e n c e  f l o w
A particu larly  im portant issue in product is com parison  in the functional 

unit o r com parison basis.
- I n i t ia l  S y s te m  B o u n d a r ie s

It is c lear that one cannot trace all inputs and outputs to a product system s, 
and that one has to define boundaries around the system . It is so c lear that by 
excluding  certain  parts as they are outside the system  boundaries, the resu lts can be 
distorted.

- D a ta  Q u a li ty  R e q u ir e m e n t
It is im portant to determ ine in advance w hat type o f  data w e are looking for. 

In som e studies we w ould like to get an average o f  all steel p roducers in the whole 
w orld . In o ther studies we w ould like to have only data from  a single steel producer 
or from  a group o f  steel producers.

I n v e n to r y  a n a ly s is  (IS O  1 4 0 4 1 )

Inventory  analysis aim s at determ ining flow s o f  m aterial and energy 
betw een the technical product system  and the environm ental. It involves data 
co llection  and calcu lation  procedures for the technical process. Input d a ta  could be 
resources such as raw  m aterials, energy or land and output data could  be em issions to 
air, w ater or land. •

I m p a c t  a s s e s s m e n t  (L ife  C y c le  I m p a c t  A s s e s s m e n t,  L C IA ), (IS O
1 4 0 4 2 )

Im pact assessm ent aim s at evaluating the significance o f  potential 
environm ental im pact based on the result o f  the life cycle inventory  analysis (LCA 
result). Im pact assessm ent includes:
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D e fin it io n  o f  im p a c t  c a te g o r ie s  a n d  c a te g o r y  in d ic a to r s .
A n im portant step is the selection  o f  the appropriate im pact categories. The 

choice is guided by the goal o f  the study.
C om m on im pact categories (and indicators) are C lim ate change (C O 2 

equivalents), A cid ification  (SO 2 equivalents), E utrophication  o f  w aters (P O 4 

equivalents), and Stratospheric ozone depletion  (C F C -1 1 equivalents).
- C la s s if ic a t io n

The inventory result o f  an LC A  usually  contains hundreds o f  different 
em issions and resource extraction param eters. O nce the relevant im pact categories 
and determ ined, these LCI results m ust be assigned to these im pact categories

- C h a r a c te r iz a t io n
O nce the im pact categories are defined and the LCI results are assigned to 

these im pact categories, it is necessary  to define characterization  factors. These 
factors should  reflect the relative contribution  o f  an LCI result to the im pact category 
ind icato r result. For exam ple, on a tim e scale o f  100 years the contribu tion  o f  1 kg. 
C H 4 to  greenhouse effect is 42 tim es as high as the em ission o f  1 kg. C O 2 . This 
m eans that i f  the characterization  factor o f  C O 2 is 1, the characterization  factor o f  
C H 4 is 42. Thus, the im pact category  ind icator result for greenhouse effect can be 
calcu lated  by m ultip ly ing  the LCI result w ith  the characterization  factor.

A fter characterization  com es an optional step called w eighting  is used w hen 
there is a need to com pare the relative im portant o f  various im pact categories.

- N o r m a liz a t io n
In norm alization , the im pact potentials and resource consum ptions w hich 

. have been determ ined are com pared w ith  an im pact w hich is com m on for all im pact 
categories. N orm alization  assists in assessing w hich o f  potential im pacts are large 
and w hich are sm all by placing them  in relation to the im pacts from  an average 
person.

- W e ig h in g
The m utual seriousness o f  the im pact categories is expressed in a set o f  

w eighting  factors w ith  one factor per im pact category  w ithin  each  o f  the m ain  group 
environm ent, resources and w orking environm ent. T hen the w eighting  can be m ade
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by m ultip ly ing  the norm alized im pact potential by the w eighing factor w hich 
associated  w ith  the im pact category or resource consum ption.

I n te r p r e ta t io n  (IS O  1 4 0 4 ร)
Interpretation  step m eans that conclusions are draw n and that 

recom m endations can be given.

EXPERIMENTAL

E quipm ents

Tw o types o f  equipm ent that used in this research  w ere personal com puter 
(PC ) and Sim apro 5.1 softw are that w as supplied by M TEC  (N ational M etal and 
M aterials T echnology C enter). The m ethods called E co-indicator 95 and 99 were 
used to analyze the data.

Procedures

I n v e s t ig a te  a n d  s tu d y

The situation  o f  nylon textile  industries was investigated  and S im aPro 5.1 
softw are is em ployed to the life cycle assessm ent.

G o a l  a n d  s c o p e  d e f in it io n

The data o f  resource consum ption, energy consum ption, em ission and w aste 
from  cradle-to-g rave are collected during the entire life cycle o f  tw o types o f  
polyam ide chip used in nylon fiber production. The energy and environm ental 
im pact are evaluated  in the steps o f  raw  m aterial process, production , transportation, 
use phase and disposal phase.
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I n v e n to r y  A n a ly s is

The different input-output data from  the com pany are collected and the flow  
charts o f  the process are created to show  overall picture o f  life cycle o f  the products.

I m p a c t  a s s e s s m e n t

The significance o f  potential environm ental im pact is evaluated based on the 
results o f  the life cycle inventory analysis.

I n te r p r e ta t io n

The results from  inventory analysis and im pact assessm ent w ere analyzed and 
verified  the conform ability  betw een the results, the goal and the scope definitions. 
The conclusions w ere drawn.

