
RECOVERY WITH ORfiABtC RABJKINE CYCLE 

HNAL REPORT 
MAY * DEC m 2  C .  

https://ntrs.nasa.gov/search.jsp?R=19830013240 2020-03-21T03:35:51+00:00Z



Philip I. Moynihan I 
Califoriia ~nstitute of Technology 
Pasadena, California 91109 

HQ AFESC/DEB 
11. CONTROLLING OFFICE NAME AND ADDRESS 

Tyndall AFB, FL 32603 

MIPR NO. 19-82-52 I 
NASA TASK Re-152, 
AMENWEKT 339 

January 83 
12. REPORT DATE 

13. NUM0SR OF PAGES 

72 

. PERFORMING ORGANIZATION NAME AND AODRESS 16. PROGRAM ELEMENT. PROJECT. T I %  
AREA & WORK UNIT NUMWRS Jet Propulsion Laboratory 

5 
_ -  

1 Sa. DECL ASS1 Fl C ATION/ DOWNORADING 
SCH EOULE 

17. DISTRIBUTION STATEMENT (of the &b.traft entered In Block 20, I f  dIff8mt froCn R.pon) 

Heat Recovery Waste Heat Equipment Costs 
Rankine Cycles Waste-Heat Recovery 

Recuperators 
Nomograms 

of-the-art of commercially available organic Rankine cycle (ORC) hardware from a 
literature search and industry survey. Engineering criteria for applying ORC tech- 
nology are established, and a set of nomograms t o  enable the rapid sizing of the 
equipment Is prtsented. A comparison of an ORC system with conventional heat 

FORM OD 1 JAN 7 )  1473 EDITION OF 1 NOV 68 I8 OBSOLETE 

8OCURlTY CLASSIFICATION OF TWIS PhOE (flrhon D a m  Bnrma) 



PREFACE 

This report  was prepared by the  Jet Propulsion Laboratory (JPL) under MIPB NOD 
N-82-52 for the A i r  Force Engineering and Services Center, Tynda11 AFB, 
Florida. JPL's pr inc ipa l  inves t iga tor  was P h i l i p  I. Moynihan. 

This report s m a r i e e s  work done between May 1982 and December 1982. 
L. Beason was the project  o f f i ce r .  

Freddie 

The author would l i k e  to  express h i s  appreciat ion t o  Mr. Richard Caputo for 
h i s  ins ight  and support t o  the development of the cost-effect iveness  portion 
of t h i s  study. 

This report has been reviewed by the Public Affa i r s  Office (PA) and is 
releasable  t o  the  National Technical Information Service (NTIS). 
w i l l  be aoa i lab le  to  the general public, including foreign nations. 

A t  NTIS it  

This technical report has been reviewed and is approved f o r  publication. 

FREDDIE L. BEASON, P .E.  
Mechanical Engineerhnergy 

L t  cor,  USAF 
Chief, Enerm Group 

i 
(The reverse of th le  page is blank.) 





I . INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . . .  1-1 

I1 . BAaGROUHD . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2-1 

A . LITERATURE S W C E  . . . . . . . . . . . . . . . . . . . . . .  2-1 

Bo INDUSTRYSIJRVEY . . . . . . . . . . . . . . . . . . . . . . .  2-1 

C . SUMMARY OF RESPONSES TO INDUSTRY SURW . . . . . . . . . . .  2-3 

1 . B a r b e r - N i c h o l s  Engineering C o  . . . . . . . . . . . . .  2-3 

2 . Mechanical Technology. Inc . . . . . . . . . . . . . . .  2-4 

3 . Ormat Systems. Inc . . . . . . . . . . . . . . . . . . .  2-4 

4 . SPS. Inc . . . . . . . . . . . . . . . . . . . . . . .  2-5 

5 . S r r n d s t r a n d  Energy S p s t e m s  . . . . . . . . . . . . . . .  2-7 

D . V I S I T S  TO A I R  FORCE BASES . . . . . . . 2-7 

111 . EQUIPMENT S I Z I N G  . . . . . . . . . . . . . . . . . . . . . . . . .  3-1 

A . SELECTION CRITERIA . . . . . . . . . . . . . . . . . . . . .  3-1 

B . O R C E Q U I P M E N T L I S T  . . . . . . . . . . . . . . . . . . . . .  3-4 

C . NOMOGRAMS FOR S I Z I N G  ORGANIC RANKINE CYCLE EQUIPMENT . . . .  3-9 

De NOMOGRAM FOR S I Z I N G  RECUPERATOR 0 3-16 

I V *  EQUIPMENTCOST . . . . . . . . . . . . . . . . . . . . . . . . . .  4-1 

A . ORC EQUIPMENT INSTALLED COST . . . . . . . . . . . . . . . .  4-1 

B . OPERATION AND MAINTENANCE COSTS FOR THE ORC . . . . . . . . .  4-5 

C . ESTIMATE OF ANNUAL SAVINGS FOR 'THE ORC 0 . 4-5 

D e  ESTIMATE OF THE COST-EFFECTIVENESS FOR THE ORC . . . . . . .  4-8 

E . RECUPERATOR INSTALLED COST . . . . . . . . . . . . . . . . .  4-19 

P . OPERATION AND MAINTENANCE COSTS FOR RECUPERATORS . . . . . .  4-23 

G . ESTIMATE OF COST-EFFECTIVENESS FOR A RECUPERATOR . . . . . .  4-23 

iii PRECEDING PAGE BUUUK NOT FILMED 



E. COMPARISCM OF ORC C O S T - B F F B C T I V S S  W I T E  TRAT OF 
ColotmfffIO#u HEAT RE(3oV?gP . . . . . . . . . . . . . . . . .  4-26 

A. IMPROVRD PBRFORMANCE. . . . . . . . . . . . . . . . . . . .  5-1 

B. IMPWOVEDHARDWARB . . . . . . . . . . . . . . . . . . . . .  5-2 

V I .  CWCLUSIONS. . . . . . . . . . . . . . . . . . . . . . . . . . . .  6-1 

V I I .  WFBRENCES . . . . . . . . . . . . . . . . . . . . . . . . . . . .  7-1 

Figures 

1-1. Comparison of Organic Rankine Cycle with Carnot 
Efficiency a s  a Function of Peak Temperature . . . . . . . .  1-2 

3-1. &hematic Diagram of a Typical Organic Rankine Cycle 
System w i t h  Temperature-Entropy Display . . . . . . . . . .  3-2 

3-2. Schematic Diagram of Steam Plant Depicting Possible 
Locations of Recuperators . . . . . . . . . . . . . . . . .  3-3 

3-3. Nomogram for Determining Overall Cycle Efficiency for 
Organic Rankine Cycle Equipment . . . . . . . . . . . . . .  3-10 

3-4. Nomogram for Determining Net Power Delivered by an Organic 
Rankine Cycle Powered by a Sensible Waste Heat Medium . . .  3-11 

3-5. Nomogram for Determining Net Power Delivered by an 
Organic Rankine Cycle Fed from a Condensing Steam Waste 
Heat Source . . . . . . . . . . . . . . . . . . . . . . . .  3-12 

3-6. Graphical Method for Estimating Volume and Area of an 
Organic Rankine Bottoming Cycle Unit . . . . . . . . . . . .  3-13 

