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TRi-STATE SYNFUELS COMPANY 
Indirect Coal Liquefau'~on Plant 
Western Kentucky 

FLUOR ENGINEERS AND CONSTRUCTORS, INC. 
Contract 835504 

PROCESS DEVELOPMENT STUDY NO. 5 

AIR/WATER COOLING BREAKPOINT 

1.0 Introduc~cion 

1.1 Background 

For a project of this magnitude it is important that the selection 
of air-cooled versus water-cooled heat exchangers is accomplished 
in an objective manner, particularly in the ~emperature ranges 
for which either air or water cooling will work with given process, 
space, and coolant limitations. Generally, air-cooled exchangers 
are judged to ~erform best wi~h a minimum air to process temperature 
differential of 40 ° to 50°F. Water-cooled exchangers are specified 
so that the tubes do not become hot enough to adversely affect the 
cooling water. Between these extremes either air or water cooling 
will frequently meet the criteria limitations. The relative cost 
of air cooling is no longer as expensive as it once was, end is 
becoming even less expensive with increasing power and water costs. 

i. 2 Pur~se 

The purpose of this study, as defined in the attached scope of 
work (Appendix I), is to determine the differential between the 
ambient air and process exit t~atures where air cooling be- 
comes more economical than water cooling for a selected set of 
process conditions. The economics of air and water cooling for 
these process conditions will be analyzed for sensitivity to 
capital and energy ¢ o s t s  and developed such that the calcula- 
tions c.%n be modified for other process conditions to provide a 
guide!-~me for exchanger selections. AS such, the methods used 
in this study will apply to those situations where either air or 
water cooling are suitable for the particular process conditions 
and cost is the criti¢al factor in the selection. 

1.3 SCOpe of Work 

This study was initiated to determine the economic transition 
temperature from a/r-cooled to water-cooled exchangers. The 
scope of work is accomplished by comparative analysis of air 
and water cooling systems as follows: 

A Lurgi gas s t r e a m  is cooled assuming"£our proce_ss temper- 
ature differentials, all starting at 345°F and ending at 
255OF, 200OF, 145°F and IIS°F respectively. The four services 
are cooled in an air-cooled exchanger case and in a water- 
c o o l e d  e x c h a n g e r  c a s e .  
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1.3 Scope of Work (Continued) 

Four pairs of specifications were prepared for the exchange~s, 
one pair for each of the ~era~ure differen~-ials. Each pair 
of specifications covered an air-cooled and water-¢ool~1 ex- 
changer with identical duties. For each exchanger, vendor 
costs were developed from which the installed capital cost 
(sell price) was established. Air and water c o n ~ i t i o n s  were 
based on published weather data for Owenshozo, F,~nt'u~k~ w i t h  
dry bulb air temperature at 96"F and ~he cooling tower water 
temperature at 85"F. These ~a~ures correspond to the 
present Tri-State Design Criteria. 

Installed capital costs for forced draft cooling towers and 
for pumps were developed on an incremental cost basis. For 
the base case, energy costs were calculated at a constant 
$0.055/Kwh and added to the o p e r a t / n g  and maintP.nance cons. 
These costs were then converted to an equivalent annualized 
cost (present worth) using an assumed cost of capital of 
17 percent and a 25 year plant life. To establish the sensi- 
tivity of the analysis to the assumption of 17 percent for 
Tri-State's cost of capital, results at 12 pe.Tcent and 23 
p e r c e n t  interest were also developed. .~o establish the 
sensitivity of the analysis to cost of energy with po~e~ 
costs at $0.055/Kwh, results were developed for the 17 per- 
cent cost of capital case at power costs of $0.035/Kwh and 
$0. 075/E~h. 