RESULTS AND DISCUSSION

Tw o types o f  polyam ide chip are polyam ide chip  code T-100 and T-200. 
They are different in som e physical properties such as T -200 has m ore light resistant 
than  T-100 but both chips are used for producing polyam ide fiber. B oth o f  them  are 
assessed from  raw  m aterial phase, transportation  phase, auxiliary  phase, and 
production  phase to the recovery phase as you can see from  system  boundary  o f  
F igure 4.1. The m ain raw  m aterial o f  the polyam ide chip is the caprolactam . It is 
transported  from  R ayong province by 20 ton truck and im ported from  Japan  by sea 
ship (see T able 4.1). The production phase can divide into three m ain steps. There 
are Lactam  preparation and Polym erization process, E xtraction  process, and D rying 
process as you can see from  Figure 4.1.

Firstly, som e chem ical is added into the lactam  solution and m ixed w ith the 
agitator in the Lactam  preparation process. L actam  solution  is po lym erized  to 
po lym er in Polym erization process and it is cut to be the chip called O.G. chip (see



22

Figure 4.3). The second process is E xtraction process (see Figure 4.5). M onom er and 
oligom er, w hich are no t polym erized, are extracted from  O.G . chip  by hot w ater w ith  
centrifuge and chip from  this process is called E-chip. D rying process is the last 
process o f  the production  process, E-chip is dried in the vacuum  dryer fo r reducing 
the m oisture and increasing v iscosity  (see Figure 4.6). The production  process o f  
polyam ide chip code T-100 and T-200 are the sam e but it is slightly  d ifferen t in som e 
chem ical that added in the Lactam  preparation process. Tw o ex tra  additives, w hich 
added in T-200 m ore than T-100, are M nC h  and N a 2 B4Û 7 (see F igure 4.4).

In the recovery  process, it is divided into two parts. They are W ater w aste and 
M ixing process (see Figure 4.1). From  W ater w aste process, the ex traction  w ater 
from  Extraction  process are concentrated to be liquid called L .P .L . (see F igure 4.7) 
and sent to the M ixing process.

For auxiliary  unit, it includes o f  M elting process, D epo lym erization  and 
condensation  process, and D istilla tion  process (Figure 4.2). N ylon  w aste and 
o ligom er are m elted in the M elting process and the m olten w aste is depolym erized  
and condensed to the A .D .L. in D epolym erization  and C ondensation  process (see 
F igure 4.9). In the D istilla tion  process, A .D .L. is added by som e chem ical and 
d istilled  to the A .P .L . and sent to the M ixing process in the recovery  phase. From  
Figure 4 .11, L .P.L. and A .P.L. are m ixed to R.W .L. for recovering  in the  production  
process.

G oal and scope

The goal an,d scope o f  the study w as to evaluate the env ironm ental im pact o f  
tw o types o f  polyam ide chip for the identification o f  the hot spot and to com pare the 
environm ental perform ance betw een two types o f  chip. The tw o types o f  chip  coded 
T-100 chip and T-200 chip, w ere defined the functional unit as one ton  o f  polyam ide 
chip. The system  boundary  for the study covered from  the raw  m aterial phase, 
transportation  phase, production  phase the recovery phase, and auxiliary  phase as 
show n in Figure 4.1.
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Inventory

The inveniory o f  input data and em issions to environm ent in the life cycle o f  
one ton  o f  po lyam ide chips coded T-100 and T-200 w ere show n in F igure 4.12 and 
F igure 4.13 respectively . The transportation  o f  the caprolactam  that used as raw  
m aterial was show n in Table 4.1 and the electricity  that used in each process was 
show n in T able 4.2.

Im pact assessm ent

In the study, contributions to eight im pacts w ere analyzed by E co-indicator 
95 m ethod. T hese eight im pacts w ere greenhouse effect po tential, ozone layer 
depletion , acid ification  potential, eu trophication  potential, heavy m etals generation, 
carcinogens potential, solid  w aste generation, and energy resources use. F igure 4.14- 
2 1  show  the sum m ary o f  each im pact and the shares o f  each process on the impact. 
Table 4.3 and 4.4 show  the total am ount o f  environm ental im pact potentials and 
energy use in the life cycle o f  one ton  o f  T -100 and T-200 chips.

The results show ed that the m ost im portant phase w ith  respect to 
environm ental im pacts is raw  m aterial phase. It is responsib le for about 93 percent 
con tribu tions to greenhouse effect potential, 81 percent contribu tions to acidification 
and eu troph ication  potential, and 8 6  percent contribu tions to energy resources use 
(see F igure 4.14. 4 .16, 4.17, and 4.20). The contribu tions to these im pacts are due to 
the em issions o f  caprolactam  production  and crude oil p roduction  that use as an 
initial raw  m aterial for caprolactam  production  in raw  m aterial phase for th is study. 
The second im portant phase is p roduction  phase especially  ex traction  process. It is 
responsib le  about 71 percent contributions to carcinogen potential, and 94 percent 
contribu tions to solid  w aste generation (see Figure 4 .19 and 4.21). T hese im pacts are 
due to the em issions from the m aterial that use for producing  w ater in Thailand 
because large am ount o f  w ater was used in the ex traction  process.
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- G reenhouse effect m ostly com es from CO 2 em issions from  the caprolactam  
production  that used as raw  m aterial phase in this study. The rem ain ing  contributions 
m ostly  are due to C O 2 em ission from  electricity production.

- For O zone layer depletion , the m ost im portant phase that affect to this 
im pact is transportation  phase. The em ission o f  halon-1301 from  diesel production  
for truck  energy is the reason for 52 percent contributions to the im pact. The second 
phase w hich generate 46 percent contributions to the im pact is p roduction  phase 
especially  extraction  process. The effect is due to the tetrach lorom ethane em ission 
from  N aO H  production  w hich is used as raw  m aterial for producing w ater that used 
in the process.

