
B A C K G R O U N D  A N D  L I T E R A T U R E  S U R V E Y
C H A P T E R  II

G eneral background on volatile organic com pounds em ission  w ith  the 
em phasis on hydrocarbon  em ission, is outlined in  this chapter. S talling  w ith  
overall in fo rm ation , like definition , sources and effects o f  volatile  organic 
com pounds, the focus o f  th is chap ter is then sh ifted  to  hyd ro carbon  em ission 
from  gasoline  storage tanks. This includes m athem atical m odels found  in 
literatu res and a p roposed  m odel is form ulated . D ifferences in each m odel are 
also discussed. M ost o f  m aterials in  the overall in form ation  a ie  taken from  
E nvironm ental Protection  A gency o f  U nited  S tates (บ .ร . EPA , 1999a).

2 .1  V o la t i le  O r g a n ic  C o m p o u n d s

2.1.1 D efinition
V O C s are organic liquids or so lids w hose room  tem perature  

vapor p ressure  are greater than about 0.01 psia  (=  0 .0007 atm ) and w hose 
atm ospheric  bo iling  poin t are up to abou t 500°F (= 260°C). It m eans th at m ost 
organic com pounds w ith  less than about 12 carbon atom s are V O C s. The 
carbon  m en tion ed  here is referred  to carbon  bonded  to  carbon , hydrogen, 
nitrogen, o r sulfur, but no t carbonate carbon  as in  C a C 0 3 n o r carbide carbon 
as in  C aC 2 or C O  or C 0 2 (N evers, 1995). Exam ples o f  V O C s are benzene and 
to luene. G enerally , V O C s and hydrocarbons are no t exactly  identical. U nlike 
hydrocarbons, w hich contain  only hydrogen  and carbon, V O C s also have o ther 
atom s like oxygen, n itrogen, and sulfur.
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2.1 .2  E ffects o f  V O C s
V O C s affect no t only hum an health  b u t also the environm ent 

because V O C s are strongly irrita ting  pollu tan ts and a  m ajor com ponent o f  
pho tochem ical sm og. A t certa in  concen tration  levels, th ey  are also very  toxic. 
M oreover, V O C s are also know n as a  contribu tor to  the form ation  o f  ozone 
(N evers, 1995).

O zone is a h ighly  reactive fo rm  o f  oxygen, w h ich  is know n as 
the E a rth ’s p ro tective cover (the ozone layer) in  the stratosphere. H ow ever, in 
the a ir at g round level, ozone is the pow erfu l irrita ting  pollu tan t. The target 
organs are lungs and eyes. A t 0.015 ppm , ozone p roduces a barely  detectable 
odor. A t 1 ppm , it produces a d isagreeable  su lfur-like odor and m ay  cause 
headache, irrita tion  o f  eyes and  the up p er resp ira to ry  trac t (Lew is and Sax, 
1987). O zone has also been show n to dam age vegeta tion  such as trees and 
crops.

A m ixture o f  ozone w ith  o ther po llu tan ts is called  sm og. In 
sum m er, sm og can dam age vegetation  and has adverse effects on  hum an 
health . It has been  show n th a t pho tochem ical sm og strongly  affects the 
grow th  o f  certa in  crops. F o r exam ple, the C ongressional R esearch  Service o f  
the บ .ร . L ib rary  o f  C ongress found  th at the im pacts o f  pho tochem ica l sm og 
are ev ident in  annual crop y ield  decreases estim ated  at 1.9-4.3 b illio n  dollar 
(P anich  e t  a l ,  1995).

Som e V O C s such as benzene have been  identified  as toxic or 
m utagen ic  at h igh concen tration  levels, at w hich  are, som etim es, found in 
u rban  environm ents. B enzene is an acute as w ell as a chronic toxican t. Target 
organs to acute and chronic po ison ing  are the b lood, bone m arrow , central 
nervous system , resp ira tory  system , and also irritan t to  eyes, nose and skin. 
E xposure to  benzene for a long tim e can cause o f  cancer (Patnaik, 1992). 
Table 2.1 show s effects o f  benzene vapor on hum an beings.