F" 
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2.0 Su~nar~ 

On the basis of installed capital cost alone, the air-cooled 
heat exchangers are several times more expensive than water- 
cooled exchangers in identical service. The cost ratios range 
from 3.96 to 2.89 for process exit tempe~at11Tes of 255 °F and 
115 °F respectively. On ~e other hand, ~ater cooling suffers 
a substantial penalty for cooling tower (CT) backup ~it~l as 
well as annual costs far in excess of those for air cooling. 
The air-cooled exchan~_rs ~ e d  in this study used only 22 
percent to 41 percent of the electric power required b~ water 
cooling. For ~ T~mpe~ature ranges in which we wou!,1 normally 
apply air cooling, the energy required for air cooling tops out 
at 32 percent of the energy used for water cooling, with all of 
the annual costs converted to equivalent annualizea costs ~present 
worth) and the cooling tower backup capital included, air-cooled 
heat exchangers are more cost effective in almoEt all of the 
cases which were studied. 

- - 1 
I |  $.'SJ:.,~.. ~ *.i l l  I~FS'f~,l(rkC.~ ,.~ IWE 

lliliG~ ~ M THE Fl~ozlr ~ I H ~  ~[ ;~ IR 
Page  2 



TRI-STATE SYNFUELS COMPANY 
Indirect Coal Liquefaction Plant 
Wes-~em KenaJcky 

FLUOR ENGINEERS AND CONSTRUCTORS, INC. 
Contract 835504 

2.0 S=m~r~ (Continued) 

Present worth calculations based on 12 percent, 17 percent and 23 
l~_rcent interest and a 25 year plant life were used to convert 
annual operating costs to an equivalent annualized cost. The 
sums of the installed capital costs, backup capital, and annualized 

costs for each exchanger were used to plot costs versus process 
exit temperatures. With a power cost of $0.055/Kwh; The only 
intersection 6break-even point) occurs on the 23 percent interest 
curve at approximately II5°F. With the design ambient air temper- 
ature of 96°F, this intersection occurs at a much lower temperature 
than would be expected if we used the old accepted premise of a 
40 ° to 50°F differential between the inlet air and exit process 
temperatures. This premise, however, was generated when ongoing 
costs, particularly energy, were considerably lower as shown in 
the energy cost sensitivity analysis. With the power cost at 
$0.035/Kwh, the 17 Percent interest curve intersecus at IIS°F. 

3.0 Design Basis 

The intent of this study is to determine ~he cost breakpoint 
between air-cooled and water-cooled heat exchangers based on the 
process exit temperature. To accomplish this, a series of heat 
exchangers were set up as follows: 

- A typical hot Lurgi gas stream was cooled from 345°F to 255 ° , 
200 °, 145 °, and l15°F. 

- Four pairs of specification sheets (total of 8) were prepared 
to describe the process duties. 

- Each ~ of specifications contained i~entical process-side 
duties and conditions for ~n air-cooled amd a water-cooled 
exchanger. 

- The dry bulb temperature was set at 96°F and the cooling tower 
water temperature fixed a~- 85°F based on a wet bulb of 78°F. 
Weather data is based on ~ensboro, Kentucky, at the 2} per- 
cent frequency level. This means that these temperatures will 
not be equaled or exceeded more than 2} percent of the time, 
on the average, during the warmest consecutive six months as 
determined by the mean wet bulb-temperature. 

Power costs were calculated at $.055/Kwh with no escalation. To 
demonstrate the sensitivity of the analysis to energy costs, addi- 
tional annual costs were developed for The 17 percent interest 
case with power costs at $0.035/Kwh and $0.075/Kwh with no 
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3.0 Design Basis (Continued) 

escalation. C~ling tower incremental capital c o s t s  wexe caluula~ 
on the basis of several sizes of mechanical draft towers with a 
similar approach ~o the we~ bulb ~emperatu~e used in this s~u~y. 
Pumping costs were based on a 65 psig pump discharge. Cooling tower 
=hen/cal costs w~.~e estimated on the basks of FIu~E inhouse da~a. 
Operator labor was charged at a rate of $29,000/year. 