- The m ain source o f  A cid ification  and E utrophication poten tial is N O x and 
SO 2 em issions from  the m aterial that used for caprolactam  production. It is a reason 
that about 80 percent contributions to these im pact com e from  raw  m aterial phase.

- H eavy m etals generation com es from  M elting process in auxiliary  phase 
about 44 percent contributions and extraction process in production  process about 34 
percent contributions. The im pact is due to Cd em ission from  O ligom er production 
that used in M elting process. For extraction  process, the im pact is due to Cd and Pb 
em ission  from  N aO H  production  w hich use for producing w ater that use in the 
ex traction  process.

- C arcinogen potential is prim arily  due to fluoranthene em ission  from 
m aterial w hich used in the w ater p roduction  for extraction process. The contribution  
is about three fourth  o f  the total.

- The m ain  source o f  E nergy resources used com es from  the using  o f  crude 
oil for caprolactam  production in raw  m aterial phase. This is the im portan t phase that . 
has about 86 percent contributions to the impact.

- For the last environm ental im pact, Solid w aste generation  is due to the 
w aste from  crude coal production  that was used as initial raw  m aterial for producing 
w ater. It is a reason that ex traction  process has 94 percent contribu tions to this 
im pact.

The contribution  o f  production  processes to the environm ental effects was 
nearly  sim ilar betw een T-100 chip and T-200 chip as indicated in F igure 4.14-4.21. 
H ow ever, the total am ount o f  each effect w as d ifferent as observed from  Figure 4.22.
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In general, T -200 chip generated about approxim ately  7.3 percent less environm ental 
burden  than the T-100. This was due to low er electrical energy being used per 
functional un it in the h igher production capacity  o f  the T-200. This w as because o f  
m ore m odem  technology o f  T-200 production  in production  phase than T-100 
production . The extra additives in T -200 chip had very little effect on the 
environm ent perform ance o f  the two chips. This was due to a very little am ount o f  
additives using per one ton o f  T-200 chip and very little m ore M n and c r  em ission to 
w ater in T -200 chip than T-100 chip (see Figure 4.22).

From  Figure 4.23 and 4.24 show  that although three processes are grouped in 
p roduction  phase, tw o processes are grouped in recovery phase, three processes are 
grouped in auxiliary  phase, the raw  m aterial phase still generated the largest 
environm ental burden, this was due to environm ental burden o f  the crude oil used to 
produce caprolactam , w hich w as used as the raw  m aterials for po lyam ide chip. The 
recovery  phase generated the low est environm ental burden because low  volum e ratio 
o f  recovery  w ater was used in production phase. The second im portant phase that 
generated  large environm ental burden w as production  phase due to the largest 
con tribu tions to carcinogen potential and solid w aste generation  from  extraction 
phase.

From  the single score o f  E co-indicator 95 m ethod, the m ethod did not 
calculated  the factor o f  energy resources use and solid w aste generation at 
norm alization  and w eighting steps as show n in Table 4.5 then it had some 
uncerta in ty  o f  the final w eight scores (single score). In the E co-indicator 99 m ethod, 
the resources factor w as calculated in the norm alization  and w eighting  steps. 
N orm aliza tion  and w eighting steps w ere perform ed at w hat is know n as a dam age 
category  level. T here are three dam age categories the final w eighted scores:

1. H u m a n  h e a lth . This is m easured in D A LY  (D isability  adjusted  life 
years); that is, the d ifferent d isabilities caused by d iseases are weighted.

2. E c o s y s te m  q u a l i ty  o r  e c o to x ic i ty .  This is m easured in PD F*m 2yr, which 
is the Potentially  D isappeared F raction o f  plant species. In term  o f  
ecotoxicity , this is m easured as the percentage o f  all species present in 
the environm ent living under toxic stress.
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3. R e s o u r c e s . This final dam age category is m easured in M J surplus 
energy

The total environm ental im pact o f  T -100 chip and T-200 chip tha t analyzed 
by E co-indicator 99 m ethod are show n in Table 4.6. Tables 4.7 and 4.8 show  percent 
con tribu tions to the im pacts from  each phase o f  T -100 and T-200 chip. The result 
show s the sam e trend betw een E co-indicator 95 and 99 m ethods. The largest 
con tribu tions to the environm ental im pact belong to raw  m aterial phase and the 
second largest contributions belong to the production  phase. The norm alization  and 
w eighting  factor are displayed in Table 4.9. The dam age assessm ent resu lt show s 
that T -200 chip  generated about approxim ately  6.7 percent less environm ental 
dam age than the T-100 chip (see Figure 4.25). It is show n that the resu lt o f  Eco- 
ind icato r 99 analyzing is nearly the sam e as E co-indicator 95 m ethod analyzing.

From  the final w eight scores (see Figure 4.26), the result show ed that the 
resources usage was the largest environm ental burden o f  both o f  T -100 and T-200 
chips. T he resu lt show ed the sam e trend betw een T-100 and T-200 ch ips that the 
second largest im pact was hum an health  im pact and the sm allest im pact is the 
ecosystem  quality  impact. Table 4.10 show ed the percent contribu tions to three 
im pacts that analyzed from  life cycle o f  the tw o types o f  chip. T he largest 
environm ental effect in the production  o f  tw o chips, shared 84 percent o f  all effects, 
w as due to resources usage. T-100 generated environm ental burden approxim ately
1.06 tim es o f  T -200 generated (see Figure 4.27).