T a b le  2 .1  E f f e c ts  o f  b e n z e n e  v a p o r  o n  h u m a n  b e in g s  ( T h o r p e ,  1 9 7 8 )

C o n c e n t r a t io n D u r a t io n  o f  
E x p o s u r e  (m in ) E ffe c tsp p m m g/1

2 0 ,0 0 0 - 1 9 ,0 0 0 6 5 -6 1 5 -1 0 F a ta l
7 ,5 0 0 2 5 3 0 D a n g e r o u s  to  life
3 ,0 0 0 9 .6 3 0 E n d u r a b le
1 ,5 0 0 4 .8 6 0 S e r io u s  s y m p to m s
5 0 0 1.6 6 0 S y m p to m s  o f  i l ln e s s

1 5 0 -5 0 0 .4 8 - 0 .1 6 3 0 0 H e a d a c h e ,  la s s i tu d e ,  w e a r in e s s
2 5 0 .0 8 4 8 0 N o n e

O z o n e  is  f o r m e d  w h e n  e m is s io n s  o f  n i t r o g e n  o x id e s  ( N O )  a n d  
V O C s  a re  c o m b in e d  in  h o t ,  s ta g n a n t  a i r  m a s s e s ,  a n d  in  th e  p r e s e n c e  o f  
s u n l ig h t .  T h is  p h e n o m e n o n  g e n e r a l ly  o c c u r s  in  s u m m e r  t im e . A  g e n e r a l  
in t e r a c t io n  o f  N O , N 0 2  a n d  0 3 in  th e  a tm o s p h e r e  is  d e s c r ib e d  a s  fo l lo w s  
(N e  v e r s ,  1 9 9 5 ):

N 0 2 + h v  o* + N O  (2 .1 )

w h e r e  h v  r e p r e s e n t s  p h o to n  o f  l ig h t ,  o *  r e p r e s e n ts  o x y g e n  r a d ic a l ,  a n d  N O  
r e p r e s e n t s  n i t r o g e n  o x id e ,

๙  + 0 2 + M  ~ ^ 0 3 + M  ( 2 .2 )

w h e r e  M  r e p r e s e n t s  a  g a s  m o le c u le  l ik e  N 2  o r  0 2, a n d

N O  + O , - + N 0 2 + 0 2 ( 2 . 3 )
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N O 2  is  d e c o m p o s e d  b y  a  l ig h t  p h o to n  to  p r o d u c e  N O  a n d  th e  o x y g e n  r a d ic a l  
o * . T h a t  r a d ic a l  r e a c ts  w i th  O 2  to  f o r m  O 3 . T h e n  O 3 r e a c ts  w i th  N O  to  fo rm  
N O 2  a n d  r e le a s e s  0 2.

T h e  V O C s  c o n v e r t  N O  to  N 0 2  w i th o u t  u s in g  0 3, so  th a t  th e r e  
a re  n o t  e n o u g h  N O  m o le c u le s  to  r e a c t  w i th  a ll  th e  O3 m o le c u le s ,  a n d  0 3  w il l  
a c c u m u la te s  in  th e  a tm o s p h e r e .  T h is  is  a n o th e r  c a u s e  o f  o z o n e  f o r m a t io n .  A  
r e a c t io n  m e c h a n is m  th a t  e x p la in s  th e  r e a c t io n  b e tw e e n  V O C s  a n d  N O  to  fo rm  
N 0 2  w i th o u t  u s in g  O 3 is  d e s c r ib e d  b e lo w  (N e v e r s ,  1 9 9 5 ):

O H  +  V O C s R 0 2 +  H 2 (2 .4 )

R 0 2 + N 0 ^ N 0 2 + R O (2 .5 )

R 0  + 0 2 - »  R C H O  +  H O 2 ( 2 .6 )

a n d H O  2 + N O  —» N O  2 + O H (2 .7 )

R e a r r a n g in g  e q u a t io n  2 .4  to  2 .7  y ie ld s

V O C s +  2 N O  +  0 2 ->  H 20  +  R C H O  +  2 N 0 2 ( 2 .8 )

O n e  w a y  to  r e d u c e  th e  a m o u n t  o f  o z o n e  in  th e  a tm o s p h e r e  c a n  b e  a c h ie v e d  b y  
a d d in g  N 0 2  to  th e  a tm o s p h e r e  b e c a u s e  in c r e a s in g  N 0 2  g e n e r a te s  m o r e  N O  
( s e e  E q u a t io n  2 .1 ) .  T h e  la r g e  a m o u n t  o f  N O  th u s  c a n  r e a c t  w i th  V O C s  as 
s h o w n  in  E q u a t io n  2 .8  a n d  th e  r e m a in in g  r e a c t s  w i th  o z o n e  a s  s h o w n  in  
E q u a t io n  2 .3 .  A n d  th a t  h e lp s  d e c r e a s in g  th e  a m o u n t  o f  o z o n e  in  th e  
e n v i r o n m e n t  (N e v e r s ,  1 9 9 5 ).