3-7. Nomogram for  Determining Net Heat Recovered by a 
Recuperative h a t  Exchanger from a Waste Heat Source . . . 3-17 

4-1. Capital Costs i n  1982 Dollars as  a Function of N e t  Power 
Output for Organic Rankine Bottoming Cycle Equipment 
from Various Manufacturers . . . . . . . . . . . . . . . .  4-2 

4-2. Recomended Curve for Estimating Ins ta l led  Cost for 
Organic Rankine Bottoming Cycle Equipment . . . . . . . . .  4-3 

4-3. Ins ta l led  Costs i n  1978 Dollars f a r  Organic Rankine 
Boctoming Cycle Equipment with Comparison Between 
New In s t a l l a t ion  and Ret rof i t  . . . . . . . . . . . . . . .  4-4 

i v  



4-4. Estimated Ins t a l l ed  C o s t  for  Rankine Cycles . . . . . . . .  4-6 

4-5. Range of Rankine Cycle Equipment Ins t a l l ed  Costs f o r  
Both Organic and Steam Rankine Systems . . . . . . 4-7 

4-6. Graphical Method f o r  E S t h ~ t i n g  Annual Energy 
B i l l  Savings. . . . . . . . . . . . . . . . . . . . . . . .  4-10 

4-7. Determination of Savings-to-Investment Ratio f o r  the 
Displacement of E l e c t r i c i t y  Through Waste Heat Recovery 
with Organic Rankine Bottoming Cycle Equipment . . . . . . .  4-17 

4-8. Estimation of Ins t a l l ed  C o s t  f o r  Recuperative Beat 
Exchanger as a Function of the  Total Quantity of 
Heat Traneferred . . . . . . . . . . . . . . . . . . . . . .  4-20 

4-9. Graphical Method for  Estimating Piping Costs i n  SAWt . 4-21 

4-10. Determination of Savings-to-Investment Ratio f o r  the 
Displacement of O i l  Through Waste Heat Recovery With 
a Recuperative Heat Exchanger . . . . . . . . . . . . . . .  4-28 

4-11. Determination oi Savings-to-Investment Ratio fo r  the 
Displacement of Natural Gas Through Waste Heat Recovery 
With a Recuperative Heat Exchanger . . . . . . . . . . . . .  4-29 

4-12. Break-even Costs of Waste Heat Recovery With an 
Organic Rankine Bottoming Cycle vs. a Recuperatot 
for  and OW Ins t a l l a t ion  Cost of $2000/kWe When 
Natural Gas is  Displaced bv Recuperator . . . . . . . . . .  4-31 

4-13. Break-even Costs of Waste Heat Recovery With an 
Organic Rankine Bottoming Cycle vs. a Recuperator 
for an ORC Ins t a l l a t ion  Cost of $lSOO/kWe When 
Natural Gas is  Displaced by the Recuperator . . . . . . . .  4-32 

4-14. Break-even Costs of Waste Heat Recovery With an Organic 
Rankine Bottoming Cycle vs .  a Recuperetor fo r  an ORC 
Ins t a l l a t ion  Cost of $lOOO/kWe When Natural Gas is 
Displaced by the Recuperator . . . . . . . . . . . . . . . .  4-33 

4-15. Break-even Costs of Waste Heat Recovery With an Organic 
Rankine Bottoming Cycle vs. a Recuperator fo r  an ORC 
Ins t a l l a t ion  Cost of $lOOO/kW, When O i l  is Displaced 
by the Recuperator . . . . . . . . . . . . . . . . . . . . .  4-34 

4-16. Break-even Cost for ORC Equipment and Recuperator/Piping 
When Recuperator Displaces Natural Gas . . . . . . . . . . .  4-36 

4-17. Break-even Cost for ORC Equipment and Recuperator/Piping 
When Recuperator Displaces Oil . . . . . . . . . . . . . . .  4-37 

V 



Tablee 

2-1. 

3-1. 

3-2. 

3-3. 

3-4. 

4-1. 

4-2. 

EloGWE PRICE LIST FOB SPS ORC URDWARB. . . . . . . . . . . . 2-6 

KEY PABAHETBBS FOR SELECTION OF ORGAl4IC RANKINE 
BOTTCMIIOG CYCLE EQUIPMEloT. . . . . . . . . . . . . 3-5 

RANKINE CYCLE ORGANIC WORKING FLUIDS. . . . . . . . . . . . . 3-6 

AVAILABLE ORGMIC RANKINE CYCLE EQUIPMENT: 
MANUFACTURERS Aw) PERFORMANCE CHARACTERISTICS . . . . . . . . 3-7 

ESTIMATB OF GEWRTRY FOR AIQ ORGANIC RANKINE 
CYCLE UNIT SUGGESTED BY AFI. . . . . . . . . . . . . . . 3-16 

EISTORICAL PEBSF'ECTIVE OF INSTALLED COSTS :TR 
ORGANIC RANKINE CYCLE EQUIPMENT. . . . . . . . . . . . . . . 4-8 
CilRONOLOGY OF OPERATION AND MAINTENANCE COST FOB 
ORGANIC RANKINE CYCLE EQUIPMENT. . . . . . . . . . . . . . 4-9 

v i  



IraTRODUcT ION 

The objec t ive  of t h i s  study is to determine the f e a s i b i l i t y  of a p p l p i ~ g  
organic Rankine cycle technology to  recover waste hea t  from hea t  p l an t s  on A i r  
Force bases. The substance of the task is to  e s t a b l i s h  a data  base f o r  the  
ORC hardware, t o  develop a technique f o r  determining its site and 
cost-effect iveness  for  a given appl icat ion,  and t o  devise a method f o r  
compariw it with conventional heat recovery techniques, which f o r  t h i s  study 
were iden t i f i ed  as  recuperative heat exchangers. The product of t h i s  e f f o r t  
w i l l  be used by the A i r  Force to iden t i fy  p r a c t i c a l  and cos t -e f fec t ive  
opportuni t ies  for  waste-heat recovery. 

Throughout its bases i n  the United S ta tes ,  t h e  A i r  Force has a 
s ign i f i can t  amount of low- to  d e r a t e - g r a d e  energy. 
energy is recovered by conventional recovery techniques, such as b o i l e r  s tack  
economisers; i n  other instances it is l o s t  a l together .  The es tab l i shed  waste 
heat recovery techniques save considerable energy, but they a r e  o f t en  
r e s t r i c t e d  i n  t h e i r  use by energy conversion and t ranspor ta t ion  problems. 
appl ica t ion  of organic Rankine cycle technology could g r e a t l y  expand waste 
heat recovery opportuni t ies  because of i t s  a b i l i t y  t o  produce mechanical o r  
e l e c t r i c a l  work. 
percent of the t o t a l  energy consumed by a l l  of the A i r  Force in s t a l l a t ions .  
Baees capable of generating e l e c t r i c i t y  could a t t a i n  a small measure of energy 
se lf-suf f ic iency for  c r i t i c a l  operat ions. 