O n the w hole, the largest contribu tions to these three environm ental im pacts 
belong to the raw  m aterial phase. The resource usage cam e from  the crude oil use for 
the capro lactam  production for this phase. The hum an health  im pact cam e from  C O 2 

em ission  from  caprolactam  production  and NOx em ission from  m aterial production  
that used for producing caprolactam . For the ecosystem  quality  im pact, the m ain 
source is the N O x and SO 2 em ission that cam e from  m aterial p roduction  w hich used 
to produce caprolactam . Then the raw  m aterial phase w as the hot spot o f  the life 
cycle o f  the polyam ide chip. The reason that T -200 generated  low er environm ental 
burden than  T-100 generated w as the low er use o f  caprolactam  per life cycle (one 
ton) o f  T -200 chip than T-100 chip. The o ther reason w as due to low er electrical 
energy being used per functional unit in the h igher production  capacity  o f  the T-200.
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The extra additives in T-200 chip had very little effect on the environm ent 
perform ance o f  the tw o chips.

CONCLUSION AND RECOMMENDATION

Life cycle assessm ent (LC A ) w as used to investigate, quantify , and com pare 
environm ental perform ance o f  two types o f  polyam ide chip (T -100 and T -200) used 
for polyam ide fiber production  in Thailand. Sim apro 5.1 softw are w as used to 
analyze the environm ental im pact o f  the two products and identify  the ho t spot per 
one ton o f  each chip (functional unit) as the goal and scope o f  the study. The result 
from  the im pact assessm ent o f  Eco-indicator 95 and 99 m ethods show ed that the hot 
spot o f  T -100 and T-200 life cycle w as raw  m aterial phase. From  the final w eight 
score o f  E co-indicator 99 m ethods, the largest environm ental effect in the production 
o f  tw o chips, shared 84 percent o f  all effects, w as due to resources usage. The m ain 
source w as the crude oil use from  the caprolactam  production  that used  as raw  
m aterial. A lthough there w as no resource usage calculation  in E co-indicator 95 
m ethod, the raw  m aterial phase still rem ained the hot spot o f  the life cycle o f  chips. 
The reason w as due to the largest contributions to the greenhouse effect and, 
acid ification  and eu trophication  potential. The im portant phase that generated  the 
second largest environm ental burden w as production  phase especially  extraction 
process, this w as due to the em ission from  the N aO H  production  that used for 
producing  w ater in T hailand. The recovery phase generated the low est environm ental 
burden because low  volum e ratio  o f  recovery w ater was used in production  phase. T- 
200 generated  approxim ately  7.3 percent less environm ental burden than the T-100. 
This w as due to low er electrical energy being used per functional unit in the higher 
production  capacity  o f  the T-200. The extra additives in T -200 chip had very little 
effect on  the environm ent perform ance o f  the tw o chips.

This article suggests the suitable w ay for im proving the environm ental 
perform ance is to reduce the w ater consum ed in the extraction  process such as 
apply ing  the recycle system  o f  w ater to use in the process again.
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R a w  m a te ria l

T ra n sp o rta tio n

L a c ta m  p re p a ra tio n

P o ly m eriza tio n

P ro d u c tio n

E x trac tio n

D rying

M ixing unit ( A uxiliary
unit

R ecovery unit

W a te r  w a s te  unit em ission.4

P o ly a m id e  c h ip

Figure 4.1 System  B oundary o f  polyam ide chip.
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Extraction w ater

Nylon w aste  + Oligomer

W ater treatm ent

W aterA

W ater w aste  unit

L. ’.L.

1 Mixing .
7 ____ บ  y

Melting

Depolymerization

C ondensation

Distillation

A .P.L

Emission to air

R e sidue

solid  em ission

R e sidue

Figure 4.2 D etail o f  A uxiliary  unit.
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P ro d u c tio n  P h ase

L actam  preparation  + Polym erization process (T -100)

M elted C aprolactam  -------------- ►

Flake C aprolactam  -------------- ►

D eionized w ater  ►

R ecovery w ater lactam  -------------- ►

C H 3C O O H   ►

T i0 2  *

E lectricity  *

O riginal chip (O .G . chip)

W aste w ater 
W ater em ission

Suspended Solid

BOD

Oil & Grease

N itrate

COD

Input T-100
M C PL 1.028ton

Flake L/C 0.114 ton

DI H 20 0.128 ton

R.W .L. 0.127 ton

C H 3 C O O H 0.197 ton

T i0 2 0.00003 ton

E lectricity 752.245 kwh.

Output T-100
O .G .ch ip  

W aste w ater

1.115 ton 

0 .009 ton

h20
em ission

T-100

ss 17.979 pg.

BOD 156.695pg.

0  & G 17.979 pg.
Nitrate 0.126 pg.

COD 0.899 pg.

Figure 4.3 Inventory o f  Lactam  preparation and Polym erization  process (T-100). 

L actam  preparation  + Polym erization  process (T- 200)
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M elted C aprolactam  

Flake C aprolactam  

D eionized w ater 

R ecovery w ater lactam  

C H 3C O O H

ฑ 0 2

E lectricity

M nC l2

N a 2 B 4 0 7

>  O riginal chip (O.G. chip) 

*■  W aste w ater

W ater em ission 

Suspended Solid 

BOD

Oil & G rease

N itrate

COD

M n

C l'

Input T-200
M C PL 1 . 0 0 1  ton

Flake L/C 0 . 1 1 1  ton

DI H 20 0.125 ton

R.W .L. 0 . 1 1 1  ton

C H 3 CO O H 0.189 ton

T i0 2 0.004 ton

M nC l2 0.048 kg.

N a 2B 40 7 22.388 cc.

E lectricity 351.2 kwh.

