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(54)  Method  for  carbon  dioxide  recovery  from  a  feed  stream 

(57)  The  method  of  the  invention  recovers  C02  from 
an  inlet  cold  feed  stream  containing  a  low  concentration 
thereof,  and  includes  the  following  steps.  An  inlet  feed 
stream  is  passed  through  a  heat  exchanger,  against  a 
compressed  flow  of  the  inlet  feed  stream,  to  cool  the 
compressed  flow.  The  compressed  flow  is  f  u  rther  cooled 
and  compressed  to  a  high  pressure,  fed  to  a  distillation 
column  and  there  converted  into  a  vent  gas  including 

C02  and  a  high  purity  bottom  liquid  C02.  A  first  portion 
of  the  bottom  liquid  C02  is  expanded  to  achieve  a  first 
cooled  liquid  C02  refrigerant  flow,  which  is  then  vapor- 
ized  against  the  vent  gas  to  recover  condensed  C02 
therefrom.  The  condensed  C02  is  then  reintroduced  into 
the  distillation  column.  A  second  portion  of  the  bottom 
liquid  C02  is  expanded  to  achieve  a  second  cooled  liq- 
uid  C02  refrigerant  flow,  which  is  then  used  to  subcool 
the  C02  product  output. 
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Description 

FIELD  OF  THE  INVENTION 

[0001]  This  invention  relates  to  a  method  for  recovery 
of  carbon  dioxide  (C02)  from  a  feed  stream  which  in- 
cludes  a  relatively  low  C02  concentration  and,  more 
particularly,  to  such  a  method  which  recovers  C02  for 
recycling  through  a  refrigeration  unit. 

BACKGROUND  OF  THE  INVENTION 

[0002]  In  conventional  freezing  of  food  with  C02,  liq- 
uid  C02  is  obtained  from  a  storage  tank  at  about  0°F 
and  about  300  psig  and  is  injected  into  a  freezer.  As  the 
pressurized  liquid  C02  flashes  down  to  atmospheric 
pressure,  it  forms  a  mixture  of  solid  C02  ("dry  ice")  and 
cold  C02  vapor.  The  sublimation  of  the  solid  C02  and 
the  warming  of  the  vapor  C02  from  the  sublimation  tem- 
perature  (-109.3°F)  to  the  desired  freezer  temperature 
(usually  between  -100°F  and  -50°F)  provide  the  refrig- 
eration  needed  to  freeze  the  food.  The  food  to  be  frozen 
enters  and  exits  the  freezer  continuously,  and  is  moved 
through  the  freezer  on  a  conveyor.  After  warming  to  the 
freezer  temperature,  the  C02  vapor  leaves  the  freezer 
through  the  entrance  and  exit  openings,  and  sometimes 
also  through  an  exhaust  line. 
[0003]  Food  freezing  typically  requires  about  a  one  to 
one  (1:1)  ratio  by  weight  of  liquid  C02  to  food.  As  a  re- 
sult,  large  amounts  of  C02  vapor  are  lost  to  the  atmos- 
phere  by  conventional  freezing.  For  example,  a  single 
standard  spiral  freezer  unit  can  consume  1  0,000  tons  of 
C02  per  year.  The  cost  of  C02  represents  most  of  the 
freezing  cost.  Recovery  and  recycling  of  C02  from  the 
freezer  could  substantially  lower  the  cost  of  freezing 
food.  Furthermore,  recycling  could  produce  environ- 
mental  benefits,  such  as  reduced  C02  emissions  to  the 
atmosphere  and  reduced  truck  transportation  of  liquid 
co2. 
[0004]  Unfortunately,  processes  used  in  conventional 
merchant  plants  for  liquefaction  and  purification  of  C02 
from  gas  streams  would  be  uneconomical  for  freezer  re- 
cycle.  Merchant  liquid  C02  is  produced  from  industrial 
byproduct  sources  containing  typically  98%  C02  (all 
C02  concentrations  are  given  in  mole  percentage,  dry 
basis)  and  higher.  In  contrast,  typical  food  freezers  op- 
erate  at  C02  concentrations  of  40-80%,  due  to  air  infil- 
tration  through  the  freezer  openings.  The  C02  vapor  ex- 
haust  is  typically  further  diluted  with  room  air  to  warm 
the  exhaust  and  prevent  ice  build  up  in  the  exhaust  sys- 
tem.  Vent  losses  of  C02  from  conventional  liquefaction 
and  purification  processes  increase  greatly  as  the  con- 
centration  of  C02  in  the  feed  gas  declines.  These  losses 
make  the  cost  of  conventional  processes  too  high  for 
economical  use  in  recovering  C02  from  typical  freezers. 
[0005]  Freezers  may  be  modified  to  reduce  air  infiltra- 
tion  and  to  supply  higher  C02  concentrations  to  a  C02 
recycle  system.  However,  even  at  90%  C02  concentra- 

tion  in  the  freezer,  conventional  C02  liquefaction  and 
purification  methods  would  suffer  losses  of  about  29%, 
which  are  still  too  large  to  be  economical. 
[0006]  A  simple,  economical,  and  reliable  process  is 

5  needed  for  the  liquefaction  and  purification  of  C02  from 
vapor  recovered  during  food  freezing.  To  be  economi- 
cal,  the  process  must  have  substantially  lower  losses  of 
C02  than  conventional  methods. 
[0007]  A  conventional  process  for  liquid  C02  produc- 

10  tion  is  shown  in  Fig.  1.  A  raw  gas  source  1  is  obtained 
as  an  industrial  byproduct,  such  as  from  an  ammonia 
plant,  petroleum  refinery,  or  fermentation  source.  Raw 
gas  characteristics  vary,  but  for  economical  production 
using  conventional  methods,  the  C02  concentration  is 

is  typically  above  95%.  Raw  gas  sources  are  typically  ob- 
tained  at  ambient  temperature  or  above,  and  are  often 
saturated  with  water.  For  exemplary  purposes,  the  raw 
gas  source  1  in  Fig.  1  ,  is  assumed  to  contain  98%  C02 
at  a  pressure  of  20  psia  and  a  temperature  of  90°F.  The 

20  gas  passes  through  heat  exchanger  2  and  is  chilled  to 
50°F  against  ammonia  refrigerant.  As  a  result,  water 
condenses  out  of  the  gas  and  is  removed  in  separator  4. 
[0008]  Cooled  gas  stream  5  is  compressed  by  com- 
pressor  6  to  75  psia,  and  the  heat  of  compression  is  re- 

25  moved  in  exchanger  8.  Gas  stream  9  leaving  exchanger 
8  is  cooled  to  95°F,  which  allows  separation  of  con- 
densed  water  in  separator  10.  Gas  stream  11  is  com- 
pressed  by  compressor  12  to  about  315  psia  (stream 
13),  cooled  in  heat  exchanger  14  to  50°F,  and  fed  as 

30  stream  15  to  separator  16  where  condensed  water  is 
separated.  Cooled  gas  stream  17  is  treated  by  adsorb- 
ent  driers  18  to  remove  further  water  to  achieve  a  low 
dew  point,  typically  about  -80°F.  The  driers  operate  in 
swing  mode,  with  one  bed  in  operation  while  the  other 

35  bed  is  being  regenerated.  Dry  gas  stream  1  9  is  used  to 
provide  heat  to  the  reboiler  of  C02  purification  column 
20.  Dry  gas  stream  21  leaving  the  reboiler  is  now  near 
the  dew  point  for  C02  condensation.  The  dry  gas  21  is 
partially  condensed  at  -5°F  against  ammonia  refrigerant 

40  in  exchanger  22,  providing  a  two-phase  feed  stream  23 
for  column  20. 
[0009]  Purification  column  20  is  a  distillation  column 
of  well-known  design  to  those  skilled  in  the  art.  Typically, 
column  20  is  a  packed  bed  column,  though  other  types 

45  of  distillation  column  designs  may  be  used.  Liquid  C02 
is  increasingly  purified  as  it  flows  down  the  column,  and 
exits  at  the  column  bottom  as  liquid  stream  27  at  high 
purity,  typically  at  about  99.9%  C02.  Vapor  stream  24 
exits  at  the  top  of  the  column  and  contains  all  of  the  non- 

