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COMPARATIVE ENERGY USE OF VACUUM,
HYDRO, AND FORCED AIRCOOLERS
FOR FRUITS AND VEGETABLES

J.F. Thompson, P.E. Y.L. Chen

ABSTRACT

Energy use eff iciency of cooling systems varys with the type of coo' ler used. Vacuum coolers
are the most eff icient, fo' l lowed by hydrocoolers, water spray vacuum coo'lers, and forced-air
coolers. Levels of non-product heat input and operational practices have been identif ied as
reasons for the differences. Energy use eff iciency varys signif icant' ly

within coolers of the same type. Leve'l of product throughput, com-
nnd'i ty type, and operational procedures have.been identif ied as major reasons for this.

II{TRODUCTIOl{

Cooling perishable conmodit ies as quickly as possible after harvest has become a widely used
method of maximizing post harvest ' l i fe. Four rethods of cooling are cormonly used.

Vacuum cool ing is  used for  cer ta in  vegetable crops.  I t  is  bas ica l ly  an evaporat ive
cooling process where water is supplied by the connodity being cooled (Greiner and Kleis
1962). Absolute pressure surrounding the cormodity is reduced, which results in lowering
the boil ing tenperature of water. I f  the pressure is lowered enough, water wil l  boi l  at the
temperature of the vegetab' le. Sensible heat is given up by the product to change f iquid
water into water vapor, and the product cools, l , lushrooms and'leafy vegetables, such as
lettuce, release water vapor rapidly enough to be practica' l ly used with vacuum coo'l ing
(Fr iedman and Radspinner  . |956) .  Cool ing t ime var ies f rom 0.5 hours for  head' le t tuce to  two
hours for cau I i f 

'lower 
.

Water spray vacuum cooling is a variat'ion of vacuum cooLing. Water is spreyed on the
cormodity just before actual temperature drop begins and sometimes just before the cooling
cycle ends. The added water supplies much of the water which evaporates, result ing in less
water being rennved from the product itse'lf. Celery, 1eaf lettuces, and green onions may be
cooled wi th  th is  method.  Cool ing t imes are 0.5 to  0.6 hours.

Hydrocool ing uses ch i l led water  to  cool  per ishable connrd i t ies (Mi tchel l ,  Gui l ' lou and
Parsons 1972). Water is distr ibuted over the top iurface of fruit  or vegetables which may
be packed jn boxes or pa1let bins. After passing through the cormodity, water is co' l lected,
recooled,  and used again for  cool ing.  Peaches,  p lums,  nectar ines,  cherr ies,  sweet  corn,
ce' lery, radishes, and carrots are conmonly hydrocooled. Cooling t ime is similar to that of
vacuum cool ing.

Forced a i r  cool ing ut i l izes a i r  as a coo ' l ing nedium ( l - l i tchel l ,  Gui l lou and Parsons
1972). Refrigerated air is forced through stacks of vented containers by creating a
pressure difference across the containers. The system is set up in a refr igerated room with
enough refr igerating capacity to handle the large heat load associated with the rap' idly
coo ' l ing product .  Caul i f lower ,  s t rawberr ies,  melons,  v ine-r ipe red tomatoes,  grapes,  and
peppers are coflmon]y forced-air cooled. Forced-air cooling t imes range from two hours for
packed strawberries to 24 hours for boxes of paper wrapped pears.
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A'l imited amount of research has been done on energy use in coolers. An engineering
consult ing f irm (Anon l98l) reported that one lettuce vacuum cooler operation had an eneigy
use.of_0.25 kl ' lh.per carton. (A carton of head lettuce weighs 50-60 lb (23-Z7kg) and is
typical ly cooled f1^om field temperatureg of 60-70 F,(l5e-z5c) to a f inal tempeiature of
95-q9 | (1C-4C), ' . !omg of the earl iest work on a1 ice, Cdoled hydrocooler.(Reii t ,  Smith and
Benfield 1955) indicated an average ener! 'y use of 0,0147 lb of melted ice per l5-F
(0.0265kg/kg-C) of produqt cooling. Energy use rang,ed from 0.0114 lb/ lbF to 0.0194 lb/ lb-F
(0.021 kg/kg-C to 0.035 kg/kg-C )  wi th  resul t ing energy use ef f i i ienc ies of"0.32 to  0.53
(sensible heat removed from product divided by total -ooling effect used)
Thev suggested that eff iciency was low because of cold watei spi l laqe and]ack of insula.
t ion. Other work (Perry and Perkins 1968) indicated lhat energy eff iciency could be
improved by reducing the vo1ume of water contained in"a hydrocooter. This-redirces energy
used to cool water before the start of each day's cooling. Perry and Perkins also indicited
that uninsulated hydrocooler surfaces result in excess heat gain during operation. l{e have
not found any reported energy use data for forced-air cooling operations.