O utput T-200
O.G. chip 

W aste w ater

1 . 1 1 2  ton 

0 .009 ton

h 2 0
em ission

T-200

s s 17.502 pg.

BOD 152.529pg.

0  & G 17.502 pg.
N itrate 0 . 1 2 2  pg.
CO D 0.875 pg.

M n 0.149 pg.
Cl- 0.875 pg.

Figure 4.4 Inventory  o f  Lactam  preparation and Polym erization  process (T-200).



Extraction Process

O . G .  c h i p  — ------------- ►

h 20 ------------- ►

N a 4P 207 ------------- ►

b i e c t r i c ------------- ►

*■  Extracted chip (E-chip) 

*" Extraction water

Input T-100 T-200
O.G. chip 1.115 ton 1 . 1 1 2  ton

h 20 3.038 ton 2.672 ton

Na4 P 2Û 7 0.596 ton 0.552 kg.

Electricity 203.983 kwh. 44.2 kwh.

Output T-100 T-200

E- chip 1.115 ton 1 . 1 1 2  ton

Extraction H20 2.673 ton 2.672 ton

Figure 4.5 Inventory o f Extraction process.



Drying process

E- chip --------------►

Electricity --------------►
*• Polyamide chip 

Steam

Input T-100 T-200
E- chip 1.115 ton 1.11194 ton

Electricity 273.208 kwh. 59.2 kwh.

Output T-100 T-200
PA- chip 

Steam

1 ton 

0.115 ton

1 ton 

0 . 1 1 2  ton

Figure 4.6 Inventory o f  Drying process.



Recovery Phase
W ater waste process

Extraction H2O --------------►

Electric --------------►
*• Liquid Pure Lactam (L.P.L.) 

+  Yellow residue 

W aste water

Output T-100 T-200

L.P.L. 0.079 ton 0.069 ton

Yellow residue 0.018 ton 0.016 ton

h 20 2.294 ton 2.009 ton

Input T-100 T-200
Extraction H 2O 2.409 ton 2 . 1 1 0  ton

Electricity 16.241 kwh. 14.228 kwh.

Figure 4.7 Inventory o f W ater waste process.
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M ixing process

A.P.L. ----------►

L.P.L. ----------►

DI water --------- ►

Electricity — — — ►

*  Recovery water Lactam (R.W.L.)

Output T-100 T-200
R.W.L. 0.127 ton 0 . 1 1 1  ton

Input T-100 T-200

A.P.L. 0.047 ton 0.041 ton

L.P.L. 0.079 ton 0.069 ton

DI H 20 0.015 ton 0.013 ton

Electricity 7.631 kwh. 6.685 kwh.

Figure 4.8 Inventory o f M ixing process.
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Auxiliary unit
Melting process

Nylon waste --------------►

Oligomer --------------►

Electricity --------------►

*. M olten waste ( M . w . )

Input T-100 T-200
Nylon waste 0.033 ton 0.029 ton

Oligomer 0.006 ton 0.005 ton

Electricity 55.483 kwh. 48.600 kwh.

Output T-100 T-200

M.W. 0.039 ton 0.034 ton

Figure 4.9 Inventory o f M elting process.
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Depolymerization + Condensation process
M.w.  ►
Yellow residue  ►
H 3 P 0 4  *

Electricity  ►

Input T-100 T-200
M.W. 0.039 ton 0.034 ton

Yellow residue 0.018 ton 0.016 ton
H 3 P O 4 3.468 kg. 3.038 kg.

Electricity 56.506 kwh. 49.494 kwh.

Air emission T-100 T-200
Dust (TSP) 19.484 g. 17.066 g.

S02 1.299 mg. 1.138 mg.
NOx 87.556 g. 76.691 g.
CO 2.872 mg. 2.516 mg.

Xylene 0.113 mg. 0.099 mg.

Amilar-D-Lactam (A.D.L.) 
Black residue 
Waste water

Water emission Air emission
Suspended Solid Dust
BOD S02

Oil & Grease CO
COD Xylene

Output T-100 T-200
A.D.L. 0.052 ton 0.046 ton

Black residue 0.004 ton 0.004 ton
h20 0.002  ton 0.001 ton

h20
emission

T-100 T-200
ss 12.332 lag. 10.802 |ag.

BOD ' 0.059 mg. 0.052 mg.
0  & G 12.949 lag. 11.342 pg.
COD 0.154 pg. 0.135 pg.

Figure 4.10 Inventory of Depolymerization and Condensation process.
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Distillation process 
A.D.L.
KMn04

NaOH
>•
►

*■  Amilar Pure Lactam (A.P.L.) 
Black residue

Input T-100 T-200
A.D.L. 0.052 ton 0.046 ton
KMn04 0.305 kg. 0.267 kg.
NaOH 2.119 kg. 1.857 kg.

Output T-100 T-200
A.P.L.

Black residue
0.047 ton 
0.004 ton

0.041 ton 
0.004 ton

Figure 4.11 Inventory of Distillation process.
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Inventory of Polyamide chip code T-100

Melted Caprolactam = 1.028 ton ------------- ►
Flake Caprolactam = 0.114 ton ------------ ►
Deionized water = 0.144 ton ------------ ►
CH3COOH = 0.197 ton  ►
T i02

H20
Na4P20 7

Oligomer
H3PO4

KMn04

NaOH
Electricity

= 0.00003 ton 
-  3.038 ton 
= 0.596 kg.
= 0.058 ton 
= 3.468 kg.
= 0.305 kg.
= 2.119 kg.
= 1365.297 kwh.