50  condensable  portions  of  the  raw  gas  feed,  gases  such 
as  methane,  hydrogen,  nitrogen,  etc.  Some  of  the  C02 
content  of  this  vent  stream  is  condensed  against  ammo- 
nia  refrigerant  in  exchanger  25  and  the  C02  liquid  pro- 
duced  flows  back  into  column  20  as  reflux.  The  final  vent 

55  stream  26  is  released  to  the  atmosphere. 
[0010]  Liquid  C02  stream  27  is  often  subcooled  to 
about  -20°  F,  305  psia,  in  exchanger  28  against  ammo- 
nia  refrigerant.  This  subcooling  allows  use  of  lower  pres- 
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sure  storage  vessels  at  production  plants  and  minimizes 
vaporization  of  the  liquid  as  it  is  pumped.  After  delivery 
to  a  customer  site,  the  liquid  C02  is  stored  as  a  saturated 
liquid  at  about  295-305  psig  (310-320  psia),  and 
0.8-2.7°F.  For  simplicity,  storage  conditions  at  the  cus-  s 
tomer  site  are  characterized  as  300  psig,  0°F  herein. 
[0011]  The  varied  characteristics  of  raw  gas  sources 
require  many  variations  of  the  conventional  process  de- 
scribed  above.  Some  of  the  separation  stages  for  re- 
moval  of  water  may  not  be  needed,  or  the  pressures  and  10 
temperatures  may  differ  from  the  example.  Also,  addi- 
tional  unit  operations  are  often  needed  for  removal  of 
contaminants  such  as  hydrocarbons  or  sulfur  com- 
pounds.  The  refrigerant  used  is  usually  ammonia  or 
cooling  water,  or  a  combination  thereof,  depending  on  15 
the  temperature  level  in  a  particular  exchanger.  In  addi- 
tion,  other  refrigerants  have  been  used,  such  as  hydro- 
carbons  and  chlorofluorocarbons. 
[0012]  Not  shown  in  Fig.  1  is  a  companion  utility  proc- 
ess  of  ammonia  refrigeration,  typically  supplying  liquid  20 
ammonia  at  different  pressure  levels  to  provide  refriger- 
ation  at  temperatures  between  -25°F  and  100°F.  The 
design  of  this  process  is  well  known  in  the  art,  and  is 
widely  used  in  C02  production  and  in  many  other  indus- 
trial  and  commercial  processes.  25 
[0013]  Conventional  methods  of  C02  liquefaction,  us- 
ing  ammonia  refrigeration  at  -25°F,  suffer  increasing 
C02  losses  as  the  purity  of  the  raw  gas  decreases.  A 
typical  conventional  system  can  maintain  a  vent  con- 
denser  temperature  as  low  as  -20°F,  assuming  ammo-  30 
nia  refrigeration  at  1  psig,  -25°F  suction,  and  a  5°F  ap- 
proach  in  the  condenser.  The  -20°F  vent  condenser 
temperature  produces  a  vent  composition  of  73%  C02. 
For  a  typical  merchant  plant  feed  of  98%  C02,  this  would 
limit  losses  to  5.5%  of  the  feed  C02  content,  as  shown  35 
by  the  -20°F  temperature  line  in  Figure  2.  However,  if 
the  feed  were  vapor  recovered  from  a  freezer  at  90% 
C02,  the  conventional  process  would  suffer  vent  losses 
of  30%,  making  the  process  uneconomical.  Hence, 
these  losses  make  conventional  processes  uneconom-  40 
ical  for  recycle  of  recovered  vapor  from  food  freezing 
with  C02. 
[0014]  Losses  of  C02  in  the  vent  condenser  may  be 
reduced  by  increasing  column  pressure  or  by  reducing 
the  condensing  temperature.  As  cited  in  U.S.  Patent  45 
4,952,223  to  Kirshnamurthy  et  al.,  increasing  the  pres- 
sure  has  disadvantages,  including  increased  power 
consumption,  decreased  product  quality,  and  the  poten- 
tial  for  formation  of  an  azeotrope  between  C02  and  ox- 
ygen.  Higher  pressure  would  also  increase  the  cost  of  so 
the  equipment.  Decreasing  the  vent  condenser  temper- 
ature  is  a  better  solution. 
[0015]  Fig.  3  presents  the  vent  loss  (percent  of  the 
feed  stream  C02  content  lost  in  the  column  vent  stream) 
as  a  function  of  the  vent  condenser  temperature,  for  the  55 
case  of  a  90%  C02  feed  stream  (typical  of  vapor  recov- 
ered  from  a  freezer  that  is  used  as  a  feed  for  the  inven- 
tion  disclosed  below).  As  shown  in  Fig.  3,  the  vent  con- 