This paper surnarizes research we have done on energy use of cormercial scale cooling
systems. lle determined the energy use for the four main types of coolers and identified
possible reasons for differences in energy use between the systems.

TIATERIALS AtlD IIETHODS

}le co' l lected monthly gti l i lv bi l ls and monthly. product throughput data for eight vaiuum
coolers which cooled head lettuce and cauli f lower; four watei spray vacuum co6lers
!! iqn_cooled celery and leaf lettuces; three.forced-air cooling opLrations which cooled
kiwi fruit,  peqrs, or strawberries; and seven hydrbcoolers whiih cooled peaches or
pears. These data and product temperature data from cooler managers were used to
calculate energy use eff iciencies

Detailed energy use.monitoring was conducted on two hydrocoolers and two vacuum
coo'lers. Al l  electr icity inputs were.npnitored with ki lowatt meters. Product weiqhts
and incoming and outgoing temperatures were measured. Details of vacuum and hydrol
cgoler_monitoring are contained in Thompson, Chen and Rumsey 0996) and Thompson and
Chen (1986). These data were usg{ to evaluate the level of-heat inputs to cbolers and
verify overal l  energy use eff iciency data calculated from company rbcords.

Heat inputs to the three forced-air coolers were calculated based on standard ASHRAE
procedures (ASHRAE 1977), us' ing.construction detai ls and operational procedures pro-
vided by cooler managers. l.l9 did.not have enough operational data gn water spray
vacuum coolers to calculate heat inputs.

t .

2 .

3 .

RESULTS AIID DISCUSSIOI{

Energy eff iciency data are expressed as a4 ehergy coeff icient (EC). Where:

t. |  is the sensible heat removed from the product, assuming a specif ic heat of 0.90 Btu/lb-F
(3.8 kJ/kg-C) for fruits and 0.95 Btu/]b-F (a.0 kJ/kg-C)-for vegetables and E is the
electr ical energy (expressed in Btu) consumed in operating the cooler.

Figure 1 is q-plot of the EC data for the four types of coolers. The data clearly show
that there are differences in elergy efficiency between cooler types. Average energy coef-
f ic ient  was 1.8 for  vacuum cool ing,  l .4  for  hydrocool ing,1. .1  for  water ,spray vacuum
cooling, and 0.4 for forced-air cooling. There are also large differences between coolers
of the same type for vacuum coolers and hydrocoolers. Vacuum coo'lers and hydrocoolers had
a range of 0.8 and 

'1.3 respectively. The three forced-air coolers and four water spray
vacuum coolers had less variabi l i ty within each type. 0n the basis of the other two types
of coolers, we expect addit ional data would reveal nore variable energy eff iciency use
data for forced-air and water spray coolers.