APL. = 0.047 ton -------------►

►  PA chip = 1 ton 

Water = 2.30445 ton

Water emission 

Suspended ร. = 30.312pg. 
BOD = 215.895 pg.
Oil & Grease = 30.929 pg. 
Nitrate = 0.126 pg.
COD = 1.053 pg.

Air emission
Dust (TSP) = 19.484 g.
S 0 2 = 1.299 mg.
NOx = 87.556 g.
CO = 2.872 mg.
Xylene = 0.113 mg.

Figure 4.12. Inventory of life cycle of polyamide chip code T-100.
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Inventory of Polyamide chip code T-200

Melted Caprolactam = 1.0007 ton 
Flake Caprolactam = 0.111 ton
Deionized water
CH3COOH
T i02

H20
N a^ 2O7

Oligomer
H3PO4

KMn04

NaOH
MnCl2
Na2B4O7

Electricity
APE.

= 0.125 ton 
= 0.189 ton 
= 0.004 ton 
= 2.672 ton 
= 0.552 kg.
= 0.005 ton 
= 3.038 kg.
= 0.267 kg.
= 1.857 kg.
= 0.048 kg.
= 22.388 cc.
= 573.607 kwh 
= 0.041 ton

— ►  PA chip = 1 ton

* Water = 2.01976 ton

Water emission 

Suspended ร. = 28.304pg. 
BOD = 204.379 pg.
Oil & Grease = 28.844 pg. 
Nitrate = 0.122 pg.
COD = 1.010 pg.
Mn = 0.149 pg 

c r  = 0.875 pg

Air emission
Dust (TSP) = 17.066 g.
S 0 2 = 1.138 mg.
NOx = 76.691 g.
CO =2.516 mg.
Xylene = 0.099 mg.

Figure 4.13 Inventory o f life cycle o f polyamide chip code T-200.
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G r e e n h o u s e  e f f e c t

Extraction (2.19%)
Lactam preparation + + 
Polymerization (1.61%)

Raw materials (92.3%)

Drying (0.583%)
Melting (2.01%) 

Transportation (0.225%)
□  Transportation.

T - 1 0 0

ท preparation* Poly mar nation o Extraction
■  Dr y mo
a  Water waste
■  Mxmg
□  Melting
■  Depoty menzation'* Condensation

Extraction (1.92%)
Lactam preparation + 
Polymerization (0.842%)

► Raw materials (94.9%)

Drying (0.132%)
►  Melting (1.84%)

► Transportation (0.229%)

T - 2 0 0

Figure 4.14 Percent contribution o f each phase to greenhouse effect.
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O z o n e  la y e r

Extraction (46.6%).

Raw materials (0%)

Distillation (0.772%)
□  T ra n spo rta tio n .
■  R aw  m a te ria l
□  L a c tam  p repa ra tio n+R a lym eriza tio n .
□  E x tra c tion .
■  D ry ing .
□  W a te r พ  a s te
■  N ix ing .
□  Melting..
■  D epo lym e riza tio n+C ondensa tion .
■  D is tilla tion.

Transportation (52.5%)

Extraction (44%) ♦

Lactam preparation + *~  
Polymerization (0.217%)

Distillation (0.728%)

Transportation (55.1 %) 
Raw materials (0%)T-200

Figure 4.15 Percent contribution o f each phase to ozone layer depletion.
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A c id i f i c a t io n

Extraction (6.38%)

Lactam preparation + 
Polymerization (5.57%)

‘Raw materials (80.5%)

Extraction {5 .1 6 % )

Lactam preparation + 
Polymerization (3.27%)

‘Raw materials (85%)

T - 1 0 0

D ry ing  (2.02% )
M e ltin g  (2.76% )

D epolym erization+
Condensation (0.639% )

Transportation (1.85% )

□  Transportation.
■  Raw malarial.
□  Lactam  preparatkxv+F^tymerization. 
Q Extraction.
■  D rying
□  W ater พ este
■  Mixing
□  Melting
■  Depoly meriz at K>n-»Conden sat o n
■  Oistritation

Drying (0.475%)
Melting (2.63%) 

Depolymerization+ 
Condensation (0.608%)

Transportation (1.95%)

T - 2 0 0

Figure 4.16 Percent contribution o f each phase to acidification potential.
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E u t r o p h ic a t io n

Extraction (4.18%)

Lactam preparation + 
Polymerization (5.44%)

Raw materials (81.2%)

Extraction (3.67%)

Lactam preparation + 
Polymerization (2.91%)

Raw materials (85.5%)

Drying (1.98%)
Melting (3.66%)

Depolymerization+ 
Condensation (0.795%)

T - 1 0 0
Drying (0.465%)

Melting (3.48%)
Depolymerization+ 
Condensation (0.756%)

Transportation (2.56%)
□  T r a n s p o r t a t i o n .
■  R a w  m a t e r i a l .
□  Lactam  praparation-^FXïty merization
o  E x t r a c t i o n
■  Drying
a  W ater พ este
■  Mxing. a Melting .
■  Depolymerization+Conclensation.
■  Distillation

ransportation (2.71%)

T - 2 0 0

F ig u r e  4 .1 7  P e rcen t c o n tr ib u tio n  o f  e a c h  p h a se  to  e u tr o p h ic a t io n  p o te n tia l.
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DepolymerizatiorH 
Condensation (0.288%)'

Melting (44.5%)

Mixing (0.0357%)
Drying (0.948%)

Depolymerization+

H e a v y  m e t a l
Distillation (1.22%)
Transportation (15.8%)

Lactam preparation + 
Polymerization (2.75%)

Extraction(34.5%)
rr •ท * por la iton

T-100
■  Drytno
a พ * tar พ  a *  I

ว M*Mng
■  D *polym «rl;
■  Ot* tHIatto ท

F ig u r e  4 .1 8  P e rcen t c o n tr ib u tio n  o f  e a c h  p h a se  to  h e a v y  m eta l g e n e r a tio n .
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C a r c i n 0 2 e n
Transportation (0.21 Wo) 

Melting (0.686%)

Extraction (71.2%) '

Transportation (0.0192%7

Melting (0.0161%) 

Extraction (69%)

Raw materials (27.6%)

Lactam preparation + 
Polymerization (0.188%)

■ T ;
L • ะ-" ..... t J

T - 1 0 0
□  T ranspo rta tio n .
■  Raw  materia l.
□  La c tam  p repa ra tio n+R jtym e riza tion .