In some cases  t h i s  

The 

E lec t r i ca l  power requirements now cons t i t u t e  near ly  56 

One of the fundamental disadvantages of generating power from 
low-temperature source8 is tha t  the maximum theore t i ca l  e f f ic iency ,  the  Carnot 
e f f i c i ency ,  is i t s e l f  low. 
receiving heat from a 200°P source and r e j ec t ing  t o  a 70% sink is  only 
19.7 percent). 
using a working f lu id  with a high molecular weight, it can obtain e f f i c i e n c i e s  
tha t  a r e  a r e l a t i v e l y  high percentage of Carnot. 
has been extracted from Reference 1 and is presented i n  Figure 1-1. 

(For example, the Carnot e f f ic iency  of an engine 

The organic Rankine cycle o f f e r s  a s ign i f i can t  advantage. By 

A graphical  example of t h i s  

Implici t  i n  t h i s  study is  the assumption tha t  the organic Rankine 
bottoming cycle would recover waste heat t o  generate e l e c t r i c i t y ,  which 
subsequently reduces the demand for an equivalent amount of purchased power. 
The recuperator with which the organic Rankine cycle is compared recovers 
waste heat by t ransfer r ing  i t  from a waste energy steam t o  a useful  energy 
steam. In  doing so, it displaces ,  and thus conserves, a quant i ty  of fue l  
equivalent t o  the amount t raneferred.  
organic Rankine cycle to  generate e l e c t r i c i t y  is  not addressed. 

Consuming fue l  so l e ly  for  operating an 
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SECTION I1 

BACKGROUND 

A. LI'IZRATURE SEARCH 

This study was i n i t i a t e d  with an extensive l i t e r a t u r e  search to  
ascer ta in  the s t a t u s  of organic Rankine cycle technology, r p e c i f i c a l l y  its 
appl icat ion to scavenging waste heat i n  i n d u s t r i a l  appl icat ions.  
e f f o r t  has been invested i n  energy conservation s ince the  1974 energy c r i s i e ,  
and publications since then a re  r i ch  i n  s tud ies  on waste-heat recovery. 
lience, t he  information sought from the l i t e r a t u r e  search was scoped 
spec i f i c a l l y  :o heat p lan ts ,  apd the r e s u l t s  have been reviewed 
and integrated i n t o  the text of t h i s  report .  
d i r e c t l y  from the references themselves. 

Considerable 

condensed 
Further d e t a i l  can be obtained 

E. INDUSTRY SURVEY 

In support of t h i s  study, a questionnaire was developed and sent as a 
form l e t t e r  t o  seven of the leading manufacturers of organic Rankine cycle 
equipment and t o  two who are  not as well known, but who looked promising. 
These companies were selected from the l i t e r a t u r e  search a s  representing the  
widest experience with organic Rankine appl icat ions.  
cons t i t u t e  the nucleus of avai lable  knowledge on th:s subject  and have 
deve?oped most of the ex i s t ing  hardware. 
equipment (on the order of 200°F), although data on appl ica t ions  a t  other 
temperatures were encouraged and received. 
information about t h e i r  developed hardware, along with the following s p e c i f i c  
i tems : 

Ae an aggregate, they 

The emphasis was on low-temperature 

The l e t t e r  requested marketing 

(1) Equipment physical cons t ra in t -  

( a )  Schematic diagram of system 

(I) Working f l u i d  selected 

( c )  Recomended cemperature l imi ta t ions  of the working f lu id  

( d )  

(e )  Weight of individual components (or  subsystems), i f  ava i lab le  

Volume of equipment i n  terms of floor area and height 

( f )  Type of expander ( i . e . ,  turbine,  pis ton)  

( 8 )  Silencing requirements, i f  any. 

( 2 Performance 

( a )  Design power output 

(b) Vaporizer maximum and minimum temperature range 
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Condenser maximum and minimum temperature range 

Flow rate of working f lu id  

Design turbine i n l e t  temperature/pressure 

Required p a r a s i t i c  units and t h e i r  power demands (e.g., 
pumps, valves, etc.) 

Individual component e f f i c i e n c i e s  (i .e., turbine , gearbox, 
generator , etc 1 

Overali cycle e f f i c i ency  (or heat  rate) of  overall u n i t  a t  
specif ied heat source temperature, condenser temperature, 
ambient temperature, ne t  p m r  output, and t o t a l  power 
avai lable  

Estimate of part-load performance. 

Mechanical/electrical . i t e r f aces  

(a) Required control  c i r c u i t r y  

(b) E l e c t r i c a l  support equipment. 

Operat ion and maintenance 

costs  

Fixed operation and maintenance ( O M )  cost  i n  $/kW-yr 

Variable OW cost  i n  mills/kW-hr 

Personnel required f o r  operation and maintenance 

Re 1 i ab i 1 it y 

Experience with l i fe t imes of components 

Estimated downtime as a function of type of f a i l u r e  

Time equipment has been in  the f i e l d  or under development 

Locations and power levels  of operating f i e l d  uni ts .  

( a )  Estimate of present c a p i t a l  equipment costs  of ex i s t ing  
equipment ($/kW i n s t a l l e d  or t o t a l  do l l a r s  for  d i sc ree t  
u n i t s  i n  1982 d o l l a r s )  

(b) Estimate of improved cap i t a l  cos t s  a s  a function of 
increased production r a t e s  ($/kW i n s t a l l e d  in  1982 
do l l a r s ) .  For r.:imple, 10 un i t s ,  50 un i t e ,  io0 u n i t s  per 
year 
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( c )  Estimate of c a p i t a l  equipment cos t s  as a function of net 
power output (SAW i n  1982 dol la rs ) .  
the  c a p i t a l  cos t  go down a6 the sire of t h r  u n i t  goes up? 

In other words, doss 

(d) Estimate of i n s t a l l a t i o n  cos ts  both f o r  a nev instailation 
and as a r e t r o f i t .  

Information was received from a l l  but two of the  leading manufacturers 
who were contacted. The letters t o  the two lesser-known firms were returned 
undelivered 

C. S W ' W  OF RESPONSBS TO INDUSTRY SURVEY 

The responses t o  the questionnaire sent t o  the  various manufacturere of 
o rgan ic -hk ine -cyc le  equipment a re  sumParized below. 
sumnary is on the cos t  information, s ince technical  d e t a i l  is presented i n  
Section 111. 

The emphasis i n  t h i s  

1. Barber-Nichols Engineering Co. 

Barber-Nichols is located a t  6325 West 55th Avenue, Arvada, 
Colorado 80002 (telephone 303-421-8111). 
involved with the development of low-temperature Rankine engines than have 
most other firms i n  the United States. They have recent ly  developed engines 
for  the Department of Energy (DOE) tha t  could produce both power and a i r  
conditioning a s  part of the DOE solar-cooling program. 
designed to produce 3, 25, 77, and 100 tons of air  conditioning or 2, 16, 5 ~ .  
and 66 kW of power. Barber-Nichols included several  papers with t h e i r  
information packet (References 2 through 5) wherein many of t h e i r  un i t s  a r e  
described. A l l  of t h e i r  un i t s  a re  e i t h e r  prototypes or  espec ia l ly  designed 
for  a pa r t i cu la r  appl icat ion.  