2 .1 .3  S o u r c e s  o f  V O C s
v o c  e m is s io n  c a n  b e  f o u n d  f r o m  la rg e  s o u r c e s  s u c h  as  

p e t r o le u m  in d u s t r ie s ,  p a p e r  in d u s t r ie s ,  a n d  w a s te w a te r  t r e a tm e n t .  A l th o u g h  
s o m e  V O C s  a re  e m i t te d  f r o m  la rg e  s o u r c e s ,  b u t  m o s t  V O C s  a re  c o n s id e r a b ly
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e m i t te d  f r o m  s m a l l  s o u rc e s ,  s u c h  a s  a u to m o b i le s ,  b o t t le s  o f  f in g e r n a i l  p o l i s h  
r e m o v e r ,  s p r a y  p a in t  c a n s  a n d  s o lv e n t  u s a g e  (N e v e r s ,  1 9 9 5 ) .

C O N C A W E , a n  o il  c o m p a n y  in  B e lg iu m , e s t im a te d  th a t  2 %  o f  
th e  m a n - m a d e  h y d r o c a r b o n s  a re  f r o m  e v a p o r a t io n  o f  fu e ls .  A m o n g  th e  fu e ls ,  
g a s o l in e  is  o n e  th a t  m o s t  e a s i ly  v a p o r iz e d ,  e s t im a te d  a s  a  lo s s  o f  2 .7 8  g/1 
d u r in g  t r a n s p o r t ,  s to r a g e  a n d  r e f u e l in g .  A c c o r d in g  to  T h a i  N a t io n a l  E n e r g y  
P o l ic y  O f f ic e ,  in  B a n g k o k  M e t r o p o l i t a n  a re a ,  w h e r e  th e  c o n s u m p t io n  o f  
g a s o l in e  s ta t io n  is  a b o u t  2  b i l l io n  l i t r e s  p e r  y e a r ,  th e  e s t im a te d  e m is s io n  is  
5 ,5 6 0  to n s  p e r  y e a r  ( P a n ic h  et a l ,  1 9 9 5 ) .

B a ld a r a n o  e t a l. ( 1 9 9 8 )  p r e s e n te d  th e  d a ta  o f  V O C s  e m is s io n  in  
u r b a n / s u b u r b  a n  o f  M a r to r e l l  in  S p a in  a s  s h o w n  in  T a b le  2 .2 .  F r o m  th i s  ta b le ,  
g a s o l in e  t r a f f i c  a n d  g a s  s ta t io n  e m i t  a  la rg e  a m o u n t  o f  V O C s .  G a s o l in e  t r a f f ic  
e m its  V O C s  f r o m  v e h ic le s  o n  th e  r o a d  w h i le  g a s  s ta t io n s  e m i t  V O C s  f ro m  
v e n ts  o f  g a s o l in e  s to r a g e  ta n k s .  In  g a s  s ta t io n s ,  th e  g a s o l in e  s to r a g e  ta n k s  a re  
lo c a te d  u n d e r g r o u n d  a n d  v e n ts  a re  u s e d  to  c o n t r o l  p r e s s u r e  in s id e  th e  ta n k s . 
T h e s e  v e n ts  a r e  th e  m a jo r  s o u rc e s  f o r  th e  v o c  e m is s io n ,  e s p e c ia l ly ,  w h e n  
th e r e  is  a  t r a n s f e r  o f  g a s o l in e  f r o m  ta n k  t r u c k s  to  th e  u n d e r g r o u n d  ta n k s .  
F u r th e r m o r e ,  v o c  e m is s io n  o c c u r s  w h e n  g a s o l in e  is  t r a n s f e r r e d  f r o m  th e  
u n d e r g r o u n d  ta n k s  to  c u s to m e r ’s v e h ic le s .  E n v i r o n m e n t  c o n d i t io n s  a r o u n d  
g a s  s ta t io n s  a ls o  p la y  a n  im p o r ta n t  r o l e  to  th e  e m is s io n  ra te .