Raw materials (29.7%)
■  D rying.
□  W a te r w a s te .
■  M x ing .
□  Melting..
■  D epo lym eriza tion+C ondensa tion .
B  D istillation.

T - 2 0 0
Lactam preparation + 
Polymerization (0.34%)

Figure 4.19 Percent contribution of each phase to carcinogen potential.
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Drying (0.973%) 
Extraction (6.82%)

E n e r g y  r e s o u r c e s

Lactam preparation + 
Polymerization (2.68%)

Raw materials (86.6%)

Drying (0.224%) 
Extraction (6.27%)

Lactam preparation + 
Polymerization (1.37%)

Raw materials (89.4%)

T - 1 0 0

Melting (2.47%)
Depolymerization+ 
Condensation (0.201%)

Transportation (0.183%)
□  T ra nspo rta tion .
■  Raw  materia l.
□  La c tam  prepa ra tio n+Fb lym e riza tion
□  E xtra ction .
■  D rying.
□  W a te r w a s te .
■  M ixing.
□  Melting..Melting (2 3%) ■  D epo lym eriza tion+C ondensa tion .
D D istilla tion.

Depolymerization+ 
Condensation (0.187%)

Transportation (0.189%)

T - 2 0 0

F ig u re  4 .2 0  P ercen t co n tr ib u tio n  o f  ea c h  p h a se  to  e n e r g y  r e so u r c e s  u se .
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S o l id  w a s t e
Depolymerization+ 
Condensation (2.21%)

Drying(0.113%)

Extraction (94.5%)

Depolymerization+ 
Condensation (2.18%)

Drying(0.0275%)

Extraction (93.4%)

Distillation (2.6%)

T - 1 0 0
Distillation (2.56%)

Lactam preparation + 
Polymerization (0.321%)

□  T ranspo rta tion .
■  Raw  material.
□  Lac tam  prepara tion+F to lym erization
□  B ctraction .
■  D rying.
□  W a te r w a s te .

;■  Mbcing.
,□  Melting..
■  Depo lym eriza tion+Condensa tion .
■  D istillation.

Lactam preparation + 
Polymerization (1.53%)

T - 2 0 0

Figure 4.21 Percent contribution of each phase to solid waste generation.
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H  T-200. □  'T-100.
Comparing 1 p assembly T-200.' พ rth 1 p assembly T-100.1; Method: Eco-indicator 95 / Europe e / characterization

F ig u r e  4 .2 2  T h e  c o m p a r iso n  o f  th e  to ta l a m o u n t o f  e n v ir o n m e n ta l im p a ct b e tw e e n
T - 1 0 0  an d  T -2 0 0  c h ip s  b y  E c o -in d ic a to r  9 5 .
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1  greenhouse 1 |ozone layer m  acidification 1  eutrophication [~1 heavy metals ^  carcinogens
1__เพ inter smog Jsu rrm er srrog (v-l pesticides 1 1 energy resources ^  solid พ aste

Analyzing 1 p assembly'T-100.'; Ntethod: Eco-indicator 95 / Europe e / single score

Figure 4.23 The comparison o f the total amount o f environmental impact between
each phase o f T-100 chip.
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I  greenhouse Q  ozone la yer HI acidification I  eutrophication I I heavy metals IB  carcinogens
I I inter smog Jsu rrm er srrog IS] pesticides I I energy resources I  solid waste

Analyzing 1 P asserrbly 'T-200.'; Method: Eco-indicator 95 / Europe e / single score

Figure 4.24 The com parison o f  the total am ount o f  environm ental im pact betw een 
each phase o f  T -200 chip. .
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Corrparing 1 P asserrbly T-200.' with 1 P asserrbly T-100.'; Method: Eco-indicator 99 o  / Europe B 99 BE/ damage assessment

Figure 4.25 The comparison o f the total amount o f environmental impact between
T-100 and T-200 chips by Eco-indicator 99.
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R
800

700

600

500

400

300

13.2 14.4

Ecosystem Quality

200. □ ï-100.
Corrparing 1 p assembly T-200.'with 1 p assembly T-100.’; Method: Eco- indicat or 99 (E) / Europe B 99 BE/weighting

Figure 4.26 The final w eight scores o f  T -100 and T-200 chips.
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I  Human Health I I Ecosystem Quality n  Resources
Corrparing 1 P asserrbly T-200.' with 1 P asserrbly T-100.'; Method: Eco-indicator 99 (E) I Europe B 99 BE/ single score

Figure 4.27 The com parison o f  the final w eight score betw een T-100 and T-200 
chips.
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Table 4.1 T ransportation o f raw  m aterial and d istance

R aw  m aterial By D istance

M elted C aprolactam Truck 20 ton 2 0 0  km.

Flake Caprolactam Sea Ship 256 ton 4807 km.

T able 4.2 E lectricity  that used in each process.

Process T-100
(kw ./hr.)