They have been more ac t ive ly  

These engines were 

They included the following order-of-magnitude cost  estimates: 

2 kW 
16 kW 
50 kW 

500 kW 
1000 kW 

Existing Designs 

$ 65,000 
$1 20,000 
$250,000 

Special Designs 

$1,000,000 
$1,500,000 

$32,00O/kW 
$ 7.500/kW 
$ 5,OOO/kW 

$ 2,OOO/kW 
$ 1,50O/kW 

They expressed a strong des i re  t o  work with the A i r  Force i n  a waste-heat 
recovery appl icat ion i f  the need should a r i s e .  
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2. Mechanical Technology, Inc. 

'he Energy Systems Division of Mechanical Technology, Inc. (MTI) 
is locacad a t  20 Plaine b a d ,  Bellston Spa, loeoo Pork, 12020 (Telephoae 
518-899-2976). 
organic Rankine systems (Reference 6) and a paper d e t a i l i n g  a turbogenerator 
designed f o r  power outputs from 0.75 EIW t o  2'5 IW thr: uses 8-113 as the 
working f l u i d  and operates a t  turbine i n l e t  temperatures from 170°F to  26OOF 
from waste-heat pource temperatures of  lW°F t o  400°F (Reference 7). 

Their information packet included a sales brochure on their 

Ae a means of quantifying orde:. of-magnitude cost  data,  they offered the  
follaaring example. 
50,000 lbm/hr suppl ies  an organic Rankine b o t t d n g  cycle at a turbina i n l e t  
temperature of 19O0F. 
is 80°F. The following parameters were estimated for these conditions: 

A beat source of  LOOOF condensing steam flowing a t  

The i n l e t  temperature of the water t o  the condenser 

Heat Input: 

Power Output: 

48.9 x 10 6 Btu/hr 

1230 kW 

Condensing Water Required : 

Hardware Costs : 

6000 gpm 

Vapor i ee r  : $490,000 

Condenser: $365,000 

Machinery Packege : $1 . 445,000 

Total Hardware : $2,300,000 

MTI cautioned tha t  t:.e high c a p i t a l  cost  of the hardware ($1870/kW) is 
However, they 

The shipment date  

caused by the low temperature avai lable  from the heat source. 
do have two un i t s  of the above capacity cu r ren t ly  i n  production fo r  
i n s t a l l a t i o n  a t  a Moh..'1 ref inery i n  Torrance, California.  
is scheduled for  ear'! 1983. 

3. O r m a t  Systems, Inc. 

h a t  Systems, Inc. is located a t  98 South S t r ee t ,  Hopkinton, 
Massachusetts 01 748 (T2lephone 617-653-6300 o r  617-620-0950) . 
t o  the questionnaire with a letter out l ining some of t h e i r  recent experience 
and a rough order-of-magnitude of t'ncir equipment costs .  

They responded 

Ormat has been producing waste-neat recovery un i t e ,  primarily f o r  
geothermal and i n d u s t r i a l  waste-heat appl icat ions,  f e r  the last  four years. 
These un i t s  are designed t o  operate from l iquid arid condcnsing-vapor heec 
sources t h a t  include waste streams and hot condensate. Minimum temperPXures 
required a re  on the order of 200°F although lownr temperatures a re  poosible, 
depending upon the cha rac t e r i s t i c s  of the heat source. 
t h e i r  recent un i t s  is 300 t o  600 kW although smaller mi t s  were developed i n  
the past. They indicate  tha t  a 5000 kW unit  i s  current ly  under production for 
solar-pond applications end is  expected t o  be operative by the end of 1982. 
It is designed for 185OF turbine i n l e t  temperature. 

The power range of 
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Units up t o  the 6OO.kW sixe are skidIwnmted for  container ehipmnt  cmd 
require minimal e f f o r t  eo i n s t a l l  and maintain. 
with either a synchronous or an asynchronous generator per U.S. standards. 

They are delivered equipped 

The cost cc these un i t s  w i l l  vary depending upon the design p w e r  output 
and the volume of the order. 
dependent upon the qual i ty  of the heat source. 
submitted that the purchase of me 300 kW u n i t  w i l l  require an investment of 
$1300 per kilowatt. 
w i l l  decrease by approximately 10 t o  15 percent. 
allowed fo r  volume orders of a t  least 10 u n i t s  per year.. 
$lOOO/kW is anticipated for an order of 100 m i t e  per year. 

As would be expected, costs are also heavily 
As an estimate, Ormat 

I f  the desired power output is doubled, then the p r i c e  
A price reduction is also 

A purchase p r i ce  of 

4. SPS, Inc. 

SPS, Inc. can be contacted at  P. 0. Box 380006, M i a m i ,  Florida 
33138 (Telephone 305-754-7766 or 305-940-7446). 
each i t e m  on the questionnaire, and a srtlrmary of t h i s  information is presented 
below. 
is provided by a rotary screw expander (Reference 8 )  driven by Reon 12 o r  
114, depending upon the temperature of the waste-heat stream. 
is designed t o  operate between a temperature range of 150°F and 250°F, end 
the condenser temperature range is from 40°F t o  100OF. 
mechanical/electrical interfaces ,  SPS indicates  t h a t  the stardard package 
includes a l l  control c i r c u i t r y  required by u t i l i t y  standards and t h a t  no 
eler-rical support equipment is necessary. 

They responded d i r e c t l y  to  

The motive power fo r  t h e i r  organic Rankine bottoming cycle equipment 

The va9orieer 

In reference t o  

SPS has had equipment under development since 1949 and i n  production 
since 1968. 
since 1976. 
levels  ranging from 10 t o  400 kWe. 

They indicate  t h a t  some un i t s  have been running continuously 
The) presently have un i t s  i n  the f i e l d  that  operate at  power 

The SPS information a l so  contained some quant i ta t ive conments about 
t h e i r  operation and maintenance (OMl)  experience. 
costs  would be similar t o  tha t  of an a i r  conditioning system of the same 
horsepower, and that  no equipment f a i l u r e  has resul ted i n  down time of more 
than one week. 
personnel are required fo r  operation. 
exchangers used is 15 years, whereas i t  is five years plus for the expander 
and generakor . 

They indicated tha t  the O&M 

A f a i l u r e  can usually be r e c t i f i e d  within a few hours. No 
The l i f e  expectancy fo r  the heat 

Zhey provided cost information i n  the  form of a pr ice  l i s t  that  a l so  
included dimensions, shipping weight, and del ivery t i m e .  
sumaarieed and presented in  Table 2-1. Although they made a very strong point 
that  because of previous bad experience they are not pa r t i cu la r ly  interested 
i n  government business, they would sell  equipment t o  the A i r  Force under t h e i r  
standard coamercial terms. 

This info mation is  
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5. Sundstrand Energy System 

Sumletrand Energy System is a unit of Sudstrawl Corporation and 
is located at 4747 Earriaon Avenue, Eockford, Illinoir, 61101 (Telephone 
815-226-6000). 
not only a sales brochure and papers but also sewral draoriagr. The 
Sundstrand waste-heat racovery unit is designed for a d ~ l  rati- of 750 
kWe and can accommodate gaseous waste-heat stream above 600° and 
condensing stream above SOOOP, both with sufficient flow. 
cooperative agreement between Sundstrand and DOE has provided for the 
installation of four field units at municipal utilities in Beloit, Kansas, 
Easton, Maryland, and Homestead, Florida, and at a ceraaic kiln in Fergueon, 
Kentucky. An additional unit was modified with DOE funds to generate 200 kW 
and was installed in Coolidge, Arizona, as part of a solar irrigation project. 