denser  loss  for  a  90%  C02  feed  stream  is  30%  at  a  con- 
ventional  condenser  temperature  of  -20°F,  but  only 
8.3%  at  a  reduced  temperature  of  -50°  F.  Loss  rates  of 
up  to  1  0%  should  not  prevent  the  system  from  achieving 
economical  operation,  and  indeed  are  typical  of  many 
merchant  C02  plants.  The  reduced  loss  rate  achieved 
by  a  -50°F  vent  condenser  temperature  is  also  shown 
in  Fig.  2  for  other  feed  concentrations. 
[0016]  To  achieve  vent  condenser  temperatures  be- 
low  -20°F  with  conventional  designs  requires  vacuum 
operation  in  the  ammonia  refrigeration  system.  Vacuum 
operation  is  undesirable,  causing  problems  such  as 
leakage  of  air  into  the  ammonia  system,  larger  vapor 
line  sizes,  higher  power  requirements,  and  lubrication 
problems.  These  problems  increase  equipment  and  op- 
erating  costs  and  decrease  reliability.  Other  refrigerants, 
such  as  chlorofluorocarbons,  may  be  used  instead  of 
ammonia  to  achieve  reduced  vent  temperatures.  How- 
ever,  refrigeration  systems  employing  these  alternative 
refrigerants  are  more  expensive,  may  have  operational 
problems  when  employed  for  C02  liquefaction,  and 
have  environmental  concerns. 
[0017]  Conventional  C02  liquefaction  methods  have 
been  applied,  though  without  economic  success,  to  re- 
cycle  C02  in  food  freezing.  Duron  et  al.,  "Reliquefies 
C02  For  Cryogenic  Freezing,  Food  Engineering",  April 
1972,  p.  72-74,  described  a  system  developed  for  re- 
covery,  liquefaction,  purification,  and  recycle  of  C02  in 
food  freezing.  In  the  described  system,  C02  gas  was 
obtained  from  the  freezer  through  ducts  on  the  entrance 
and  exit  of  a  spiral  freezer.  A  blower  was  used  to  transfer 
the  gas  to  the  recycle  system.  In  the  recycle  system,  the 
vapor  was  compressed,  cooled,  dried,  treated  for  odor 
removal,  condensed,  and  purified  before  returningtothe 
freezer.  Two  parallel  six-stage  centrifugal  compressors 
were  used,  with  intercooling  on  each  stage.  The  system 
used  three  mole  sieve  beds  for  drying  and  odor  removal, 
and  a  four  stage  Freon  refrigeration  system.  This  recy- 
cle  system  was  reported  to  cost  $1  million  in  1972. 
[0018]  There  were  several  disadvantages  to  the  Du- 
ron  et  al.  system.  The  dual  six-stage  compressors  and 
four-level  refrigerant  system  were  complex  and  expen- 
sive.  The  centrifugal  compressors  were  limited  in  turn- 
down  and  required  anti-surge  flow  control.  The  estimat- 
ed  power  requirement  was  very  high,  when  compared 
with  conventional  C02  plant  power  requirements  of  less 
than  200  kWh/ton.  There  is  no  indication  that  means 
were  used  to  reduce  losses  of  C02  in  the  purification 
system. 
[0019]  U.S.  Patent  4,952,223  to  Kirshnamurthy,  etal., 
describes  a  process  to  recycle  C02  from  food  freezing 
using  pressure  swing  adsorption  (PSA).  The  process 
may  be  used  for  feed  streams  containing  about  35%  to 
98%  C02.  When  used  to  recover  C02  from  food  freez- 
ers,  however,  the  expected  feed  C02  concentration  is 
significantly  less  than  89%  by  volume  and  may  be  as 
low  as  35%  by  volume.  The  patent  states  that  commer- 
cial  refrigeration  units  employing  liquid  C02  for  freezing 
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foods  contaminate  the  liquid  C02  with  nitrogen  and  ox- 
ygen  (air)  to  the  extent  that  the  spent  C02  vapor  may 
contain  as  much  as  50%  or  more  of  the  contaminants. 
In  this  process,  vapor  drawn  from  the  freezer  is  sent 
down  a  recovery  line  by  injection  of  warm,  pressurized 
air.  The  vapor  is  compressed,  cooled,  dried,  condensed, 
and  purified  by  conventional  techniques.  The  purifica- 
tion  column  vent  is  treated  with  a  PSA  unit.  In  the  PSA 
unit,  the  C02  from  the  column  vent  is  adsorbed  onto  a 
solid  adsorbent.  The  C02  is  recovered  from  the  solid 
adsorbent,  at  low  pressure,  and  the  low  pressure  C02 
stream  from  the  PSA  is  recompressed  with  a  vacuum 
pump  and  sent  to  the  suction  of  the  feed  compressor. 
The  PSA  unit  is  used  to  reduce  the  very  high  vent  loss 
that  a  conventional  process  would  experience  with  such 
a  low  concentration  feed  gas. 
[0020]  Since  the  vapor  from  the  freezer  is  further  di- 
luted  with  air  before  recovery,  refrigeration  content  is 
wasted,  and  the  injected  air  increases  compression  and 
purification  costs.  The  system  is  complex,  requiring  mul- 
tiple  adsorbent  beds  operated  in  swing  cycles,  vacuum 
pumps,  and  extra  compression  to  recover  the  low-pres- 
sure  C02.  These  factors  increase  the  cost  and  reduce 
the  operating  reliability  of  the  system. 
[0021]  U.S.  Patent  5,186,008  to  Appolonia  et  al.,  dis- 
closes  a  method  to  increase  the  C02  concentration  in 
the  vapor  removed  from  a  freezer  for  recovery,  thus  ad- 
dressing  one  of  the  disadvantages  of  U.S.  Patent 
4,952,223,  above.  Exhaust  plenums  are  used  on  the  en- 
trance  and  exit  of  a  spiral  freezer,  with  the  draw  rate  var- 
ied  with  injection  rate  of  cryogen,  to  reduce  air  infiltra- 
tion.  A  second  blower  is  used  to  draw  vapor  for  recovery 
from  the  freezer  bottom,  where  the  C02  concentration 
is  substantially  higher  than  at  the  top  because  of  density 
differences.  The  mass  flow  of  recovery  vapor  is  control- 
led  to  be  equal  to  the  mass  flow  of  injected  cryogen 
times  a  constant  (90%  is  given).  This  is  done  to  avoid 
over  or  under  pressure  in  the  freezer,  which  would  expel 
more  than  a  minimum  amount  of  C02,  or  would  intro- 
duce  too  much  air.  The  recovered  vapor  is  to  be  recycled 
by  the  PSA  process  of  U.S.  Patent  4,952,223. 
[0022]  Selective  membranes  may  be  used  to  reduce 
the  loss  of  C02  in  the  purification  column  vent.  U.S.  Pat- 
ent  4,639,257  to  Duckett  et  al.  proposes  treating  the  col- 
umn  vent  from  a  conventional  C02  process  with  a  se- 
lective  membrane.  The  vent  is  first  heated,  and  then  al- 
lowed  to  pass  through  a  membrane  unit  where  the  C02 
selectively  permeates  the  membrane.  The  high  purity, 
low  pressure  C02  permeate  is  then  sent  to  the  suction 
of  the  feed  compressor  for  recovery.  For  low  concentra- 
tion  feeds,  a  second  membrane  unit  is  proposed  to  in- 
crease  the  concentration  of  the  feed  prior  to  liquefaction 
and  purification.  U.S.  Patent  4,990,168  to  Sauer  et  al. 
proposes  a  similar  process,  except  that  the  vent  stream 
is  not  heated  prior  to  the  membrane  unit. 
[0023]  Both  membrane  processes  suffer  disadvan- 
tages.  High  pressures  (400-415  psia)  are  required  to 
feed  gas  to  the  membrane  units,  and  the  C02  permeate 

is  obtained  at  low  pressure  (22  psia)  requiring  substan- 
tial  recompression.  Also,  membrane  units  are  expen- 
sive  and  may  be  subject  to  fouling  by  process  contam- 
inants.  While  U.S.  Patent  4,990,168  teaches  that  it  is 

5  not  necessary  to  heat  the  vent  stream  going  to  the  mem- 
brane,  and  higher  selectivities  are  achieved,  the  low 
temperatures  reduce  the  permeability  of  the  membrane 
and  increase  the  required  surface  area  and  expense. 
[0024]  U.S.  Patent  4,977,745  to  Heichberger  de- 

10  scribes  a  process  for  production  of  liquid  C02  from  low 
purity  sources  using  turbine  expansion  of  the  non-con- 
densable  impurities  to  provide  refrigeration.  The  feed 
gas  is  cooled  to  remove  water,  compressed,  dried,  and 
partially  condensed.  The  vapor  from  the  condensation 

is  step,  containing  the  impurities,  is  heated  and  expended 
in  a  multistage  turbine  expander.  The  cold  turbine  ex- 
haust  is  used  for  refrigeration  in  the  process,  such  as 
for  the  C02  condenser. 
[0025]  The  Heichberger  process  is  proposed  for  raw 

20  gas  feeds  containing  less  than  85%  C02,  particularly 
flue  gas  containing  less  than  50%  C02.  Feed  gas  with 
more  than  85%  C02  may  not  contain  enough  impurities 
to  provide  sufficient  refrigeration  upon  expansion.  While 
it  is  possible  to  operate  food  freezers  at  less  than  50% 

25  C02  concentration,  such  low  C02  concentrations  in  the 
freezer  indicate  air  infiltration,  which  reduces  freezer  ef- 
ficiency.  Also,  the  capacity  of  freezer  recovery  units 
would  be  small  compared  to  merchant  C02  production 
plants,  and  the  cost  of  turbine  expansion  units  taught  in 

30  the  Heichberger  patent  are  high  for  such  small  plants. 
Furthermore,  Brayton  cycles  as  used  in  the  Heichberger 
patent  required  much  more  energy  than  the  Ran  kine  cy- 
cles  used  in  conventional  merchant  C02  liquefaction. 
These  factors  tend  to  make  the  Heichberger  process  un- 

35  economical  for  C02  recovery  from  freezers. 

SUMMARY  OF  THE  INVENTION 

[0026]  The  method  of  the  invention  is  a  modification 
40  of  the  conventional  C02  production  process  that  reduc- 

es  column  vent  losses  using  C02  refrigerant  and  pro- 
vides  increased  economic  savings  through  subcooling 
of  the  liquid  C02  recycled  to  the  freezer.  The  method  of 
the  invention  utilizes  innovations  which  include  the  eco- 

45  nomical  use  of  refrigeration  available  in  the  feed  stream 
through  heat  interchange,  means  for  removal  of  odors 
and  bacteria,  and  fully  automated  and  unattended  op- 
eration.  These  are  achieved  with  a  few  additional  stand- 
ard  equipment  items  relative  to  the  conventional  mer- 

50  chant  plant  process.  The  modified  process  does  not  in- 
volve  expensive  additional  unit  operations,  such  as 
membrane  or  PSA  units. 
[0027]  The  method  of  the  invention  recovers  C02 
from  an  inlet  cold  feed  stream  containing  a  low  concen- 

ts  tration  thereof,  and  includes  the  following  steps.  An  inlet 
feed  stream  is  passed  through  a  heat  exchanger, 
against  a  compressed  flow  of  the  inlet  feed  stream,  to 
cool  the  compressed  flow.  The  compressed  flow  is  fur- 
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ther  cooled  and  compressed  to  a  high  pressure,  partially 
condensed,  fed  to  a  distillation  column  and  there  con- 
verted  into  a  vent  gas  including  C02  and  a  high  purity 
bottom  liquid  C02.  A  first  portion  of  the  bottom  liquid 
C02  is  expanded  to  achieve  a  first  cooled  liquid  C02 
refrigerant  flow,  which  is  vaporized  against  the  vent  gas 
to  recover  condensed  C02  therefrom,  and  the  con- 
densed  C02  is  then  reintroduced  into  the  distillation  col- 
umn.  A  second  portion  of  the  bottom  liquid  C02  is  ex- 
panded  to  achieve  a  second  cooled  liquid  C02  refriger- 
ant  flow,  which  is  used  to  subcool  the  C02  product  out- 
put. 