Annual operating oosts were conv~d to equivalent annualized 
costs at 12 percent, 17 percent and 23 p e r c e n t  i n t e r e s t  rates and 
a 25 year plant life with present worth fac~cors of 7.8431, 5.7662 
and 4.3232 respectively. All equipment costs are installed capital 
costs, i.e., sell price. 

( 

4.0 Discussion 

Until recently, air-cooled heat exchanger usage has been lira/ted 
~o areas with low water supply or very high Ee~perat~re pEocess 
applications. With ever tighter controls on waste water end 
~ala~ing powe~ costs, air cooling is becoming more e=.onomically 
acceptable everywhere. 

In ~his s~udy all of v~e costs associated with both air and water 
cooling were included to arrive at what is believed to be an accurate 
total cost for each system. The study demonstrates that the air- 
cooled systems use only 20 percent to 40 percent of the power used 
in the water-cooled systems (See Table I). with power costs at 
$.055/Kwh the air-cooled heat exchangers can be ec~nomically ~ufcified 
down to process exi~ temperatures within 20 ° to 25°F of the ambient 
air tempe~atuze. The base data for the study originates with four 
heat du~y requirements generated ~y coolLng a typical Lu~gi gas 
s~Team as descrik~d in Section 3.0, Design ~sis. These four heat 
duties were used to generate eight different specifications for 
air-cooled and water-coQled heat exchanger paixs. Flu~z's Mech- 
anical Engineering specialists sized and priced heat exchange~$ 
for each of the eight specifications. Independent price checks of 
the air cooled exchangers confirmed in-house pricing. The ex- 
changers were primarily carbon s~eel construction. The air-cooled 
exchangers were equipped with corrosion resistant fins, sufficient 
winterization for Owensboro, Kentucky, and the usual platforms. 
Header box construction was standard two piece welded, with plug 
cleanou~s. Brake horsepower for each air-cooled exchange.." was 
included in the design. The estimated equipment prices v~-re 
converted to sell prices (installed capital costs) and are li~ced 
in Table II. Table III lis~s the sum of total capital and equiv- 
alent annualized costs (present worth) for each heat exchanger at 
12 percent, 17 percent and 23 percent interest. 
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4.0 Discussion (Continued) 

Table IV lists the installed capital and equivalent annualized 
costs for the 17 percent interest case at power costs of $0.035/ 
Kwh, $0.055/Kwh and $0.075/Kwh. 

It should be noted that the ASME and TEMA codes have tended to 
ignore or sidestep air-cooled exchanger design and as a result, 
most of the design criteria have been originated by the manufac- 
turers themselves. It is entirely conceivable that in some ser- 
vice applic~tions the cost of air-cooled exchangers will not be 
as advantageous due to substantially more stringent design re- 
quirements for the header boxes. Incremental backup capital 
for a cooling tower and cooling water pumps was calculated based 
on its water usage. Annual power, chemicals, ma3~ztenance, and 
operator costs were calculated for each exchanger. These annual 
costs were converted to equivalenu annualized costs (present worth) 
for 12 percent, 17 percent and 23 percent interest at a 25 year 
plant life. The total of equivalent annualized costs (present worth) 
for 12 percent, 17 percent and 23 percent interest plus all sell 
costs (installed capital costs) versus the process exit temperature 
are shown in Figures i, 2 and 3, respectively. The total of 
equivalent annualized costs for the 17 percent interest case at 
Power costs of $0.055/Kwh, $0.035/Kwh and $0.075/Kwh plus all 
installed capital costs versus the process exit temperature is 
shown in Figures 2, 4, and 5, respectively. Maintenance costs 
were allocated based on the following: !~s at 3 percent of 
capital installed cost, heat exchangers at 2 percent of the capital 
installed cost and the cooling tower at 1 percent of the capital 
installed cost. 