T -200
(kw ./hr.)

L actam  preparation  + Polym erization 81.5 175.6

Extraction 2 2 . 1 2 2 . 1

D ying 29.6 29.6

W ater w aste 35.4 35.4

M elting 1 2 0 1 2 0

D epolym erization  + C ondensation 1 2 2 . 2 1 2 2 . 2

M ixing 16.5 16.5

B asis ะ Production  capacity o f ‘Polyam ide chip code T-100 = 9.23 h r./l ton 
Production  capacity o f  Polyam ide chip code T-200 = 2 h r./l ton
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Table 4.3 The total am ount o f  environm ental im pact potentials and energy use in the 
life cycle o f  one ton o f  T -100 chip

Im pact category U nit Total
greenhouse kg C 0 2 1.62E+04
ozone layer kg CFC11 7.91E-05
acidification kg S 0 2 27.7

eutrophication kg P 0 4 2.95
heavy m etals k g P b 0.000944
carcinogens k g B (a )P 0.000223

energy resources M J LHV 2.68E+05
solid w aste kg 197

Table 4.4 The total am ount o f  environm ental im pact potentials and energy use in the 
life cycle o f  one ton o f  T-200 chip

Im pact category U nit Total
greenhouse kg C 0 2 1.55E+04
ozone layer k g C F C l l 7.34E-05
acidification kg S 0 2 25.5

eutrophication kg P 0 4 2.72
heavy m etals kg Pb 0.000894
carcinogens kg B(a)P 0 . 0 0 0 2 0 2

energy resources M J LHV 2.53E+05
solid w aste kg 175
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Table 4.5 The norm alization  and w eighting factor from  E co-indicator 95 m ethod

Im pact category N orm alization  factor W eighting factor
greenhouse 0.0000742 2.5
ozone layer 1.24 1 0 0
acidification 0.00888 1 0

eutrophication 0.0262 5
heavy m etals 17.8 5

carcinogen 106 1 0
energy resources 0.00000629 0

solid  w aste 0 0

Table 4.6 T he total environm ental im pact o f  T-100 chip and T-200 chip that 
analyzed by E co-indicator 99 m ethod

Im pact category U nit T-100 T-200
carcinogen D A LY 9.94E-06 8.80E-06

respiratory  organics D A LY 1.54E-05 1.39E-05
resp iratory  inorganics D A LY 0.00277 0.00254

clim ate change D A LY 0.0034 0.00325
radiation D A LY 1.32E-07 1.16E-07

ozone layer D A LY 7.15E-08 6.59E-08
ecotoxicity PA F*m 2yr 26.8 23.5

acid ification /eu trophication PD F*m 2yr 142 131
land use PD F*m 2yr 3.01 2.58
m inerals M J surplus 1 0 . 6 9.21

fossil fuel M J surplus 2 .10E +04 1.98E+04
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Table 4.7 Percent contributions to the im pact from  each phase o f  T -100 chip.

Im pact category U nit Total Transport. R aw  mat. Product. Recov. Aux.
C arcinogens % 1 0 0 19.9 X 55.8 0.103 24.2

R espiratory  organics % 1 0 0 1.71 23.7 69.7 0.0252 4.91
R espiratory  inorganics % 1 0 0 2.13 . 78.6 14.9 0.185 4.17

C lim ate change % 1 0 0 0.228 93.1 4.44 0.0512 2.14
R adiation % 1 0 0 X X 1 0 0 0.0304 X

O zone layer % 1 0 0 45.8 X 53.6 0.0165 0.673
Ecotoxicity % 1 0 0 18.6 X 22.9 0.132 58.3

A cid ification /
Eutrophication % 1 0 0 2.39 81.1 1 2 0.173 4.32

Land use % 1 0 0 X X 56.4 0.116 43.5
M inerals % 1 0 0 X X 99.4 0.0549 0.5

Fossil fuels % 1 0 0 0.192 87.3 9.61 0.0857 2.84
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Table 4.8 Percent contributions to the im pact from  each phase o f  T -200 chip.

Im pact category U nit Total Transport. R aw  mat. Product. Recov. Aux.
C arcinogens % 1 0 0 21.9 X 54 0 . 1 0 2 24

R espiratory  organics % 1 0 0 1.85 25.6 67.7 0.0246 4.77
R espiratory  inorganics % 1 0 0 2.26 83.4 1 0 . 2 0.176 3.98

C lim ate change % 1 0 0 0.232 94.8 2.95 0.0469 1.96
R adiation % 1 0 0 X X 1 0 0 0.0304 X

O zone layer % 1 0 0 48.3 X 51.1 0.0156 0.639
Ecotoxicity % 1 0 0 20.7 X 20.7 0.133 58.4

A cid ification /
E utrophication % 1 0 0 2.53 85.7 7.51 0.165 4.1

L and use % 1 0 0 X X 55.5 0.118 44.4
M inerals % 1 0 0 X X 99.4 0.0555 0.506

Fossil fuels % 1 0 0 0.198 90.1 6.97 0.0796 2.64
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T able 4.9  The norm alization and w eighting factor from  E co-indicator 99 m ethod

D am age category N orm alization  factor W eighting factor
H um an health 64.7 300

Ecosystem  quality 1.95E-04 500
Resouces 1.68E-04 2 0 0

T able 4 .10 Percent contributions to three im pacts from  life cycle o f  tw o types o f  
chip

D am age category Unit T-100 com pare. T-200 com pare.
Total % 1 0 0 1 0 0

H um an H ealth % 14.3 14.2
E cosystem  Q uality % 1.71 1.67

Resources % 84 84.1
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