BRIEF  DESCRIPTION  OF  THE  DRAWINGS 

[0028]  Fig.  1  is  a  system  diagram  of  a  prior  art  C02 
recovery  plant. 
[0029]  Fig.  2  is  a  plot  of  C02  column  vent  loss  versus 
feed  concentration  at  vent  condenser  temperatures  of  - 
20°F  for  the  prior  art  plant  of  Fig.  1  and  -50°F  for  the 
invention  of  Fig.  4. 
[0030]  Fig.  3  is  a  plot  of  C02  column  vent  loss  versus 
vent  condenser  temperature  for  a  feed  of  90%  C02. 
[0031]  Fig.  4  is  a  system  diagram  of  a  C02  recovery 
plant  incorporating  the  invention. 
[0032]  Fig.  5  is  a  system  diagram  of  the  C02  recovery 
plant  of  Fig.  4  when  used  in  combination  with  a  refriger- 
ation  unit. 
[0033]  Fig.  6  is  a  plot  of  column  temperature  profile 
for  a  C02  distillation  column  when  operated  according 
to  the  present  invention,  as  shown  in  the  system  of  Fig. 
4. 

DETAILED  DESCRIPTION  OF  THE  INVENTION 

[0034]  A  process  for  C02  liquefaction,  purification, 
and  recycle  which  incorporates  the  invention  is  shown 
in  Fig.  4.  A  feed  gas  stream  50  is  obtained  from  a  low- 
purity  C02  source,  such  as  vapor  recovered  from  a  food 
freezer  that  uses  liquid  C02  as  the  refrigerant.  Typical 
conditions  for  stream  50  from  a  food  freezer  would  be 
-80°F,  19  psia,  90%  C02  (dry  basis),  and  containing  up 
to  2.5%  (by  mole)  water.  The  water  is  present  predom- 
inantly  as  entrained  ice  crystals. 
[0035]  The  cold  vapor  feed  stream  50  passes  through 
a  heat  exchanger  52  where  it  is  warmed  to  above  32°F, 
preferably  to  about  40°F.  This  is  done  to  melt  any  en- 
trained  ice  crystals  in  the  feed  stream,  and  also  to  warm 
the  stream  to  typical  compressor  suction  temperatures. 
Solid  ice  crystals  and  unusually  low  suction  tempera- 
tures  could  adversely  affect  compressor  operation. 
[0036]  The  warmed  vapor  stream  54  flows  through 
separator  56  to  remove  liquid  water,  and  then  into  com- 
pressor  58  where  it  is  compressed  to  about  86  psia.  The 
discharge  pressure  of  compressor  58  is  chosen  to  be 
slightly  above  the  triple  point  pressure  of  C02  (75.  1  psia) 
which  facilitates  the  use  of  C02  as  a  refrigerant  (de- 
scribed  below).  Compressor  discharge  stream  60, 

warmed  by  heat  of  compression,  passes  through  heat 
exchanger  52  where  it  warms  the  incoming  feed  vapor 
stream  50,  and  in  the  process  is  itself  cooled  to  about 
40°F.  In  this  way,  the  useful  refrigeration  content  of  the 

5  feed  gas  is  captured,  avoiding  a  further  load  on  the  re- 
frigeration  and  cooling  system.  Note  that  no  separate 
heat  source  is  needed  to  melt  the  ice  crystals  in  the  feed, 
and  a  single  exchanger  is  used  for  both  feed  preheating 
and  compressor  aftercooling. 

10  [0037]  The  cooled  compressor  discharge  62  com- 
bines  with  a  warmed  vapor  from  the  C02  refrigerant 
stream  1  24  and  enters  separator  66,  where  liquid  water 
is  removed.  The  temperature  of  gas  entering  separator 
66  should  be  as  cold  as  possible  to  condense  as  much 

is  water  as  possible,  but  should  remain  above  32°F  to 
avoid  ice  formation.  The  flow  is  then  compressed  in 
compressor  68  to  a  discharge  pressure  of  about  323 
psia  which  is  chosen  to  be  slightly  above  the  desired 
product  pressure  of  31  5  psia,  allowing  for  pressure  drop 

20  in  the  equipment.  The  product  pressure  is  set  at  31  5  psia 
to  be  the  same  as  standard  merchant  liquid  C02  storage 
and  supply  pressures,  so  that  the  recycled  liquid  may 
be  easily  combined  with  merchant  liquid  for  supply  to 
the  freezer. 

25  [0038]  Compressor  discharge  stream  70  is  cooled  in 
exchanger  72  to  about  50°F  and  passes  through  sepa- 
rator  74  to  remove  liquid  water.  Separator  74  is  also  de- 
signed  to  remove  oil  (introduced  into  the  gas  stream  by 
the  compressors).  The  resulting  stream  76  enters  one 

30  of  the  two  drier  beds  78,  80  for  removal  of  water.  Drier 
beds  78,  80  contain  a  solid  adsorbent  for  removal  of  wa- 
ter.  The  design  and  operation  of  adsorbent  driers  for  the 
removal  of  moisture  from  C02  streams  is  well  known  in 
the  art. 

35  [0039]  Drier  beds  78,  80  also  contain  a  quantity  of  ac- 
tivated  carbon  to  remove  other  contaminants  from  the 
recycled  C02.  The  other  contaminants  may  include  re- 
sidual  oil  or  volatile  compounds  from  the  food  in  the 
freezer  (such  as  oils  or  aromas).  A  filter  on  the  outlet  of 

40  the  drier  beds  is  used  to  prevent  entrainment  of  partic- 
ulates  from  the  driers.  Additionally,  that  filter  or  a  second 
filter  may  be  fitted  with  a  suitable  pore  size  (0.2  micron) 
element  to  remove  bacteria  from  the  gas  flow,  if  bacterial 
contamination  is  present  in  the  vapor  recovered  from  the 

45  freezer.  Typically,  bacteria  are  larger  than  0.2  microns 
in  size,  so  that  filters  of  that  pore  size  are  commonly 
used  to  insure  removal  of  bacteria  from  process 
streams. 
[0040]  Dry  gas  stream  82  passes  through  the  reboiler 

so  of  a  distillation  column  84  where  it  gives  up  its  sensible 
heat  and  is  cooled  to  near  its  dew  point  for  C02  conden- 
sation.  The  resulting  stream  86  is  partially  condensed 
against  ammonia  refrigerant  at  about  -25°F  in  exchang- 
er  88.  The  ammonia  refrigerant  level  of  about  16  psia, 