From a process standlmDint, water cooling has several advantny=~ 
over air cooling. The process stream cam be cooled to a low=x 
temperature during the summer months and process temperatures can 
be controlled to closer tolerances wi~h relatively simple controls. 
On the other hand, shell and ~,_be exchangers are subject to scale 
and corrosion on the water side. This problem can be reduced or 
eliminated if process stream temFerature~ are kept below 200°F 
[or less with chlorides requiriD~ s~inless materials) and water 
treatment and blcwdown are at ad~uate levels. 

Air-cooled exchanger cost can be highly variable depending on the 
a]loy and the degree of winterization and control. Winter operation 
of an air-cooled exchangez does not necessarily bypass the cooling 
%~tez free:e up problem of the shell and ~ube exchangers. Air- 
cooled exchangers can become a major problem without ~ proper 
accessories and controls such as automatic louvers, auto-variable 
pitch fans, steam coils, and warm a/~ recirculation, A major 
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4.0 Discussion (Continued) 

advantage of air-cooled exchangers in most installations is that 
they do not require makeup water and blowing down. Since Tri- 
State will be disposing of its process water v i a  c o o l i n ~  t ower  
evaporation, th/s is not a I00 percent a~vantage in our case. 

Table I~ lists the individual exchanger installed capital costs, 
cooling tower backup capital, cooling tower and pu~p operating 
costs, malnT~nan~e costs and powe~ costs which ~ used ~o ~em- 
erase the capital and equivalent annualized costs [present worth) 
plotted in Figuxe8 I, 2, 3, 4 and 5. 

Inspection of the five sets of cost curves indicates that the 
pairs of curves ~o not intersect except on the 23 percent interest, 
$0.055/Kwh curves of Figure 3 and on ~he 17 percent interest, 
$0.035/~h curves of Figure 4. As illustrated by Figures 4 and 5, 
~he relative position of the pairs of curves is sensitive to the 
cost of electric power and as ~ cost escalates, the air-cooled 
exchangers will look even more economical. 

5.0 Recommendations 

5.1 Based on the air and water temperature conditions appli- 
cable to the Tzi-State site and the uos'l'.,~ used  i n  this 
study, air-cooled heat exchangers can be cost effective 
a ~ _ cold end temperature ap~z~aches of slightly over 20" 
or 25"F above ambient air temperature. A crossover point 
oucuxed only on ~ 23 percent intezest, $0.0S5/Kwh curve 
at approximately II5"F and on the 17 percent interest, 
$0.035/Kwh curve at approximately IIS"F. The 12 percent 
and 17 percent curves do not intersect ~ut may he presumed 
to cross at less than IISOF. 

5.2 In Tri-State's facility, bic~reaT~d gas liquor will be 
disposed of by evaporation in cooling towers. This 
restriction will establish a l i m i t  on  V-he pzecentage of 
air cooling which may be employed .  The design of the 
plant is not sufficiently established at t h i s  T ime to 
~eTALrmine t.h/s limit. 

5.3 There can be no hard amd fast rule as ~o where ~o use 
an air-cooled rather than water-cooled exchanger. Each 
system must be examined from ~he standpoint of process 
conditions, metallurgy, cooling water contamination and o 
most important of all, the s~ilable space. 
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5.0 Recommendations (Continued) 

5.4 This study indicates that there is an economic incentive 
for air-cooled exchangers down to a 25°F approach range 
in =arbon steel construction and, with moderatewinter- 
ization for theexchangersused in this study, the econo- 
mic t.ransition temperature is approximately II5°F. Alloy 
cons~Euction and more elaborate winterization or control 
will tend to increase the crossover temperature to a modest 
e.wt~t. Where this is =eq%iired, however, the guidelines 
and the annualized operating costs developed in this study 
can be applied to other cases to analyze the economic 
breakpoint between air andwatercooling. 
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Table X 