f i )t.|
EC=  T
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Var iat ion between cooler  types is  par t ia l ly  expla inable by the levels  and types of  heat
input  to  them. Water  spray vacuum coolers,  hydrocoolers,  and forced-a i r  coolers  have a
number of heat inputs other than the product, whi ' le vacuum coolers remove heat only from the
product .  There are no l ights ,  l i f t  t rucks,  or  people in  a vacuum cooler .  A vacuum cooler
is  obv jous ly  sea ' led t ight ' ly  dur ing operat ion,  so in f i l t ra t ion does not  contr ibute heat  to
the system. Very 1ow atmospher ic  pressure in  the chamber l imi ts  conduct ion heat  exchange.
Radiant heat exchange is small because of the small temperature difference between the
chamber and the product. Table I shows heat inputs to the three types of coolers. The
forced-air coo' ler data is an average of the data calculated from the three operations we
stud' ied. The hydrocooling data is an average calculated from data'presented by Thompson and
Chen .|985. Water spray vacuum coo'lers have most of the same low extraneous heat input advan-
tages as vacuum coolers do. However, the water reservoir i .nside the coo' ler must be cooled
to operat ing temperature each day and about  150 gal lons (570 ' l i ters)  o f  co1d water  leave the
cooler with the wetted boxes and product on each 400 carton load. Also the co]d water spray
coo' ls  the s ' ide wal ls  o f  the retor t  a ' l lowing heat  to  be conducted in to the cooler .  These
factors are at  least  par t ia l ly  responsib le for  the low ef f ic iency of  water  spray vacuum
coolers compared wi th  vacuum coolers.

The heat input data indicate that fan operat ' ion is part of the reason for the low eff i-
c iency of  forced-a ' i r  coo1ers.  Improper  des ign and operat ion of  a ' i r  moving systems' is  par t
of  the reason for  th is  h igh level  o f  heat  input .  For  example,  in  the k iwi  f ru i t  cooler ,  the
ai r  moving system consis ted of  a  cormon a i r  p lenum for  f ive coo ' l ing posi t ions (see f igure
2) .  A l l  f ive ' lower  fans must  be operated to  cool  just  one posi t ion because of  the comnon
plenum. A set  o f  louvers on each posi t ion would a l low fans in  unused posi t ions to  turn of f
' i f  the entire coo' ler is not needed. t le also found that there t.tas no pressure drop across
the top f ive fans during coo' l ing. This suggests that these fans are not needed and cou'ld be
removed and replaced wi th  severa l  large openings.  For  th is  par t icu lar  cooler  the changes we
have suggested could reduce fan energy use by as much as 50%.

But ,  h ' igh levels  of  heat ' input  f rom sources other  than the cooled conunodi ty  do not
expla in a l l  o f  the poor  ef f ic iency of  forced-a i r  coolers .  A1 ' l  o f  the forced-a i r  coo ' lers  we
studied also stored fruit for varying lengths of t ime. The strawberry cooler stored fruit
after cooling for a few hours to a day. The pear cooler stored fruit for as long as one
month,  and the k iwi  f ru i t  cooler  he1d f ru i t  for  up to  s ' ix  months.  The data we presented
were only  for  the t ime when cool ing was 'actua ' l ly  be ing done,  but  the s torage or  temporary
hold ing rooms u{ere operat ing dur ing th is  t ime and contr ibuted to  the overa l l  energy use.
A'lso, forced-air coolers are usually not turned off i f  there is no product to be cooled
because of the need to keep the faci l i ty coo] and ready for the next load'. Vacuum coolets,
water spray vacuum coolers, and hydrocoolers are usually shut down between loads.

Di f ferences in  energy coef f ic ient  among vacuum coolers are par t ia l ly  a  resul t  o f  not
operat jng a cooler  a t  fu l l  capaci ty  and of  the type of  product  cooled.  For  example,  a t  one
of  the vacuum coolers we mon' i tored,  the EC for  a  fu ' l ly ' loaded coo]er  averaged 3.0 (see
Table 2). However, three out of the ten runs of the day had'only a haif loaci of product and
operated wi th  an average EC of  2 .0.  One run was a ' load of  caul j f lower  whjch had an EC of
only  1.0 because of  the l .B hours requi red to  cool  caul i f lor r ,er  versus an average of  0 .4
hours for lettuce. The net effect of these ineff iciencies was an average EC of 2.1 for the
en t i re  day ' s  coo l i ng .