55  -25°F,  is  chosen  to  maintain  the  ammonia  compressor 
suction  pressure  above  ambient  pressure,  to  avoid  op- 
erational  problems  with  the  ammonia  system.  The  par- 
tially  condensed  stream  90,  at  about  -14°F,  is  then  fed 
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to  column  84,  operating  at  about  316  psia.  In  the  pre- 
ferred  embodiment,  distillation  column  84  is  a  packed 
bed  column. 
[0041]  Liquid  C02  is  increasingly  purified  as  it  flows 
down  through  column  84,  exiting  as  column  bottoms  92 
at  high  purity.  To  obtain  C02  refrigerant,  a  portion  94  of 
the  column  bottoms  flows  through  valve  96  to  produce 
a  low  pressure  liquid  and  vapor  C02  stream  98  at  about 
86  psia,  -63°F.  The  C02  refrigerant  stream  98  pressure 
coincides  with  the  discharge  pressure  of  compressor  58 
and  the  suction  pressure  of  compressor  68. 
[0042]  The  pressure  of  stream  98  is  chosen  to  be 
slightly  above  the  triple  point  pressure  of  C02  (75.1 
psia).  This  condition  is  chosen  to  avoid  the  formation  of 
solid  C02,  "dry  ice",  which  could  adversely  affect  the  op- 
eration  of  the  equipment.  The  C02  refrigerant  pressure 
should  be  as  low  as  practical,  since  lower  pressures  will 
achieve  lower  temperatures  of  the  C02  refrigerant,  and 
correspondingly  lower  loss  of  C02  from  the  vent  con- 
denser  1  00.  However,  the  pressure  should  not  fall  below 
a  limit  set  above  the  triple  point  pressure  to  maintain 
control  of  the  pressure  above  the  triple  point. 
[0043]  The  C02  refrigerant  stream  98  passes  through 
a  vent  condenser  100  where  the  liquid  portion  of  the  C02 
refrigerant  vaporizes,  cooling  the  column  vent  gas 
stream  101  to  about  -50°F.  The  cooling  of  the  column 
vent  gas  stream  101  causes  vapor  to  condense,  forming 
a  liquid  which  is  enriched  in  C02  concentration  com- 
pared  with  the  vent  vapor.  The  condensed  liquid  flows 
back  into  column  84  as  reflux.  The  final  vent  stream  1  02, 
depleted  in  C02  content,  is  either  released  to  the  atmos- 
phere  directly  or  used  as  drier  regeneration  gas  before 
release. 
[0044]  A  further  portion  1  04  of  the  column  bottoms  92 
is  allowed  to  flow  through  valve  106  to  produce  a  low 
pressure  liquid  and  vapor  C02  stream  108  at  about  86 
psia,  -63°F.  Carbon  dioxide  refrigerant  stream  108  flows 
through  exchanger  110,  it  absorbs  heat,  causing  the  liq- 
uid  portion  of  the  refrigerant  to  boil  and  form  vapor.  This 
subcools  the  remaining  portion  112  of  the  column  bot- 
toms,  producing  the  final  liquid  C02  product  stream  1  1  4 
at  about  -50°F,  315  psia. 
[0045]  Carbon  dioxide  refrigerant  vapors  1  1  6  and  1  1  8 
leave  exchangers  100  and  110  at  about  -63°F  (the  sat- 
uration  temperature  of  the  C02  refrigerant).  The  ex- 
changers  may  alternatively  be  designed  to  achieve 
warmer  exit  temperatures  for  the  C02  refrigerant,  to  use 
some  of  the  sensible  refrigeration  content  of  the  stream 
if  desired.  The  C02  refrigerant  streams  are  combined  in 
stream  120,  then  heated  in  exchanger  122  to  about 
60°  F.  The  source  of  heat  in  exchanger  122  can  be  the 
gas  discharge  from  the  ammonia  compressor,  which 
can  be  cooled  from  the  discharge  temperature  of  about 
160°Ftonear  its  saturation  temperature  of  100°F  by  this 
exchange.  In  this  way,  the  sensible  refrigeration  poten- 
tial  of  the  C02  refrigerant  vapor  is  used,  and  the  load  on 
the  ammonia  condensers  is  reduced.  The  warmed  C02 
gas  1  24  is  then  combined  with  the  flow  going  to  the  suc- 

tion  of  the  second  stage  of  C02  compression  68.  If  C02 
from  storage  is  used  for  drier  regeneration,  regeneration 
flow  1  26  may  also  be  combined  and  sent  to  the  suction 
of  compressor  68. 

5  [0046]  Additional  heat  may  be  used  for  the  purification 
column  reboiler  by  subcooling  ammonia  condensate  in 
a  separate  set  of  reboiler  tubes  1  30.  This  allows  product 
purity  to  be  achieved  with  a  smaller  and  less  expensive 
column  84  than  if  reboiler  heat  were  limited  to  the  col- 

10  umn  feed  stream.  It  also  provides  operational  flexibility 
in  adjusting  boil-up  rate  to  achieve  required  product  pu- 
rity. 
[0047]  The  method  of  the  invention  is  fully  automated 
by  use  of  a  programmable  logic  controller  (not  shown). 

is  The  system  starts  automatically  when  vapor  is  recov- 
ered  from  the  freezer,  adjusts  itself  during  operation  to 
variations  in  the  recovered  gas  flow  conditions,  and 
shuts  down  automatically  when  the  flow  of  recovery  gas 
from  the  freezer  is  interrupted.  Also,  automated  control 

20  improves  the  suitability  for  installation  at  food  freezing 
facilities. 
[0048]  Net  energy  consumption  per  ton  of  liquid  C02 
recycled  is  about  210  kWh/ton  for  the  present  invention 
(for  a  90%  C02  feed  stream),  which  is  significantly  less 

25  than  the  460  kWh/ton  estimated  for  the  prior  art  system 
described  in  Duron  et  al.  discussed  above.  The  estimat- 
ed  capital  cost  of  the  proposed  system  is  also  signifi- 
cantly  less  than  that  reported  by  Duron  et  al.  There  are 
several  factors  that  lead  to  the  economic  advantage  of 

30  the  invention.  First,  the  system  employs  equipment  of 
standard  design  that  is  widely  used  in  C02  production 
plants.  Second,  C02  refrigerant  can  efficiently  achieve 
vent  condenser  temperatures  approaching  -69.9°F  (the 
triple  point  temperature  of  C02)  without  requiring  vacu- 

us  urn  operation.  Third,  the  process  employs  both  C02  re- 
frigerant  and  ammonia  refrigerant  in  the  temperature 
ranges  where  they  are  best  suited  and  most  efficient. 
Finally,  the  process  makes  efficient  use  of  energy 
through  heat  interchange  between  process  streams;  for 

40  example,  the  refrigeration  content  of  the  freezer  vapor 
is  not  wasted,  but  is  used  to  provide  aftercooling  for  the 
first  stage  of  C02  compression. 
[0049]  The  method  of  the  invention  can  operate  over 
a  range  of  feed  gas  conditions.  For  example,  the  proe- 

ms  ess  can  operate  at  lower  or  higher  feed  C02  concentra- 
tions  than  the  90%  C02  concentration  described  here. 
When  the  feed  C02  concentration  decreases,  however, 
several  consequences  occur:  the  C02  loss  from  the  col- 
umn  vent  1  02  increases,  the  fraction  of  freezer  demand 

so  met  by  recycled  liquid  C02  decreases,  the  cost  per  unit 
of  recycled  C02  increases,  and  the  economic  savings 
to  the  entire  freezer  operation  decreases.  The  preferred 
range  of  feed  C02  concentration  is  about  85-1  00%.  The 
temperature  of  the  feed  stream  can  vary,  depending  on 