2 .2  L i t e r a t u r e  S u r v e y s

N a t io n a l  E n e r g y  P o l ic y  O f f ic e  o f  T h a i la n d  ( P a n ic h  e t a l ,  1 9 9 5 )  
r e p o r t e d  g a s o l in e  v a p o r  e m i t te d  d u r in g  r e f u e l in g  o f  g a s o l in e  a t  2 0  g a s o l in e  
s ta t io n s  in  B a n g k o k  a n d  5 s ta t io n s  in  C h o n  B u r i .  F iv e  b r a n d s  o f  g a s o l in e  th a t  
u s e d  in  th i s  r e s e a r c h  w e r e  B a n g c h a k ,  E s s o ,  C a l te x ,  S h e ll  a n d  P T T . M o re o v e r ,  
th e  s a m e  ty p e  o f  d a ta  w a s  a ls o  m e a s u r e d  w h e n  g a s o l in e  w a s  t r a n s f e r r e d  f ro m
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T a b le  2 .2  V a r ia n c e  o f  th e  d a ta  e x p la in e d  b y  th e  c o m p o n e n ts  id e n t i f i e d  
( B a ld a r a n o  e t a i ,  1 9 9 8 )

D a ta S o u r c e % v a r ia n c e C u m u la t iv e
v a r ia n c e

1 G a s o l in e  t r a f f ic  a n d  g a s  s ta t io n s 2 9 .4 2 9 .4
2 M a n u f a c tu r e  o f  a ro m a s  a n d  e s s e n c e s 2 0 .6 5 0 .0

W a s te w a te r  f a c i l i ty
3 M a n u f a c tu r e  o f  c h lo r in a te d  c h e m ic a ls 7 .6 5 7 .6

B io g e n ic  e m is s io n s
4 U s e  a n d  p r o d u c t io n  o f  s o lv e n ts 6 .9 6 4 .5

a n d  la c q u e r s
5 D ie s e l  t r a f f ic 6 .2 7 0 .7
6 N o is e 5 .3 7 6 .0

lo a d in g  t r u c k s  to  s to r a g e  ta n k s  a t  S h e l l  O il  d e p o t  a n d  E s s o  ( T h a i la n d )  O il  
d e p o t .  G a s o l in e  c o m p o s i t io n s  f r o m  5 b r a n d s  w e r e  a ls o  a n a ly z e d  in  th is  s tu d y . 
T h e  r e s u l t s  s h o w e d  th a t  c o n c e n t r a t io n s  o f  n o n - m e th a n e  h y d r o c a r b o n  (N M H C )  
a t  th e  g a s o l in e  s ta t io n s  d u r in g  th e  n o n - r e f u e l in g  p e r io d  w e r e  in  th e  r a n g e  o f  0 -  
2 5  p p m  w i th  a n  a v e r a g e  o f  15 p p m . D u r in g  th e  r e f u e l in g ,  th e  c o n c e n t r a t io n  
v a r i e d  in  th e  r a n g e  o f  1 -2  p p m  u p  to  m o r e  th a n  3 5 0  p p m  w i th  2 5 %  o f  
m e a s u r e m e n t s  in  th e  r a n g e  o f  0 -2 5  p p m  a n d  2 2 %  h a s  c o n c e n t r a t io n  g r e a te r  
th a n  3 5 0  p p m . P T T , B a n g c h a k  a n d  S h e l l  s ta t io n s  s h o w e d  h ig h e s t  f r e q u e n c y  o f  
m e a s u r e m e n t  in  th e  c o n c e n t r a t io n  r a n g e  o f  0 -2 5  p p m  w h i le  C a l te x  w a s  a t  2 6 -  
5 0  p p m  a n d  E s s o  w a s  g r e a te r  th a n  3 5 0  p p m .

T h e  h y d r o c a r b o n  c o m p o n e n ts  w e r e  m a in ly  c 4, C 5 , Cô, C 7 , b e n z e n e  
a n d  to lu e n e  f o r  m o s t  o f  th e  g a s o l in e  b r a n d s .  T h e  h ig h e s t  f r e q u e n c y  o f  
m e a s u r e m e n t  f o u n d  f o r  C 4 , C 5 , บ 6 , C 7  a n d  b e n z e n e  w e r e  a t  0 -1 ,0 0 0  
m ic r o g r a m /c u b ic  m e te r  o f  a ir  w h i le  to lu e n e  w a s  f o u n d  m o s t ly  in  th e  r a n g e  o f  
2 ,0 0 0 - 3 ,0 0 0  m ic r o g r a m /c u b ic  m e te r  o f  a i r  ( P a n ic h  e t a i ,  1 9 9 5 ) .
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A  s im i la r  s tu d y  w a s  a ls o  d o n e  b y  K in g  M o n g k u t ’ร I n s t i tu te  o f  
T e c h n o lo g y ,  T h o n b u r i  (1 9 9 5 ) .  U s in g  a  m a th e m a t ic a l  m o d e l  to  p r e d ic t  th e  
a m o u n t  o f  g a s o l in e  v a p o r  e m is s io n  w a s  in c o r p o r a te d  in  th i s  w o r k .  T h e  r e s u l t s  
s h o w e d  th a t  to ta l  e m is s io n  r a te  f r o m  th e  s ta n d in g  lo s s  a n d  f i l l i n g  lo s s  in  
T h a i l a n d  w a s  4 2 ,6 8 0 ,0 0 0  p o u n d s  p e r  y e a r  o r  1 9 ,4 0 0 ,0 0 0  k i lo g r a m s  p e r  y e a r .