Their information package (References 9 t h m  11) ineluded 

A jointly funded 

The operation and maintenance costs for the Sundstrand 750 kW, unit 
are estimated to range from $10,000 to $20,000 per year for a fully loaded 
unit that is operated nearly continuously. They cautioned that the actual 
costs will vary as a function of site-specific conditions related to the type 
and number of heat sources and to the general complexity of the installation. 
These costs include maintenance personnel although no additional personnel are 
required for operation. 

The capital costs for the equipment were estimated to be $lOOO/kW based 
on a 750 kWe unit 6 t h  a single heat source. 
production can reduce equipment costs by up to 25 percent. 
cost estimate is $300/kW, again based on a 750 kWe unit with a single heat 
source and with no unusually long runs of heat duct or power cable. 
installed cost for a 750 kWe unit is estimated, then, to be $1300/kW. 
However, installation costs can easily double with multiple heat sources and 
complex site conditions. 

They expect that increased 
The installatioa 

The total 

D. VISITS TO AIR FORCE BASES 

During this study, Kirtland Air Force Base in Albuquerque, New Mexico, 
and Hill Air Force Base in Ogden, Utah, were visited. 
inspected and photographed, and discussions were held with their operations 
personnel t o  learn what constitutes a typical Air Force heat plant, where some 
of the waste-heat sources may be, and what, if anything, is already being done 
to use the waste heat. 
specific to each heat plant was sent to the responsible plant engineer at each 
Air Force Base prior to the visit. 
also obtained. 
Bases in general. 

Their heat plants were 

A questionnaire requesting performance and cost data 

In addition, copies of boiler logs were 
The resulting data were used as representative of Air Force 

On the whole, the people responsible for the operation of the heat 
plants are very sensitive to energy savings and either have already 
implemented, or are in the process of implementing, many energy-saving 
measures. However, two observations relevant to this study were made. First, 
with the exception of where the steam may become contaminated, as is the case 
with the plating operation et Hill Air Force Base, all process steam systems 
are closed cycles, and the fluid returns as hot water. There are no condensers 

2-7 



i n  these sys tem,  as  a l l  condensation takes place at the load. 
the  p la t ing  operation is condensed separately and the energy f rop  the l a t e n t  
heat is recovered, but the d e n s a t e  is discarded. 
(-2OO*), there  is some po ten t i a l  here for  addi t ional  waste-haat recovery. 
On the  other hand, the po ten t i a l  generally does not exist f o r  r e c w e r i n g  waste 
heat when the r e t u r n i q  hot water is t o  be reused since al l  energy reamred 
from the hot water must be added back through the combustion of fuel.  

The steam from 

Alehaugh low grade 

In general, there i s  no provision t o  recover energy from the vente 4 
stack gases, and i a  some i n s t  ices these teaperatures  map be a s  high as 
500OF. 
f o r  waste heat recovery exists here. 

The plant personnel were a l l  aware of t h i s  loss.  Further po ten t ia l  

A s  a supplement to  the information obtained from the v i s i t s  t o  Kirtland 
and H i l l  A i r  Force Bases, data  from the heat  p lan ts  a t  Lowry, MacDill, and 
Tinker A i r  Force Bases were obtained (Reference 121, and a bo i l e r  log from 
Robbins A i r  Force Base, Georgia, was provided by the A i r  Force Program 
Manager. 
of the parameters involved over a range of A i r  Force heat plants.  

This addi t ional  information was very useful i n  scoping the magnitude 
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Nomograms that enable one to sire the hardware that is to be considered 
for waste-heat recovery are presented in this section. 
candidate for this application is the organic Rankine bottoming cycle, its 
comparison with conventional means of heat recovery, a recuperative heat 
exchanger, is a requiremt of this study. 
the two contenders is that the OBC takes energy from the waste-heat stream and 
converts it to useful work, while the recuperator transfers the energy from 
the waste stream to a useful stream. 

Although the primary 

The essential difference betximen 

A schematic diagram depicting the major components of an organic Rankine 
cycle is presented as Figure 3-1. 
a typical organic wrking fluid has also been included to identify the 
approximate state locations of the points indicated along the cycle. 

A teinperature-entropy diagram representing 

An indication of how a recuperator could be integrated into a steam 
plant is presented in Figure 3-2. 
of a comnoa heat-recovery technique whereby the recuperator preheats the 
returning boiler feedwater by transferring the waste heat to it, and the waste 
stream is rejected. 

The two examples cited are representative 

A. SELECTION CRITERIA 

The c-iteria that should be considered when sizing and selecting an 

The key parameters necessary for selecting an 
organic P ikine system for bottoming-cycle applications are identified and 
discussed in this section. 
organic Rankine cycle for waste-heat recovery can be grouped into two general 
categories: 
bottoming-cycle system to lend itself to waste-heat recovery, and the specific 
characte;istics that enable cost-effective power conversion to take place. In 
regard to the former, first it must be ascertained whether or not the heat 
uource is truly waste. For example, the returning hot water to the boiler ie 
not necessa.'Ly a waste-heat source. Every unit of energy taken from 
ret.irnin3 hot water must be made up by consuming additional fuel. This is not 
cost-O.cf ctive for either an organic Rankine bottoming cycle or for a 
recuptr ator. 

the overall capability for the combined heat-source and 

Having identified a waste-heat source, one should then make a 
first-order judgment as to the quality of the heat in regard to the 
availability of the energy. If the quality of the waste heat is too low, it 
ma;? not be prxtical to extract useful work from it. 
implicit in Second Law analysis, a low quality manifests itself very clearly 
when C O I ~  per unit output is considered. 
cmt: per unit output, such conditions are rarely cost-effective. 
sxrces with temperatures that are not far from ambient are typical examples. 

Although availability is 

Since low output results in high 
Heat 

Of the more specific characteristics governing the establishment of 
equipment size for cost-effective power conversion, the key criteria are the 
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composition, thermodynamic .state, and contaminants ( i f  any) of t4a mete-beat 
source; the  flow r a t e  of t he  source medium; the  working f l u i d  employed in the 
Rankine cycle;  the  thermodynamic and t ranspor t  propert ies  of the working 
f lu id ;  the ove ra l l  cycle e f f ic iency;  the  spec i f ied  end use for  the bottoming 
cycle  equipment, such as type of power delivered (electrical o r  mechanical) 
and power requirements; the necessary f loo r  area and required system volume; 
the required aux i l i a ry  or p a r a s i t i c  equipment (its influence is impl ic i t  i n  
the overa l l  cycle e f f ic iency) ;  the  c a p i t a l  and i a s t a l l e d  cos ts  of the 
equipment; and the  operation and maintenance costs. 