Energy Usage 

/ 
I 

Water Cooled Exchangers 

Exchanger 

Ea. 1 

2 

3 

4 

Duty BTU/HR Process Exit °F Coolin~ Water GPM 

235,600,000 255 18,840 

274,900,000 200 21,990 

303,900,000 145 24,312 

317,600,000 115 25,408 

P%unping hp @ 65 PSIG: 45.61 hp/1000 GPM 

Cooling Water Pu~p hp 

ran hp 

Total 

3.6488 hp/~/H= 

1-2488 hp/MMBTO/Hr 

4.8976 hp/I~4BTU/Hr 

Air Cooled Exchangers 

MEA 

1 

2 

3 

4 

Duty BTU/HR P r O c e s s  Ex i~  °F HI~/MMBTU/HR 

235,600,000 255 1.0781 

274,900,000 200 1 - 2368 

303,900,000 145 1.5630 

317,600,000 115 2.0088 

Ra~io of Air To Water Energy Usage 

I'Z~/EA 

1 

2 

3 

4 

Er~_~ c~ Rs~:io 

. 2 2  

. 2 5  

. 3 2  

.41  

| 
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Table II 

Installed Capital Cost (ICC).andAnnual Costs 

Water Cooled ExGhan~ers 

EA Exchanger ICe 

1 434,265 

2 677,580 

3 882,013 

4 1,214,000 

CT Backup Capital 
GPM @ $32.93/GPM 

18,840 620,041 

21,990 724,163 

24,312 800,594 

25,408 836,685 

Total ZCC 

1,054,306 

1,401,743 

1,680,607 

2,050,685 

Coolin@ Tower and Pump Operatin@ Costs 

[$ per year/lO00 GPM) 

Power @ $0.035/Kwh Power @ $0.055/Kwh Power @ $0.075/Kwh 

Chemicals 4,094.92 4,094.92 4,094.92 

Operators 107.81 107.81 107.81 

Maintenance 429.00 429.00 429.00 

Power 14,022.44 22,035.53 30,048.00 

18,654.17 26,667.26 34,679.73 

Round Off To 18.654 per yr/GPM 26.67 per yr/GPM 34.68per yr/GPM 

Total Annual Operatin~ .Costs 

(Power at $0.055/Kwh) 

EA 
Exchanger 
Maintenance @ 2% CT & Pumps Total Annual Costs 

1 8,685 502,462 511,147 

2 13,552 586,473 600,025 

3 17,640 648,401 666,041 

4 24,280 677,631 701,911 

Air Cooled Exchangers 
Annual 

ME__~A Exchanger ICC Maintenance @ 2% 

1 1,681,714 33,634 
2 2,135,258 42,705 
3 2,810,811 56,216 
4 3,592,000 71,840 

(I) Based on $359.94/hp for a 3 4 0  day year- 

Annual 
Power Cost(l) Total Annual Cost 

91,424 125,058 
122,380 165,085 
170,792 227,006 
22a9, ~ . 1  ...... ~C. "~ . ,""'1 
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Water Cooled Exchangers 

To~al 
EA Annual Cos~ 

1 511,147 
2 600,025 
3 666,041 
4 701,911 

EA Total ICC 

! 1,054,306 
2 1,401,743 
3 1,680,607 
4 2,050,685 

(4) 

TABLE III 

PRESENT WORTH CALCULATION 

(Power at $0.055/Kwh) 

Present Present Present 
Worth 12% (i) Worth 17% (2) Worth 23% (3) 

4,008,977 2,947.376 2,209,790 
4,706,056 3,459,864 2,594,028 
5,223,826 3,840,525 2,879,428 
5,505,158 4,047,359 3,034,501 

ICC+ ICC+ ICC + 
12% P.W. 17% P.W. 23t P. W. 

5,0&3.283 4,001,682 3.264,096 
6,107,799 4,861,607 3,995,771 
6,906,433 5,523,132 4,562,035 
7,555,843 6,098,044 5,085,186 

Air Cooled Exchancjers 

Toual 
MEA Annual Cost 

Present Present Present 
Worth 12% (I) Worth 17% (2) Worth 23% (3) 

1 125,058 980,842 721,109 540,751 
2 165,855 1,294,778 951,913 713,695 
3 227,006 1,780,431 1,308,962 981,392 
4 301,481 2,354,546 1,738,400 1,303,363 

ICC + 
MEA Total ICC 12% P. w. 