บ .ร .  P e t r o le u m  C o m m it te e  o f  th e  A i r  P o l lu t io n  C o n t r o l  A s s o c ia t io n  
( 1 9 7 1 )  p r e p a r e d  th e  in f o r m a t iv e  r e p o r t  N O .2 .  T h is  w o r k  r e p o r t e d  th e  c o n t r o l  
o f  h y d r o c a r b o n  v a p o r  e m is s io n s  f r o m  p e t r o le u m  s to r a g e  ta n k s .  E v a p o r a t io n  
lo s s  o f  l iq u id s ,  d e s c r ip t io n  o f  e m is s io n  c o n t r o l  e q u ip m e n t ,  a n d  e s t im a t io n  
t e c h n iq u e s  f o r  th e  r e d u c t io n  w e r e  in c lu d e d  in  th is  r e p o r t .

N e v e r s  ( 1 9 9 5 )  s tu d ie d  c o n t r o l l in g  o f  V O C s  e m is s io n .  O n e  o f  h is  
w o r k  th a t  r e l a t e d  w i th  th is  r e s e a r c h  w a s  e m is s io n  o f  g a s o l in e  f r o m  
u n d e r g r o u n d  s to r a g e  ta n k s  a n d  r e f u e l in g  v e h ic le s  i n  g a s o l in e  s ta t io n s .  N e v e r s  
u s e d  m a th e m a t i c a l  e q u a t io n s  to  e v a lu a te  th e  f r a c t io n  o f  g a s o l in e  e m i t te d  in  
v a p o r  p e r  l i q u id  g a s o l in e  f i l l e d  a n d  th e  r e s u l t s  s h o w e d  th a t  th e  to ta l  e m is s io n  
in  th e  U n i t e d  S ta te s  w a s  4 0 0 ,0 0 0  g a l lo n  p e r  d ay .

บ .ร .  E n v i r o n m e n ta l  P r o te c t io n  A g e n c y  ( 1 9 9 9 b )  r e p o r t e d  a  s tu d y  o f  
e v a p o r a t io n  e m is s io n  f r o m  t r a n s p o r ta t io n  a n d  s to r a g e  o f  p e t r o le u m  l iq u id  in  
s e r v ic e  s ta t io n s ,  m o to r  v e h ic le  ta n k s  a n d  la rg e  s to r a g e  ta n k s .  F u r th e r m o r e ,  
th is  r e p o r t  g a v e  a  s e t  o f  e q u a t io n s  th a t  c a n  b e  u s e d  to  d e te r m in e  th e  a m o u n t  o f  
g a s o l in e  e m i t t e d  f r o m  th e  s ta n d in g  lo s s  a n d  f i l l in g  lo s s .  T h is  m o d e l  is  b a s e d  
o n  m a s s  b a la n c e  f u n d a m e n ta l  a ls o  i t  in c lu d e s  e x p a n s io n  f a c to r  a n d  s a tu r a t io n  
f a c to r s  in  th e  e q u a t io n s .

C r o w l  a n d  L o u v a r  ( 1 9 9 0 )  p r o p o s e d  a  s e t  o f  e q u a t io n s  th a t  c a n  b e  u s e d  
to  d e te r m in e  th e  a m o u n t  o f  g a s o l in e  e m is s io n  f r o m  s ta n d in g  s to r a g e  lo s s  a n d  
f i l l in g  lo s s  ( r e f u e l in g  lo s s ) .  A  m a in  d i f f e r e n c e  b e tw e e n  th i s  m o d e l  a n d  th e  
บ .ร .  E P A  is  h o w  m a s s  t r a n s f e r  c o e f f ic ie n t  te r m s  a re  d e f in e d .

A n o th e r  s im i la r  m o d e l  to  th e  o n e  p r o p o s e d  b y  C r o w l  a n d  L o u v a r  
( 1 9 9 0 )  a n d  บ .ร .  E P A  ( 1 9 9 5 )  w a s  p r e s e n te d  b y  G e a n k o p l i s  (1 9 9 3 ) .  T h e



10

c o n c e p t  o f  th i s  m o d e l  is  to  e m p lo y  m a s s  t r a n s f e r  e q u a t io n s ,  l ik e  C r o w l ’s 
m o d e l ,  a n d  i t  a ls o  in c lu d e s  a  d is ta n c e  th a t  v a p o r  d i f f u s e s  in  th e  c o n ta in e r .