Thompson,  Chen and Rumsey ( . |985) ,  prov ide data to  sh0w that  cont inuous operat ion of
vacuum cooler refr igeration compressors, even when there is no demand for refr igerant, which
is  very cornmon wi th  equipment  us ing screw compressors,  can resul t  in  excess energy use.
Some vacuum coolers are operated with reciprocating compressors and they are usually
control led so that as refr igerat ' ion demand decreases, equipment is turned off.  Their data
should show that  coolers  wi th  th ' is  type of  des ign would use at  least  10% less energy than
coolers w' i th  cont inuously  operat ing compressors.  A cooler  managed to mjn imize energy use
may achieve a month ly  average energy coef f ic jent  c lose to  the 2.5 maximum, but  poor  use of
cooler  capaci ty  and poor  operat ional  techniques can lead to  the 1.8 average for  the vacuum
coo l i ng  da ta  seen  i n  F igu re  1 . .

Hydrocool ing data ind icated s imi lar  reasons for  var ia t ion in  EC resul ts .  Table 3 shows
that for the two coolers tested, the f irst cooling run for the day had an average EC of
about 0.6 because of the energy required to cool the large water reservojr before product
coo f i ng  cou ld  beg in .  EC da ta  fo r  i nd i v idua l  runs  a f te r  i n i t i a l  wa te r  coo ldown  was  much
h' igher ,  ranging f rom 1.1 to  

. | .6 .  Hydrocoolers that  coo ' l  on ' ly  a  few loads of  product  per  day



wi' l ' l  have lower eff ic iencies than coo' lers that have many loads per day. However,  the EC of
the  cont inuous  f low coo le r  cou ld  have been increased even fu r ther  i f  i t  had  been opera ted  a t
g rea ter  p roduc t  th roughputs .  Each o f  the  runs  l i s ted  in  the  tab le  las ted  fo r  on ly  about  one
hour .  Dur ing  th is  hour ,  i t  was  no t  comp ' le te ly  fu1 l  o f  f ru i t  fo r  the  f i rs t  20  minu tes  as  i t
w a s  b e i n g  f i l l e d  a n d  n o t  c o m p l e t e l y  f i l l e d  f o r  t h e ' l a s t  2 0  m i n u t e s  a s  i t  w a s  b e i n g  e m p t i e d .
Th is  caused an  average produc t  th roughput  o f  45  b ins  o f  f ru i t  per  hour ,  when the  coo le r  i s
capab le  o f  B0 b ins  per  hour  when opera ted  in  a  fu11y  loaded fash jon .  There fore ,  heat  inpu ts
fo r  water  pumps,  conduct ion ,  in f i l t ra t jon ,  condensat ion ,  and water  leakage,  tha t  a re  a  func-
t jon  o f  opera t ion  t ime,  a re  spread over  near ly  ha l f  as  many b ins  as  they  wou ' ld  have been i f
the  coo le r  had been opera t ing  a t  fu11 capac i ty .  Var ia t ion  in  leve ls  o f  p roduc t  th roughput
cou ld  eas i l y  account  fo r  the  range o f  hydrocoo ler  EC data  seen in  F igure  1 .

Inadequate  insu la t ion  and excess  water  pumping  capac i ty  have a lso  been ident ' i f ied  as
reasons fo r  excess  energy  use  in  hydrocoo lers .  But  near ly  a l l  the  da ta  in  F igure  I  were
f rom coo lers  bu i l t  by  one company and had s imi la r  leve ls  o f  insu la t ion  and water  pumping
capac i ty .

Other  causes  fo r  var ia t ion  jn  EC data  fo r  coo le rs  may be  des ign  and majn tenance o f
re f r igera t ' ion  sys tems,  We d ' id  no t  eva lua te  these fo r  the  opera t ions  we s tud ied ,  bu t  o thers
(Hampson '198. | )  

have d iscussed these ' in  de ta i l .