'. - 
From information' about A i r  Force heat  p lan ts  obtained during the  v i s i t s  

t o  the bases and from Wference 12, there  appear t o  be three  pr inc ipa l  sources 
of waste heat: 
condensing steam from spec ia l  processes from which the condensate is not 
returned. 
cost-effect iveness  of an organic Rankine bottoming cycle can be calculated,  
using the parameters out l ined i n  Table 3-1. 
or  p a r a s i t i c  equipment is l i s t e d  separa te ly  as one of the key parameters, it 
contr ibutes  t o  reducing the overa l l  cycle e f f i c i ency  and ii; thus au impl ic i t  
part of t ha t  parameter. The reference t o  p a r a s i t i c  equipment was i den t i f i ed  
separately to  alert the  designer or user  to evaluate  i ts  influence. Bowever, 
i ts  e f f e c t  is implied wherever ove ra l l  cycle  e f f ic iency  is referenced i n  t h i s  
report .  

s tack gases, hot water t h a t  is normally discarded, and 

Once the waste-heat source has been iden t i f i ed ,  the  sixe and 

Although the necessary aux i l i a ry  

Three of the more important parameters i n  t h i s  ana lys i s  a r e  the t o t a l  
mass flow rate of the heat source, the maximum temperature ava i lab le ,  and the  
minimum temperature allowable. 
is  po ten t i a l ly  ava i lab le ,  but a l s o  the  maximum temperature suggests what may 
be a permissible working f l u i d  for the organic Rankine cycle. 
organic compounds are a l l  subject  t o  thermal decomposition a t  varying rates 
and temperatures, depending on t h e i r  molecular s t ruc ture .  This must be 
considered i f  one is to  specify spec i f i c  performance c r i t e r i a  for  given 
temperatures. An excel lent  sumnary of organic working f l u i d s  and t h e i r  
maximum acceptable temperatures is given i n  Reference 13. 
c r i t i c a l  s t a t e s  and the upper temperature l i m i t s  for the more common organic 
working f lu ids  was extracted from Reference 13 and is presented i n  Tqble 3-2. 

These parameters not only t e l l  how much energy 

"he various 

A summary of the 

I f  the waste-heat source is other than water or combustion gases ,  then 
the thermodynamic propert ies  of the new medium must be known. 
order ,  equipment s i z e  can be adequately approximated from knowledge of the 
heat capacity alone. 

To a f i rs t  

B. ORC EQUIPMENT LIST 

Performance data on organic Rankine cycle equipment have been compiled 
and tabulated i n  Table 3-3. These data  summarize the responses t o  the 
industry survey and the information on spec i f i c  hardware derived from the 
l i t e r a t u r e  search. 
about c o m e r c i a l l y  ava i lab le  hardware, portraying the s t a t e  of the a r t  of 
ex i s t ing  equipment t o  the designer and conveying the s e n s i t i v i t y  of the 
parameters. This tab le  can and should be used in  conjunction with the 
nomograms when s iz ing  the organic Rankine cycle equipment. 

This table presents as  much technical  data as possible  

For example, i f  
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Table 3-1. KEY PARAMETERS FOR SELECTION OF ORGANIC RANKING BOTTOMING 
CYCLE EQoIPMslaT 

Information necessary to size power output of ORC equipment 
o Temperature of source medium 

o 
o Fluw rate of source medium 

o Overall cycle efficiency of ORC equipment 
o Necessary auxiliary or parasitic equipment 

Desired final temperature of source medium 

Infomation necessaiy to estimate overall cycle efficiency of ORC 
equipment 

o Temperature of source medium 
o Working fluid of ORC equipment 
o Condensing temperature of working f' .id 

o ORC expander efficiency 
or 

o Data on actual hardware of the desired size and operating 
temperatures 

In f ormat ion nece 8s ar y to determine cost -e f f ec t iveness 
o 
o Operation and maintenance cost 

o 

o Cost of electricity displaced 
o 

lnstalled cost of the ORC equipment, $/kW 

Anticipated operating hours per year 

Standardized costing parameters and methodology 

Information necessary to estimate required floor area and system volume 
o Power output from ORC equipment 

Information necessary to coqare ORC equipment with a recuperator 

o Installed cost of the recuperator 
o Yeat exchanger effectiveness 

o Cost of fuel displaced 

o Same standardized costing parameters and methodology 
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?he "haat source*' 1s t h e  source from vhicn  the ORC u n i t .  as re ferenced ,  d c r l v e s  i t a  power. 

bComplet. address (not referenced ln t e x t ) :  

I t  is not necessar i ly  
l imi ted  t o  t h i s  source of anergy. 

A€l Encrsy Systems 
110 S .  Orange A v e .  
LlVingSton. NJ 07039 
(201) S33-?091 

'Th. high-rp. AlRrscarch expanders are probably turb ines  

Saporlrar heat  excharye is  a c c o q l i s h e d  by d i r r c t  Contact of the  lsobutane with the hr lne .  Aim. Barber - l l rho ls  
is devcloplng or has developed ORC u n l t s  i n  .lies of 2 .  16. S0,and bb W ,  as well a~ 4.13 W. but d e t a i l s  are not 
avai lab le .  

aUnltm a v a l l a b l c  in modules up t o  2 . 5  W .  

FIAJWYATE, 
Ib,/h 

927.7u0 

12.800 

683.000 

4.4w 

11,900 

98.000 

YJ.000 

94.237 
( B e l o i t .  KS) 

99.932 
(-ton. MD) 
128.229 

(HameBtead. PL) 

so ,988 

240 

304 

223-307 

316 

266 

200 

190 

2 0 0  

340 

WO 

200 

300 

300 

300 

195 

I95 

200 

2 0  ( S t e n )  
!I5 (R-11) 

300 

IM maa 
LM .in 
,00-1400 

821 

752 

752 

68 3 

300 

P*RAwETL&s 

WIT 

F 
T". 

183 

167 

156-307 

167 

131 

145 

200 

333 ( S t e n  
21s (R-11) 

212 

231 

poywl tu  
V ~ I I L B P .  

hU (IO6 B t d h )  

5.6Bi (19.4) 

3.955 (13.5) 

%0,765 (105.0) 

1,406 ( 6 . 8 )  

3.721 (12.7) 

17.5 (0.06) 

113 (0.386) 

367 (1.25) 

S.SP9 (19.11) 

329 (1.:2) 

I36 (0.466) 

15 (0.05) 

47 (0.16) 

20 (0.068) 

I83 (0.625) 

16,328 (48.9) 

9.757 (33.3) 

1.688 (5.75) 

114 (0.389) 
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sene r a l l  y avai l a b l e .  

*SPS has a wide v a r i e t y  of mize.. but specific d e t a i l .  arc not a 

'Sunds t rad  has wide e x p r l e n c c  i n  ORC harduarr and ha- d e v e l o p  
the nomlnal 600 kU mlt .  are present ly  i n  f i e l d  test  program.  

'sandla Yarlonal Labora tor ies .  Albuquerque. NH. 

' G m ~ l r t r  address  (not rrferrnrrd I n  t r i t ) :  

r h c m  Electron Cor?. 
101 F i r s t  Avenue 
U~ltham. %A 02154 
(617) 890-8700 
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the nomogram should suggest a si te near tha t  for osbich an existi- unit is 
avai lable ,  using the ex i s t ing  unit w i l l  avoid the addi t ioua l  deve lopa t  cost 
of a ma-steadard site. The parameters re levant  to the ex i s t ing  hardwere, 
such ab$ cycle ef f ic iency ,  could then also be used. 
however, i f  the waste-heat source temperature is near or above the thermal 
s t a b i l i t y  limit of the working f l u i d  used i n  the  comnercial wit, then it may 
be necessary t o  change working f lu ids ,  which w i l l  change the performeDce 
cha rac t e r i s t i c s .  
i v  grea te r  d e t a i l .  