55  the  temperature  of  freezer  operation.  Typical  freezer 
temperatures  are  in  the  range  of  about  -110°F  to  0°F. 
[0050]  The  flow  rate  of  vapor  recovered  from  the 
freezer  may  vary  over  a  wide  range  due  to  different  op- 
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erating  modes  of  the  freezer,  and  depends  on  the  type 
and  size  of  the  equipment  selected.  In  the  preferred  em- 
bodiment  of  the  invention,  the  compressors  used  are 
screw  compressors,  which  can  operate  over  a  wide  flow 
range,  typically  a  10:1  ratio  of  maximum  to  minimum 
flow.  Typically,  the  compressor  capacity  is  chosen  to 
provide  the  desired  balance  of  efficiency  and  operation- 
al  flexibility  for  the  expected  flow  rates. 
[0051]  An  embodiment  of  the  present  invention,  used 
for  recycle  of  C02  from  a  food  freezer,  combined  with 
subcooling  of  the  liquid  cryogen,  is  shown  in  Fig.  5.  Liq- 
uid  CO2200  is  introduced  into  freezer  202  through  spray 
valves  and  other  methods  known  in  the  art.  A  portion 
204  of  the  freezer  vapor  is  removed  from  freezer  202  by 
use  of  a  blower  206  and  sent  through  a  pipe  208  to  C02 
recycle  system  210.  Recycle  system  210  embodies  the 
system  shown  in  Fig.  4.  A  valve  21  2  may  be  opened  or 
closed  to  vent  the  freezer  vapor  to  atmosphere  if  it  is  not 
suitable  for  recycle,  or  if  there  is  excess  vapor  available 
beyond  the  capacity  of  the  recycle  system  210.  Vapor 
may  not  be  suitable  for  recycling  if  the  concentration  of 
C02  is  too  low  for  proper  operation  of  the  recycle  sys- 
tem. 
[0052]  Recycled  liquid  C02  214  produced  by  the  re- 
cycle  system  210  is  combined  with  a  make-up  stream 
of  merchant  liquid  C02  216  obtained  from  bulk  storage 
tank218.  In  one  preferred  embodiment,  the  recycled  liq- 
uid  and  the  make-up  liquid  are  both  subcooled  at  -50°F 
and  300  psig,  and  the  storage  system  218  is  a  sub- 
cooled  storage  system.  The  flows  of  recycle  liquid  and 
make-up  liquid  must  be  controlled  to  supply  the  required 
flow  of  liquid  C02  200  to  freezer  202.  One  means  of 
achieving  this  is  to  allow  the  recycle  liquid  214  to  flow 
into  a  tank  220,  and  to  vary  the  flow  of  make-up  liquid 
216  into  tank  220  to  maintain  a  constant  level  in  tank 
220.  This  also  blends  the  two  liquid  streams  to  achieve 
a  uniform  composition  in  the  liquid  supplied  to  freezer 
202.  Other  methods  of  combining  make-up  liquid  with 
recycled  liquid  can  be  used.  For  example,  the  make-up 
liquid  can  be  introduced  at  some  point  in  C02  recycle 
process  210,  or  the  recycle  liquid  21  4  can  flow  into  the 
storage  tank  218. 

Embodiment  Modifications 

[0053]  The  system  design  described  above  may  be 
modified  to  use  different  sources  of  gas  for  the  regen- 
eration  of  the  adsorbent  driers.  Column  vent  gas  102 
from  column  84  (Fig.  4)  may  be  heated  and  sent  to  drier 
beds  78  or  80  to  regenerate  the  adsorbent  in  the  beds. 
The  regeneration  gas  heats  the  solid  adsorbent  and  car- 
ries  away  the  moisture  driven  off  the  bed.  For  example, 
if  the  concentration  of  C02  in  the  recovered  freezer  va- 
por  is  below  about  95%,  then  the  flow  of  column  vent 
gas  would  be  sufficient  for  its  use  as  drier  regeneration 
gas.  If  the  feed  C02  concentration  is  above  about  95%, 
then  the  vent  gas  flow  will  be  insufficient  to  fully  regen- 
erate  the  drier  beds.  In  that  case,  liquid  C02  from  bulk 

storage  can  be  vaporized  to  supplement  or  replace  the 
vent  gas  for  regeneration.  Alternatively,  other  sources 
of  dry  C02  vapor,  such  as  C02  refrigerant  vapor,  may 
be  used  for  regeneration. 

5  [0054]  If  vent  gas  is  used  for  drier  regeneration,  it  is 
released  to  the  atmosphere  so  that  the  non-condensa- 
ble  gases  (nitrogen,  oxygen,  etc.)  are  removed  from  the 
process.  If  C02  vapor  is  used  for  regeneration,  it  can 
then  be  either  released  to  the  atmosphere,  or  recycled 

10  to  the  compression  steps  to  be  recovered. 
[0055]  The  design  may  be  modified  to  achieve  the 
most  economical  design,  given  the  type  of  equipment 
designs  commonly  available  for  different  capacities.  For 
example,  a  single  compound  C02  compressor  may  be 

is  used  forthe  two  stages  of  C02  compression,  ratherthan 
using  two  separate  compressors.  The  single  compres- 
sor  should  be  designed  for  the  introduction  of  streams 
at  intermediate  pressure,  such  as  C02  refrigerant 
stream  124  and  regeneration  gas  126  of  Fig.  4.  In  this 

20  embodiment,  heat  exchanger  52  is  used  to  cool  com- 
pressor  discharge  stream  70,  and  separator  66  is  elim- 
inated. 
[0056]  Different  compressor  designs  may  be  used, 
such  as  oil  flooded  screw,  oil  free  screw,  reciprocating, 

25  or  centrifugal  compressors.  The  design  of  compressor 
equipment  suitable  for  this  process  is  well  known  in  the 
art. 
[0057]  Heat  exchange  may  also  be  done  in  stages. 
For  example,  the  second  stage  aftercooler  heat  ex- 

30  changer  72  in  Fig.  4  may  be  two  units,  one  cooled  by 
water  or  ammonia  condensate  at  about  100°F,  and  the 
second  cooled  by  low  pressure  ammonia  at  either  about 
40°F  or  -25°F.  Other  heat  transfer  fluids  and  systems 
may  be  used  where  appropriate,  such  as  cooling  tower 

35  water,  ethylene  glycol,  propylene  glycol,  brines,  chlo- 
rofluorocarbons,  hydrocarbons,  etc.,  to  provide  cooling 
or  heating  as  required.  In  addition,  different  pairs  of 
process  streams  may  be  chosen  for  heat  exchange.  For 
example,  the  C02  refrigerant  stream  may  be  heated,  be- 

40  fore  recycling  to  the  C02  compressor,  using  a  heat 
source  other  than  the  ammonia  compressor  discharge 
stream,  such  as  the  C02  compressor  discharge,  the  col- 
umn  feed,  ammonia  condensate,  etc.  Other  variations 
are  possible  and  will  be  apparent  to  those  skilled  in  the 

45  art,  depending  on  the  desired  capacity,  site  conditions, 
available  equipment,  and  economic  factors. 
[0058]  The  design  of  the  system  may  be  varied  to 
achieve  different  purities  of  recycled  liquid  C02.  For  ex- 
ample,  purification  column  84  may  be  designed  to 

so  achieve  high  purity  C02  equivalent  to  merchant  grade 
liquid  C02.  Alternatively,  the  design  of  the  process  may 
be  altered  to  produce  less  pure  liquid  C02  if  that  meets 
the  requirements  of  the  application,  and  if  it  achieves 
further  economic  savings.  One  way  in  which  this  modi- 