CONCLUSIONS

Opera tor  records  and f ie ' ld  tes t ing  ind ' i ca te  tha t  there  is  a  w jde  range in  energy  e f f i c ien-
c ies  (as  measured by  an  energy  coef f i c ien t  equa l  to  coo l ing  work  done d iv ided by  energy
purchased to operate cooler) between conmercial ly operated frui t  and vegetab' le coolers.
Vacuum coo ' le rs  have the  h ighes t  leve1s  o f  energy  e f f i c ' iency ,  fo l lowed in  decreas ing  order  by
hydrocoo lers ,  water  spray  vacuum coo lers ,  and fo rced-a i r  coo le rs .  There  is  a lso  s ign i f i can t
var ia t ion  among coo le rs  o f  the  same type.  In  fac t ,  an  ine f f i c ien t  vacuum coo ler  can  have
lower  energy  e f f i c ienc ies  than an  e f f i c ien t  hydrocoo ler .  Leve ls  o f  non-produc t  heat  inpu t
was demonstrated to be a major reason for the di f ference between cooler types. Operat ional
p rocedures  such as  us ing  a  fo rced-a i r  coo le r  fo r  p roduc t  s to rage and no t  shu t t ing  down a
cooler between cyc1es can also contr ibute to di f ferences between cooler types.

Var iab i1 ' i t y  among coo1ers  o f  the  same type can be  caused by  l )  no t  us ing  a  coo le r  a t
max imum capac i ty ,  2 )  type  o f  cornmodi ty  coo led  jn  a  vacuum coo ler ,  (cau l i fower  coo ls  less
e f f i c ien t ' l y  than head ' le t tuce)  and 3)  opera t iona l  p rocedures  (such as  no t  tu rn ' ing  o f f  equ ip -
ment between coo'l i ng cyc les ) .
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TABLE 2

Effect of 0perating Conditions on

EC

Energy Coefficient of a Vacuum Cooler

Fu ' l ' f  y  l oaded  re to r t  ( l e t t uce )  3 .1 ,  2 .2 ,  3 ,4 ,  3 ,1 ,  3 .0
Ha l f  f u l l  r e to r t  ( l e t t uce )  2 .2 ,  2 .2 ,  2 .0
Fu'l ' ly loaded Retort (Cauli f lower) 1.0
Dai ly average
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TABLE 1

Distr ibution of Heat Input to Fruit and Vegetable Coolers

Percent of Total Heat Input

100 54 47
0937
0377
008
001

3.0
2 .0
1 .0
2 .L

TABLE 3

Energy Coefficient Data for Two Hydrocoolers

Coeffi c i ent

Cooler

A (bath type)

B (cont inuous f low)

0 .55

0 .73

1.2

1.. 1

1 .1

1 .5

1.3

1 .1

1 .0

1 .11 .5

L /
IndiVidual runs are weighted according to amount of coo1ing nork done per
run to determi ne dai ly average.
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Discussion

W.C. FAIRBANK, University of California, Riverside: For better vacuum cooling, why not shower
the commodity with cold water before packaging to provide more moisture for evaporation?

J.F. THOMPSON; Water spray vacuum cooling uses this idea by wetting the commodity in the
vacuum cooler just prior to cooling. It reduces product moisture loss and wilting but does require
the use of a carton that will withstand being wetted.

E.G. PLETT, Carleton University, Ottawa, Ontario: Does the removal of moisture from fruit or
vegetables in the vacuum cooling process degrade their quality, and to what extent is this
tolerable?

5-6Y.
THOMPSON: Vacuum cooling removes about I percent of product moisture for each 5.6PF of
temperature drop. This can cause unacceptable quality loss in some commodities, and these
commodities are either cooled in a water spray vacum cooler or some other type of cooler. Iceberg
lettuce is the largest volume of product cooled in vacuum coolers, and its quality is not
significantly affected by vacuum cooling.