2 .3  H y d r o c a r b o n  E m is s io n  in  G a s o l in e  S t o r a g e  T a n k s

G e n e r a l ly ,  h y d r o c a r b o n  e m is s io n  in  a  g a s o l in e  s to r a g e  ta n k  is  d u e  to  
s ta n d in g  lo s s  a n d  f i l l in g  lo s s  ( r e f u e l in g  lo s s ) .  M a jo r  s o u r c e  o f  g a s o l in e  v a p o r  
e m is s io n  is  th e  f i l l in g  lo s s  th a t  h a p p e n s  w h e n  g a s o l in e  v a p o r  in  th e  h e a d s p a c e  
o f  a  s to r a g e  t a n k  is  d i s p la c e d  to  th e  a tm o s p h e r e  b y  g a s o l in e  l iq u id  b e in g  
l o a d e d  in to  th e  ta n k . T h e  q u a n t i ty  o f  th e  lo s s  in  a  s to r a g e  t a n k  f i l l i n g  d e p e n d s  
o n  s e v e r a l  v a r ia b le s .  T h e y  a re  m e th o d s  a n d  r a t e s  o f  f i l l in g ,  ta n k  
c o n f ig u r a t io n s ,  a n d  g a s o l in e  t e m p e r a tu r e ,  v a p o r  p r e s s u r e  a n d  c o m p o s i t io n  o f  
g a s o l in e .  T h e  o th e r  s o u r c e  o f  v a p o r  e m is s io n  f r o m  a  g a s o l in e  s to r a g e  ta n k  is  
b r e a th in g  o f  th e  ta n k . T h is  r e s u l t s  f r o m  in c r e a s in g  o f  a m b ie n t  t e m p e r a tu r e ,  
w h ic h  c a u s e s  l iq u id  g a s o l in e  to  e x p a n d  a n d  p u s h  g a s o l in e  v a p o r  o u t  o f  th e  
s to r a g e  ta n k .  T a b le  2 .3  s h o w s  s e v e r a l  ty p e s  o f  h y d r o c a r b o n  e m is s io n  f r o m  a 
g a s o l in e  s to r a g e  t a n k  th a t  c o m p i le d  b y  บ .ร .  E n v i r o n m e n t  P r o te c t io n  A g e n c y  
( บ .ร .  E P A , 1 9 9 9 ) .

2 .4  M o d e l  f o r  V O C s  E m is s io n

M o d e ls  o f  บ .ร .  E P A  a n d  N e v e r s  a r e  d i s c u s s e d  i n  d e ta i l s  h e r e .  T h e n , a  
n e w  m o d e l  is  p r o p o s e d .  D i f f e r e n c e s  b e tw e e n  th e  n e w  m o d e l  a n d  th e  p r e v io u s  
o n e s  a r e  a ls o  m e n t io n e d .

2 .4 .1  บ .ร .  E P A  M o d e l
T h e  m a th e m a t ic a l  m o d e ls  d e v e lo p e d  b y  th e  E n v i r o n m e n ta l  

P r o te c t io n  A g e n c y  o f  U n i te d  S ta te s  in  1 9 9 9  h a s  b e e n  u s e d  to  a p p r o x im a te  th e  
a m o u n t  o f  o r g a n ic  a n d  p e t r o le u m  e m is s io n  f r o m  s to r a g e  ta n k s .  T h is  m o d e l  is
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Table 2.3 Evaporative emissions from gasoline storage tanks operations
(บ .ร . EPA, 1999b)

Emission Source Emission Rate
mg / 1 lb /1 0 3  gal

-Filling underground tank (Stage I)
Submerged filling 880 7.3
Splash filling 1,380 11.5
Balanced submerged filling 40 0.3

-Underground tank breathing and 1 2 0 1 .0

emptying
-Vehicle refueling operations (Stage II)

Displacement losses (uncontrolled) 1,320 1 1 . 0

Displacement losses (controlled) 132 1 . 1

Spillage 80 0.7

based on mass balance inside a storage tank. The amount of gasoline loss is 
equal to gasoline vapor that accumulates in the vapor space of the storage 
tank. Moreover, expansion factor and saturation factor are included in this 
model for more accuracy. The main equation of the model is

Ls = V vWvK eK s (2.9)
where

Ls = standing storage loss, lb/yr 
Vy = vapor space volume, ft3  

W y = vapor density, lb/ft3

K e -  vapor space expansion factor, dimensionless and 
K s  = vented vapor saturation factor, dimensionless
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The tank vapor space volume (V y)  can be calculated as follows