ICC ÷ Ice ÷ 
17% P.w. 23% P. W. 

1 1,681,714 2,662,556 2,402,823 2,222,465 
2 2,135,258 3,430,036 3,087,171 2,848,953 
3 2,810,811 4,591,242 4,119,773 3,792,203 
4 3,592,000 5,956,540 5,330,400 4,895,363 

(I] PWF for 12% and 25 years = 7.8431 
"2) PWF for 17% and 25 years : 5.7662 
J) ~F for 23% and 25 years = 4.3232 

(4) Includes Cooling Tower Backup Capital 
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TABLE IV 

Sensitivity to Power Costs 

(Cos~ of Capital at 17%) 

Water Cooled Exc.han~ers 

Power at $0.035/A~h 

To~alAnnual 
EA Cost 

Present Worth 
(17%) 

1 360,126 
2 423,753 
3 471,118 
4 498,241 

2,076,559 
2,443,447 
2,716,564 
2,872,956 

EA Total ICC 
ICC+Present Worth 
(Powr @ $0.035) 

1 1,054,306 
2 1,401,743 
3 1,680,607 
4 2,050,685 

3,130,864 
3,845,190 
4,397,172 
4,923,641 

Power a t  $0.075/Kwh 

Total Annual 
Cost 

Present ~rth 
(17%) 

662,056 
776,165 
860,780 
905,429 

3,817,548 
4,475,522 
4,963,430 
5,220,887 

XCC+Present Worth 
(Power @ $0.075) 

4,871,854 
5,877,265 
6,644,037 
7,271,572 

Air Cooled Exchangers 

Power at $0.035/Kwh 

MEA 
Total Annual 
Cost ($229.00/hp) 

Present Worth 
(17%) 

91,800 
120,565 
164,989 
217,942 

529,337 
695,201 
951,359 

1,256,697 

Power at $ 0.075/Kwh 

Total Annual 
Cost ($490.00/hp) 

Present Worth 
(17%) 

158,302 
209,583 
289,353 
384,983 

912,800 
1,208,497 
1,668,467 
2,219,888 

MEA 

I 
2 
3 
4 

Total ICC 

1,681,714 
2,135,258 
2,810,811 
3,592,000 

ICc+Present Worth 
(Power @ ~0.035) 

2,211,051 
2,830,459 
3,762,170 
4,848,697 

ICC+Present Worth 
(Power @ S0.075) 

2,594,514 
.3,343,755 
4,479,278 
5,811,888 
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APPENDIX 1 

PROCESS DEVELOPMENT STUDY NO. 5 

AIR/WATERCOOLING BREAKPOZNT 

SCOPE OF STUDY 
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• TRI-STATE SYNFUELS COMPANY 
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&pril 15, 1981 

PROCESS STUDY 
BREAK POINT BETWEEN AIR AND WATER COOLING SYST~ 

1.0 

2.0 

3.0 

4.0 

G~mRAL 

T h i s  study will determine t h e  economic transition temperature to change 
from air cooled exchangers to water cooled heat exchangers. 

WORK DEFINITION .. 

2.1 Develop typical data sheet, for several heat exchangers. Have 
m e c h a n i c a l  engineering estimate the equipment cost as an air o o o l ~  
e x c h a n g e r  and  as  a w a t e r  c o o l e d  e x c h a n g e r .  

2.2 Have estimating determine the sell price for each of the ins~alled 
exchangers. 

for bo~h cooling media. 2.3 Plot the curves of exchanger cost vs. temp. 

2.4 From the curve determine the break point. 

DELIVERABLE TO TRI-STATE 

A formal report that contains the following: 

3.1 Curves of exchanger installed cost. vs. process fluid uemperature 
and show the break point. 

SCHEDULE 

It is estimated that ~he above work will be eomple~d 4 weeks after the 
work is started by Fluor. 
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