As a word of caut ien,  

Such an occurrence, of course, would have to  be invest igated 

C. NOMOGRAMS FOR SIZING ORGANIC RAtlKfloB CPCLE EQUIPMENT 

A series of nomograms has been developed to  enable one 3 t h a t e  

. can 
organic Rankine cycle (ORC) equipment for waste-heat recovery .. ‘ica.ians. 
The in ten t ion  is t o  provide a technique whereby the  f i e l d  eng 
determine quickly and e a s i l y  by a graphical  method the approximate power 
output t h a t  could be r ea l i s ed  from the ORC equipment. 

For ease of appl icat ion,  the  graphs required for the equipment s i t i n g  
a re  divided i n t o  four par ts :  a nomogram for  es t imat ing the  overa l l  cycle 
e f f ic iency  (Figure 3-31, a nomogram for determining the ne t  pwer del ivered by 
the  ORC equipment when driven from a sens ib le  heat source (Figure 3-41, a 
s imi la r  nomogram for der iving paver from a condensing steam source i r i gu re  
3-51, and a graphical a id  fo r  approximating the volume and area of the  
equipment i t s e l f  (Figure 3-6). 

Perhaps the most d i f f i c u l t  curves to der ive i n  a s u f f i c i e n t l y  general 
form, yet with adequate accuracy t o  give representat ive results, a re  those 
designed to  predict  the overa l l  cycle eff ic iency.  
such curves, was derived la rge ly  from e a r l i e r  work done by Barber-Nichols 
(Reference 14). 
out and shown separately,  although it was impl ic i t ly  incorporated i n  the 
o * i g i n a l  figure from Reference 14. Information from the l i t e r a t u r e  search has 
indicated tha t  the expander e f f ic iency  may vary by several  percentage points ,  
xnd i t s  influence on the overa l l  cycle e f f ic iency  can readi ly  be seen. 
However, i f  the expander e f f ic iency  is not known, a value of 80 percent should 
be assumed. Also, the generalized curve presented i n  Reference 14 has been 
expanded to include a range of condensing temperatures for  the organic workirg 
f l u i d  from 70°F t o  100°F i n  order t o  provide a f e e l  For the s e n s i t i v i t y  of 
condensing temperature on cycle eff ic iency.  
obtain t h i s  range. 
other information is  avai lable .  

Figure 3-3, which depic t s  

For t h i s  f igure ,  the expander t f f i c i ency  has been factored 

Propertres  of 8-113 were used t o  
A condensing temperature of 9S°F should be assumed i f  no 

Ideal ly ,  t o  obtain the grea tes t  accuracy from Figure 3-3 one should know 

In the r e a l i t y  
the expander i n l e t  temperature, the working f l u i d  species ,  the  condensing 
temperature of the working f l u i d ,  and the expander e f f ic iency .  
of a f i e l d  s i t ua t ion ,  l i t t l e ,  i f  any, of t h i s  information w i l l  be avai lable .  
Therefore, t h i s  nomogram was designed t o  enable one t o  estimate the cycle 
e f f ic iency ,  given only the maximum temperature of the source medium and the  
implict assumptions of a 95OF condensing temperature for the organic f l u i d  
and an 80 percent expander eff ic iency.  
and i t s  propert ies  are not known, one would not know the locat ion of the 

However, i f  the spec i f i c  working f lu id  
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NOTE: 

EXPONENT n I S  
KEY ED TO M4SS FLOWRATE 
SET IN SCIENTIFIC NOTATION 

i..., U60Ib&t I. 

4.26 X IO3 l e ,  WHERE n = 3 
EXAMPLE: 

NOTE - - 2310 19n,h - 2.3 x 103 ~t,,,,,&r, n = 3 
READ 0.184 X 106 B b h  J O.OS3 X 1s t W .  
(CALCULATE 0.183744 X 10' B b h  * 0.05384 X IO3 kW) 

CYCLE EFFICIENCY, B 

1 0  11 l ?  1J 14 15 16 17 1819 

Figure 3 - 5 .  NnmoRram for Iletenntning Net  Power I,elivcred hy An Organic 
Rankine Cyclc  Fed f r o m  n Condenatiig Steam Waate Heat Source 
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"pinch point" where the or8anic f l u i d  c h a w ,  *are or the ~ ~ p r t a t u r e  at 
which the pha8e c h a n p  occurs. An a s 8 d  temperature difference o f  SW? 
between the r p . x h  e w r c e  temperatun and the expander i n l e t  t .~ga ra tu re  m a  
fouad t o  predict  cycle e f f i c i enc ie8  t h a t  f e l l  within the da ta  rcatter o f  th4 
information avai lable  from the literature and the ~ n u f a c t u r e r r .  Thio 
assumption was therefore incorporated i n t o  Figure 3-3. 

With the implicit  arrrumptioae above, F i p r e  3-3 ir quite 
etrai&tforward 
where a predicted overall cycle e f f i c i ency  of 13.3 percent resu1t8 from a 
2800F maximum source temperature, when read from the mneral ixed curves. 

to uee a8 demonstrated by the example rhoom i n  the f i w n  

The energy tha t  is po ten t i a l ly  recoverable from a seneible mite heat 
eource (i.e., no condensation of the sc ;rce medium takes place) with an 
organic Rankine cycle can be determined from Figure 3-4. ?his f i m r e  rolws 
the following equation: 

q = "cyc m cp AT. 

where 

qcYc - overal l  cycle eff ic iency 

m = maee flow rate of the source medium, lbmhr  

cp - heat capacity of source medium, Btu/lbm OF 

AT temperature difference between the avai lable  and f in8 
temperatures of the source medium, OF 

q - net power delivered by the bottoming cycle,  Btu/hr or 

Although these curves were derived for  water, t h e y  can a l s o  be u8ed fo r  
hot gas sources l i k e  stack gases by multiplying the f i n a l  power derived by 
0.22. (This factor  i e  the approximate r a t i o  of the heat capac i t i e s  of the 
stack gases and hot water). 
the avai lable  power for  t h i e  new source can be estimated t o  within 10 percent 
by multiplyin8 the net power output r e a i  from the nomogram by the heat 
capacity of the source medium, mis is allowable because ttv heat capacity fo r  
water is approximately equal t o  1,O. 

For eources other than water o r  combustion gaoes, 

To s i m p l i f y  these curves, and s t i l l  e f f ec t ive ly  account for  the 
d i f f e ren t  orders of magnitude of the f low r a t e s  and the powers derived, the 
ocalee for  the flow r a t e ,  the power avai lable ,  and the power derived are 
presented with a var iable  exponent, n ,  that  is keyed t o  the maes flow rate 
w r i t t e n  i n  s c i e n t i f i c  notation. Once the variable n i e  determined, it  is used 
throughout the nomogram. 
wri t ten i n  e c i e n t i f i c  notation a s  4.26 x lo3 lbmhr .  
becauee of t h io ,  the sca l e s  for the power avai lable  and the net power 
delivered become 103+3 or lo6 B t u h r  and lo3 kWe, respectively.  
Therefore, when reading th i e  fieure (am well an Figure 3-51, one must f i r s t  
determine the mass flaw r a t e  so as  to  set t h e  order of  maenittide for  the 
scales .  