Vy = ~ D 2H V0 (2.10)
where

Vy = vapor space volume, ft3  

D  = tank diameter, ft and 
H yo  = vapor space outage, ft 

Vapor density { พ v) is estimated by

Wy M yPyA
P PLA

(2 .1 1 )

where
W y 
M y  
P  VA 

R  
Tla

Vapor space

= vapor density, lb/ft3

= molecular weight of voc , lb/lb-mole (See Appendix A)
= true vapor pressure, psia (See Appendix A)
= the ideal gas constant, 10.731 psia.ft3 /lb-mole.R, and 
= daily average liquid surface temperature, R (See Appendix A) 

expansion factor (KÈ) is calculated with the following equations:

where
K e

A T y
A P y
p A

K  _  RTV 1 APy -  M Jfi
PLA pA ~  PVA

(2 .1 2 )

= vapor space expansion factor, dimensionless 
= daily temperature range, R (See Appendix A), and 
= daily vapor pressure range, psi 
= atmospheric pressure, psia

^ P y  — P y x  ~  P yN (2.13)
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>J> _ 0.5B P *T y
^LA

(2.14)

P y x  -  vapor pressure at maximum liquid temperature, psi
P vn = vapor pressure at minimum liquid temperature, psi, and
A P b =  breather vent pressure setting range, psi

APb = P b p ~ P bv (2.15)

Pbp = breather vent pressure setting, psig, and
P b v  = breather vent vacuum setting, psig and

Vented vapor saturation factor (K s) is calculated by

K , = ---------- 7’:--------  (2.16)1 + 0.053PVAH V0
where

K s =  vented vapor saturation pressure, dimensionless, and
H vo  = vapor space outage, ft

Generally, these equations are applied to above ground storage 
tanks. All of solar parameters have not effect on system because this work 
focus only on underground storage tank. Therefore, the present work will 
neglect some parameters such as tank paint solar absorption (a) and daily total 
solar insulation factor (I) before applying this model.

2.4.2 Nevers Model
The Nevers model was developed based on two fundamentals 

(Nevers, 1995). First, it is the vapor emit resulting from the simple thermal 
expansions of vapor and liquid in a storage tank. Second, it is the vapor emit 
resulting from the vaporization of gasoline as the temperature is raised.



14

is
The volume of vapor emitted due to simple thermal expansion

^ V o lu m e o f ^ increase  in k 1 T n c ra se  in ^increase in N
v v a p o r  em itted  y vv a p o r  vo lum e^

~r
^liquid volum e^ vta n k  v o lu m e  y

(2.17)

The fractional change in volume caused by heating is normally expressed as

where

civ
V a d T

T = system temperature
a  =  thermal expansion coefficient

Substituting Equation (2.18) in Equation (2.17), yields

(2.18)

'  A V ^
k ^  'e x p e l le d

( K v a p o r
V  a v a p o r + 

^ ta n k

^ liqu id
V  ^ liq u id  

tan k

■ \

^ ta n k (2 .19)

The volume of vapor emitted due to vaporization is 

^ e m i t t e d '
V ^tank y

where
Tgasoline final = final vapor mole fraction of gasoline and 
Tgasoline initial = initial vapor mole fraction of gasoline

2.4.3 Proposed Model
The Nevers model is difference from the บ.ร. EPA model in 

the basic fundamental. Thermal expansion and vaporization of materials aie 
employed to formulate the Nevers model while the บ.ร. EPA model is 
emphasized on mass balance including expansion and saturation factors.

vapor
V,tori ใ/- y gasoline fin a l -^gasoline in itia l (2 .2 0 )
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C o m p ilin g  th e se  c o n c e p ts  to g e th e r , it c a n  p ro d u c e  a m o re  e ff ic ie n c y  m o d e l 
th a t w ill b e  a p p lie d  in  th is  w o rk .