55  fication  may  be  achieved  is  to  use  less  packing  height 
(fewer  equilibrium  stages  of  separation)  in  a  distillation 
column  to  lower  the  product  purity  and  reduce  the  col- 
umn  cost. 
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[0059]  The  design  of  the  column  vent  condenser  1  00 
in  Fig.  4  may  also  be  varied  to  achieve  optimum  system 
economics.  The  design  condensation  temperature  may 
be  varied  from  as  warm  as  about  -10°F  (which  is  in  the 
range  employed  in  conventional  designs  using  ammo- 
nia  refrigerant)  to  as  cold  as  about  -69.9°F  (the  triple 
point  of  C02).  In  the  examples  given  herein,  the  vent 
stream  is  cooled  to  -50°  F  by  using  C02  refrigerant  at  - 
63°F,  with  a  13°F  approach  temperature  in  vent  con- 
denser  heat  exchanger  100.  The  C02  refrigerant  tem- 
perature  of  -63°F  results  from  the  decision  to  set  the  re- 
frigerant  pressure  at  86  psia,  or  about  1  0  psi  above  the 
triple  point  pressure  of  75  psia.  A  1  0  psi  increment  above 
the  triple  point  is  chosen  to  avoid  the  possibility  of  solids 
formation,  which  may  occur  if  the  pressure  falls  to  the 
triple  point  or  below.  The  formation  of  solids  in  the  C02 
refrigerant  may  clog  the  equipment.  However,  the  incre- 
ment  between  the  C02  refrigerant  pressure  and  the  tri- 
ple  point  pressure  may  be  more  or  less  than  1  0  psi,  de- 
pending  on  the  equipment  designs  used  and  on  operat- 
ing  experience. 
[0060]  In  addition,  vent  condenser  100  may  be  de- 
signed  to  operate  at  a  closer  approach  temperature  than 
the  13°F  used  in  the  examples  herein.  The  closer  the 
approach  temperature,  the  more  heat  transfer  area  is 
required,  and  the  higher  is  the  expense  of  the  equip- 
ment.  Typically,  minimum  design  approach  tempera- 
tures  of  5°F  to  20°F  are  employed,  but  the  final  value 
used  is  often  determined  so  as  to  achieve  an  economic 
optimum.  It  is  advantageous  to  operate  close  to  the  triple 
point  and  at  low  vent  temperatures,  as  long  as  reliable 
operation  is  maintained,  since  this  decreases  the  loss 
of  C02  in  the  vent  stream.  For  example,  if  the  C02  re- 
frigerant  stream  were  maintained  at  a  pressure  to 
achieve  a  -65°F  refrigerant  temperature,  and  the  ap- 
proach  temperature  in  the  exchanger  was  5°F,  a  vent 
temperature  of  -60°F  is  achieved.  As  shown  in  Fig.  3, 
this  reduces  C02  loss  to  5.98%  (for  a  90%  C02  feed), 
compared  to  a  loss  of  8.35%  for  a  -50°  F  vent.  The  op- 
timum  selection  of  refrigerant  temperature  and  pres- 
sure,  vent  conditions,  and  vent  condenser  design  will  be 
apparent  to  those  skilled  in  the  art. 
[0061]  Different  configurations  are  possible  for  the 
use  of  C02  refrigerant  to  achieve  incremental  cost  or 
operational  improvements.  For  example,  in  Fig.  4,  C02 
refrigerant  stream  98  may  be  directed  first  through  the 
vent  condenser  1  00,  and  then  to  the  product  subcooler 
110,  before  being  sent  to  heat  exchanger  122.  In  this 
way,  a  single  C02  refrigerant  circuit  is  used  instead  of 
two  separate  flows,  and  the  second  let  down  valve  106 
can  be  eliminated. 
[0062]  A  further  embodiment  uses  both  ammonia  re- 
frigerant  and  C02  refrigerant  in  vent  condenser  100  or 
product  subcooler  110.  Ammonia  refrigerant  at  about 
-25°F  may  be  used  to  provide  cooling  of  the  vent  stream 
to  about  -15°F  to  -20°F,  and  then  the  C02  refrigerant 
can  be  used  to  further  lower  the  process  stream  tem- 
perature  to  about  -50°F  or  less.  This  alternative  can  re- 

duce  the  required  flow  of  C02  refrigerant,  thereby  re- 
ducing  C02  compression  capital  and  operating  costs, 
and  also  reducing  the  size  and  cost  of  the  heat  exchang- 
ers,  vessels,  and  column  between  the  C02  compressors 

5  and  the  product  subcooler.  However,  this  design  also 
increases  the  required  size  and  cost  of  the  ammonia  re- 
frigeration  system,  and  may  require  additional  heat  ex- 
changers. 
[0063]  The  extent  of  product  subcooling  may  be  in- 

10  creased  by  the  use  of  C02  refrigerant  at  lower  temper- 
atures  and/or  by  reducing  the  minimum  design  ap- 
proach  temperature  in  product  subcooler  110.  Varying 
amounts  of  subcooling  may  be  achieved  by  cooling  the 
product  to  temperatures  between  about  0°F  to  about 

is  -69.9°F  (the  triple  point  temperature).  The  refrigeration 
content  of  the  liquid  C02  increases  as  the  product  tem- 
perature  decreases.  Therefore,  as  the  product  temper- 
ature  decreases,  less  liquid  C02  is  needed  to  provide  a 
given  amount  of  required  refrigeration  in  the  food  freez- 

20  er,  which  can  be  an  economic  advantage.  As  in  the  case 
of  the  vent  condenser  design,  the  selection  of  the  C02 
refrigerant  temperature,  product  temperature,  and  sub- 
cooler  design  will  be  made  to  achieve  optimum  system 
economics  while  maintaining  reliable  operation. 

25  [0064]  Product  subcooler  110  may  also  be  designed 
to  subcool  not  only  the  recycled  liquid,  but  also  any 
make  up  liquid  obtained  from  the  bulk  storage  tank.  This 
embodiment  allows  the  use  of  conventional  bulk  mer- 
chant  liquid  C02  storage  systems,  instead  of  the  more 

30  expensive  subcooled  storage  systems.  In  this  case, 
however,  the  C02  equipment  as  shown  in  Fig.  4  needs 
to  have  sufficient  capacity  and  design  for  the  higher  flow 
rate  of  C02  refrigerant  which  increases  the  cost  of  that 
portion  of  the  system.  This  type  of  system  may  also  re- 

35  quire  changes  to  the  freezer  equipment  and  operation. 
For  example,  the  freezer  may  need  to  operate  some- 
times  on  conventional  0°F  liquid  C02  when  the  recycle 
equipment  is  not  operating  due  to  maintenance  or  re- 
pair,  and  other  times  on  subcooled  liquid  C02. 

40  [0065]  A  further  embodiment  reduces  or  eliminates 
the  amount  of  product  subcooling,  and  produces  liquid 
C02  product  at  about  300  psig,  0°F  (equivalent  to  typical 
merchant  liquid  C02).  This  reduces  the  amount  of  re- 
frigerant  C02  required,  and  hence  capital  and  operating 

45  costs  of  the  recycle  system.  A  conventional  storage  sys- 
tem  can  be  used  instead  of  a  subcooled  storage  system. 
However,  the  freezer  liquid  C02  requirements  are  about 
20%  higher  for  liquid  supplied  at  0°F  versus  liquid  sup- 
plied  at  -50°F  (subcooled).  This  higher  requirement  ap- 

so  plies  to  both  the  recycled  liquid  and  any  make-up  liquid 
obtained  from  bulk  storage  of  merchant  product.  Be- 
cause  of  the  higher  liquid  C02  requirement,  this  alter- 
native  results  in  higher  total  costs  for  food  freezing  when 
compared  with  the  supply  of  subcooled  liquid. 