In  th e  p re se n t w o rk , a  p ro p o se d  m o d e l to  p re d ic t  th e  s ta n d in g  
lo ss  fro m  a  g a s o lin e  s to ra g e  ta n k  is d e v e lo p e d  a lso  b a s e d  on  m a ss  b a la n c e  
in s id e  a  s to ra g e  tan k . E m iss io n  fro m  th e  tan k  is  d u e  to  liq u id  e x p a n s io n , v ap o r 
e x p a n s io n  a n d  e sp e c ia lly  d if fu s io n . I t h a s  to  b e  p o in te d  o u t th a t  d if fu s io n  
in f lu e n c e s  o n  th e  g a so lin e  e m is s io n  in  so m e  ex ten t. M o re o v e r, s iz e  o f  the  
v e n til la t io n  tu b e  (v e n t s iz e ) re la tin g  to  d if fu s io n  e ffe c t is  a lso  in c o rp o ra te d  in to  
th e  p re s e n t  m o d e l. T h e re fo re , in c lu d in g  d if fu s io n  fa c to r  in  th is  m o d e l sh o u ld  
p ro m o te  m o re  a c c u ra c y  re su lts  th a n  th e  o th e r  m o d e ls . T h e  e x p a n s io n  o f  
s to ra g e  ta n k  d id  n o t  m e n tio n  in  th is  m o d e l b e c a u se  th is  e x p a n s io n  w as  v ery  
lo w  v a lu e  c o m p a re d  w ith  l iq u id  e x p a n s io n  a n d  v a p o r  e x p a n s io n . T h e  m o d e l 
c a n  b e  w rit te n  as

S ta n d in g  loss(L s)  =  L oss fr o m  gaso line  d iffusion  +
L oss fr o m  va por expansion  +
L oss fr o m  liq u id  expansion  (2 -21 )

L o ss  f ro m  g a s o lin e  d if fu s io n  (L D) w a s  d e r iv e d  fro m  th e  F ic k ’s la w  o f  
m o le c u la r  d if fu s io n  b y  m u ltip ly in g  m o le c u la r  w e ig h t a n d  c ro ss  se c tio n a l a re a  
o f  th e  v e n til la t io n  tub e .

L0 — M y A J AZ (2 .2 2 )

7 D q Pva 
AZ R T A z

w h e re
Ld = lo ss  fro m  d iffu s io n , g /d a y
M y  =  v a p o r  m o le c u la r  w e ig h t, lb /lb -m o le

(2 .2 3 )
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A  =  v e n t a rea , cm 2
J a z  =  m o la r  f lu x  o f  c o m p o n e n t A  in  z  d irec tio n , m o l/m 2s 
D o  =  m o la r  d if fu s iv ity  o f  g a so lin e , cm 2/s (S ee  A p p e n d ix  B ) 

an d  A z  =  v e n t h e ig h t, cm
S u b s titu tin g  m o la r  f lu x  ( J Az )  in  E q u a tio n  (2 .2 2 ), i t  y ie ld s

£  _  ( PyAM y  ไ

D  A z  (  R T  )

a n d  fro m  E q u a tio n  (2 .1 1 )  พv -

(2 .2 4 )

E q u a tio n  (2 .2 4 )  b e c o m e s  LD = ^  Wy (2 .2 5 )

L o ss  f ro m  v a p o r  e x p a n s io n  (L ve) is  e s tim a te d  b y

(2 .2 6 )

w h e re
L v e  = lo ss  f ro m  v a p o r  e x p a n s io n , g /d a y  
Vy = v a p o r  sp a ce  v o lu m e , litre
cty = v a p o r  e x p a n s io n  c o e ff ic ie n t, d im e n s io n le ss  (S e e  A p p e n d ix  B ) 
W y = v a p o r  d e n s ity , g /litre

L o ss  f ro m  l iq u id  e x p a n s io n  {Lee) is  in c re a s in g  o f  l iq u id  v o lu m e  b y  s im p le  
th e rm a l e x p a n s io n . B e c a u se  g a so lin e  v a p o r  in  th e  h e a d sp a c e  w as  re p la c e d  an d  
p u s h e d  o u t o f  a  s to ra g e  ta n k  in  th e  sam e  v o lu m e  o f  e x p a n d e d  liq u id , th e re fo re  
g a so lin e  v a p o r  d e n s ity  c a n  u s e d  to  e v a lu a te  lo ss  f ro m  liq u id  e x p a n s io n . L o ss 
f ro m  liq u id  e x p a n s io n , L LE , can  b e  c a lc u la te d  fro m
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(2.27)
w here

L le  =  lo sses from  liqu id  expansion, g/day 
Vl =  vo lum e o f  liqu id  gasoline, litre
CXI = liqu id  expansion  coefficient, d im ensionless (See A ppend ix  B) 
W y  =  vap o r density , g/litre

S ubstitu ting  E quation  (2 .25), (2 .26) and (2 .27) into, E quation  (2 .21), it gives

W y +  VyCCyWy +  V/jOC1} ¥ 1 (2.28)y U y V V y

+ VyCCy +  V  1 a L W y ( 2 . 2 9 )
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