55 
DISTINCTIONS  OF  INVENTION  FROM  PRIOR  ART 

[0066]  The  prior  art  teaches  that  the  methods  em- 
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ployed  in  the  present  invention  would  not  be  expected 
to  be  successful.  For  example,  U.S.  Patent  4,639,257 
states  that  the  high  percentage  of  C02  in  the  vent  gas 
from  refrigerated  vent  condensers  is  due  to  equilibrium 
conditions  in  the  gas  mixture  at  the  usual  condenser  op-  s 
erating  conditions.  In  the  given  example  therein,  for  the 
recovery  of  C02  from  mixtures  containing  light  hydro- 
carbons,  the  usual  condenser  pressure  of  290  psia  and 
temperature  of  -22°F  lead  to  vapor  concentrations 
around  60-70%  C02.  The  '257  patent  also  states  that  10 
this  situation  is  not  substantially  improved  by  operation 
at  lower  temperatures,  which  may  lead  to  azeotrope  for- 
mation  and/or  solidification  of  C02. 
[0067]  U.S.  Patent  4,990,168  states  that  a  conven- 
tional  200  ton  per  day  plant  with  high  C02  concentration  is 
feed  has  a  vent  stream  of  about  75%  C02,  causing  a 
loss  of  10-15%  of  the  feed  C02.  In  contrast,  the  present 
invention  achieves  much  lower  vent  C02  concentrations 
and  lower  vent  losses  of  C02.  For  example,  with  the 
present  invention  a  vent  concentration  of  only  43%  C02  20 
is  achieved  at  a  -50°F  vent  temperature.  This  low  vent 
temperature  is  achieved  by  using  low  temperature  C02 
refrigerant  at  -63°F  and  a  13°F  approach  temperature 
in  the  vent  condenser. 
[0068]  Using  a  low  temperature  refrigerant  reduces  25 
vent  losses  from  above  30%  of  the  feed  content  for  a 
conventional  system  (-20°F  vent  condenser)  to  only  8% 
(for  a  -50°F  vent)  when  the  present  invention  is  used  to 
treat  a  90%  C02  feed.  Losses  may  be  further  reduced 
by  using  lower  C02  refrigerant  temperatures  (as  low  as  30 
the  triple  point  of  -69.  9°  F)  and  by  designing  the  vent  con- 
denser  for  closer  approach  temperatures. 
[0069]  The  prior  art  teaches  that  the  vapor  to  be  re- 
covered  from  freezers  is  of  low  purity  and  cannot  eco- 
nomically  be  recovered  by  methods  as  taught  here.  For  35 
example,  U.S.  Patent  4,952,223  states  that  vapor  in 
freezers  is  significantly  less  than  89%  C02,  and  proba- 
bly  about  50%  C02.  Although  U.S.  Patent  5,186,008 
proposes  a  method  for  increasing  the  C02  concentra- 
tion  in  the  freezer  to  higher  levels,  the  patent  still  pro-  40 
poses  to  use  the  PSA  system  of  U.S.  Patent  4,952,223 
for  liquefaction  and  purification,  thereby  suffering  the 
disadvantages  thereof. 
[0070]  U.S.  Patent  4,952,223  states  that  decreasing 
column  condenser  temperature  to  decrease  losses  (as  45 
is  done  in  this  invention)  suffers  from  significant  disad- 
vantages.  For  example,  the  '223  patent  states  that  in 
conventional  systems  the  purification  column  is  made 
of  inexpensive  carbon  steel,  which  can  be  used  with 
temperatures  as  low  as  -35°F.  Stainless  steel  must  be  so 
used  for  temperatures  below  -35°F,  with  a  significant  in- 
crease  in  material  cost.  However,  it  has  been  found  that 
in  the  invention  hereof,  surprisingly  only  the  column  vent 
condenser  needs  to  be  made  of  stainless  steel. 
[0071]  Fig.  6  presents  a  calculated  temperature  pro-  55 
file  in  C02  distillation  column  84,  when  operated  accord- 
ing  to  the  present  invention.  Stage  1  represents  the  col- 
umn  vent  condenser,  Stages  2  through  11  are  the  equi- 

librium  stages  in  the  column  itself,  and  Stage  12  repre- 
sents  the  reboiler.  The  temperature  at  the  first  equilibri- 
um  stage  at  the  top  of  the  column  (Stage  2)  is  calculated 
to  be  only  -1  5°F,  and  the  balance  of  the  column  operates 
at  warmer  temperatures,  allowing  the  column  to  be 
made  of  carbon  steel. 
[0072]  By  providing  recycled  and  make-up  liquid  C02 
at  subcooled  (-50°  F,  300  psig)  conditions,  rather  than  at 
conventional  saturated  (0°F,  300  psig)  conditions,  cost 
savings  are  achieved  by  a  reduction  in  required  liquid 
C02  flow  for  a  given  refrigeration  demand.  For  example, 
the  enthalpy  difference  between  saturated  liquid  C02  at 
0°F  and  C02  vapor  at  -80°F  (a  typical  freezer  operating 
temperature)  gives  a  theoretical  available  refrigeration 
content  of  118.8  BTU/lb  of  liquid  C02.  The  correspond- 
ing  theoretical  available  refrigeration  for  subcooled  liq- 
uid  C02  at  -50°  F  is  143.3  BTU/lb  of  liquid  C02.  For  a 
fixed  refrigeration  load  in  a  freezer,  the  use  of  subcooled 
liquid  C02  will  achieve  a  1  7.  1  %  decrease  in  the  required 
flow  of  liquid  C02.  This  reduces  both  the  size  and  cost 
of  the  recycle  system  required  and  also  the  amount  of 
make-up  merchant  liquid  C02  which  must  be  pur- 
chased.  Both  factors  result  in  significant  economic  sav- 
ings. 
[0073]  It  should  be  understood  that  the  foregoing  de- 
scription  is  only  illustrative  of  the  invention.  Various  al- 
ternatives  and  modifications  can  be  devised  by  those 
skilled  in  the  art  without  departing  from  the  invention. 
Accordingly,  the  present  invention  is  intended  to  em- 
brace  all  such  alternatives,  modifications  and  variances 
which  fall  within  the  scope  of  the  appended  claims. 

Claims 

1.  A  method  for  recovery  of  C02  from  an  inlet  feed 
stream  containing  a  low  concentration  thereof, 
comprising  the  steps  of: 

a.  compressing  said  inlet  feed  stream  to  a  high 
pressure,  and  cooling  the  compressed  stream; 
b.  applying  said  feed  stream  compressed  dur- 
ing  step  a)  to  a  distillation  column,  wherein  said 
feed  stream  is  converted  into  a  vent  gas  includ- 
ing  C02  and  a  high  purity  bottom  liquid  C02; 
c.  expanding  a  portion  of  said  high  purity  bottom 
liquid  C02  to  achieve  a  cooled  liquid  C02  re- 
frigerant  flow;  and 
d.  condensing  C02  from  said  vent  gas  through 
heat  exchange  against  said  cooled  liquid  C02 
refrigerant  and  reintroducing  said  condensed 
C02  into  said  column;  and 

wherein  the  remaining  portion  of  said  high  pu- 
rity  bottom  liquid  C02  forms  a  liquid  C02  product 
outflow. 

2.  The  method  as  recited  in  claim  1,  comprising  the 
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added  step  of: 

e.  subcooling  said  high  purity  bottom  liquid  C02 
through  heat  exchange  against  said  cooled  liq- 
uid  C02  refrigerant.  s 

3.  The  method  as  recited  in  claim  1,  comprising  the 
added  step  of: 

e.  recycling  flow  of  said  C02  refrigerant,  sub-  10 
sequent  to  said  condensing  step  d.  by  subject- 
ing  said  flow  to  steps  a.  -  d. 

4.  The  method  as  recited  in  claim  3,  comprising  the 
added  step  of:  15 

f.  recycling  flow  of  said  C02  refrigerant,  subse- 
quent  to  said  subcooling  step  e)  by  subjecting 
said  flow  to  steps  a.  -  e. 

20 
5.  The  method  as  recited  in  claim  1  ,  wherein  said  inlet 

feed  stream  includes  a  C02  concentration  in  a 
range  of  about  70%  to  100%. 

6.  The  method  as  recited  in  claim  1  ,  wherein  step  a.  25 
removes  entrained  moisture  in  said  compressed 
flow  and  accumulates  said  moisture  in  an  adsorb- 
ent,  and  said  method  includes  the  further  step  of: 

e.  subsequent  to  condensing  step  d.,  heating  30 
remaining  vent  gas  and  feeding  said  vent  gas 
that  has  been  heated  past  said  adsorbent  to  re- 
move  moisture  therefrom. 

7.  The  method  as  recited  in  claim  1  ,  wherein  said  cool-  35 
ing  in  step  a)  comprises  two  stages  of  cooling,  and 
wherein  between  said  cooling  stages,  said  com- 
pressed  stream  is  filtered  to  remove  entrained  bac- 
teria. 

40 
8.  The  method  as  recited  in  claim  3,  wherein  said  high 

purity  bottom  liquid  C02  is  supplemented  with  make 
up  high  purity  liquid  C02  obtained  from  an  inde- 
pendent  storage  system  prior  to  subcooling. 

9.  The  method  of  claim  1  ,  further  comprising  partially 
condensing  C02  from  said  vent  gas  through  heat 
exchange  against  an  ammonia  refrigerant  immedi- 
ately  prior  to  step  d. 

10.  The  method  of  claim  3,  further  comprising  partially 
subcooling  said  high  purity  bottom  liquid  C02 
through  heat  exchange  against  an  ammonia  refrig- 
erant  immediately  prior  to  step  e. 

45 
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