For example, a mas8 flow r a t e  of 4260 l b m h r  i o  
Here, n becomes 3, and 
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To estimate ORC power del ivery from Figure 3-4, one needr the mars flow 
rate of the source, the  m a x k  source temperature, the f i n a l  temperature 
desired for the rource medium a f t e r  the heat  is extracted,  and the 09838.~ 
cycle e f f ic iency  derived from Figure 3-3. 
then a prac t i ca l  lower l i m i t  for the  desired f i n a l  temperature ( for  e-ple, 
1000F) can be a s s 4  fo r  the spec i f i c  care  being studied. 
source medium is combustion gases, then the desired lower limit of the  source 
temperature should not be lees  than 300%' unless otherwise specif ied (see 
b f e r e n c e s  10 and IS!. 
of sulphuric  ac id ,  which Cs present i n  varying amounts i n  combustion gases 
becnrFe of the presence of sulphcr ;n the fue ls .  

I f  hot water is the  source medium, 

€lowever, i f  the 

%is cons t ra in t  is impOsed t a  prevent t he  condensation 

This curve is designed for  eaey use. Once the ~ O U P C C  mass flaw rate has 
been iden t i f i ed  and the magnitude of the sca l e s  eatabl ished,  en ter  the  
r.omogram at  the temperature of the source medium and move v e r t i c a l l y  until the  
desired f i n a l  temperature of t he  source is reached. Then move h m i s o n t a l l p  t o  
the l e f t  u n t i l  coming t o  the mass flaw rate iden t i f i ed  ear1i.r. Next, descend 
v e r t i c a l l y  to  the value of the  ove ra l l  cycle e f f ic iency  t h a t  was read from 
Figure 3-3, then move hor izonta l ly  to the r i g h t  and read the net power 
delivered. I f  the source medium is hot water, the f i n a l  value fo r  the  ne t  
power is the number j u s t  read. 
gases, then multiply the d e r  obtained from the nomogrcan by 0.22 t o  ge t  the  
net  pawer delivered. An i n s e r t  has been provided i n  Figure 3-4 t o  allow the 
user  t o  ca lcu la te  t h i s  graphically. 
of the decimal point so tha t  the s ign i f i can t  f igures  f a l l  between zero and 
1.0. 
a combustion gas source one would rewite t h i s  as 0.71 x lo3 kWe, en ter  
the in se r t  at 0.71 while mentally re ta in ing  the lo3, and read 0.156. 
fo r  t h i s  example the net power delivered is 0.156 x lo3 o r  156 kWe. 

Boatever, i f  the source medium is combustion 

Ta use t h i s  i n s e r t ,  ad jus t  the loca t ion  

For example, i f  710 kWe were read d i r e c t l y  from the nomogram, then for  

Eence, 

The grc.;s power ava i lab le  from the waste-heat source can a l so  be 
estimated from Figure 3-4, i f  desired.  It can be read on the horizontal  ax i s  
between the  f l o w  r a t e  and the cycle e f f ic iency .  

The net paver delivered by an organic Rankine cycle from a condensing 
steam source can be found from Figure 3-5. t . i s  graph is designed to  solve 
the following equation: 

where 

hfg  = heat of vaporization of water, Btullbm 

and the remaining parameters a re  a s  de fined e a r l i e r .  

Aa w i t h  Figure 3-4, the mass f l a w  r a t e  is ident i f ied  f irst  and wr i t ten  
i n  s c i e n t i f i c  notat ion so ae t o  e s t ab l i sh  the order of maRnitude of the 
parameter scales .  Pext, i t  is necessary to  have some estimate of the steam 
qual i ty  (or the heat of condensation) of the source stream. I f  the heat is 
normally rejected through a condenser, then the qua l i ty  can be accurately 
determined from the knowledge of  the heat re jec ted ,  which can be calculated 
from the condenoer i n l e t  and o u t l e t  temperatures and the flow r a t e  of the 
cooling water through i t .  If a condenser is not part of the system from which 
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waste heat is to be recovered from coadeneing eteam, then the steam q u a l i t y  
w i l l  have t o  be determined by another means, possibly by the temporary 
i n s t a l l a t i o n  of an instrumented, wtsr-coold heat exchanger. 

BOIOaver, a review of sample Air Force heat  p lan ts  revealed very few 
opportuni t ies  for waste-heat recovery from condeneing steam, w i t h  the poesible 
exception of some spec i f i c  operat ion like a p l a t ing  process. Because of chis, 
Figure 3-5 may find few appl icat ions,  but it is included here for campletenes8. 

Once an estimate of the ne t  power del iverd by an OWC unit  has been 
determined, the volume and the f loor  area of the system can be approximated 
with the a id  of Figure 3-6. 
is contained within an 1400 f t 3  volume and covers a 140 f t 2  floor area. 
Very l i t t l e  geometry data  were found i n  the literature or of fered  by the 
manufacturers. Those data  that were acquired a re  plot ted i n  Figure 3-6 and 
show a d e f i n i t e  trend. 
t h a t  heat recovery systems normally require  a c l e a r  area of SO0 t o  1500 f t2  
adjacent t o  the  waste-heat stream. 
geometry was a l so  suggested i n  Reference 16 and is presented i n  Table 3-4 
below. 

As an example, an ORC un i t  t h a t  de l ive r s  100 kW 

Information from AFI (References 16 and 17) suggests 

A supplemental a id  f o r  a p p r o x k t i n g  the  

Table 3-4. ESTIMATE OF GEaMETRY FOR AN ORGANIC BANKINE CYCL3 UNIT 
AS SUGGESTED BY AFI 

Power Range, Length , Width, Height, Volurpe, Area, 
kwe f t  f t  f t  f t 3  f t 2  

up to  1000 30 20 25 15,000 600 

1000 - 2000 40 25 25 25,000 1000 

2000 - 4000 40 45 30 54,000 1800 

D. NOMOGRAM FOR SIZING RECUPERATOR 

The conventional technique for recovering waste heat  from thermal 
process f a c i l i t i e s  is with a recuperative heat exchanger. Since the 
performance and, ul t imately,  the cost-effectiveness of an organic Rankine 
bottoming cycle should be compared with tha t  of a heat  exchanger, trade-offs 
with a recuperative heat exchanger must be made. 
nomogram has been developed t o  estimate the waste heat  tha t  could be recovered 
by a recuperator i f  it were fed from the same source a s  is the ORC. 
nomogram is presented as  Figure 3-7 from which the net heat recovered can be 
read e i t h e r  a8 Btu/hr or as  ki lowatts  thermal (kWt). 

For t h i s  comparison, a 

This 

Figure 3-7 is designed t o  be used i n  conjunction wi th  e i t h e r  Figure 3-4 
or  Figure 3-5, depending upon whether a sens ib le  or l a t e n t  heat source is 
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I 

I WMPU 1, ALTERNATE 
I 

EXAMPLE 1 CF FIGURE 5 INDICATES 
0.62 X 106 B b h  ARE AVAllABLE FROM 
THE HOT WATER SOURCE. ESTIMATE 

I THE HEAT RECOVEU€D WITH A SHELL 
AND TUBE (SINGLE SHELL) HEAT 
EXCHANGER. t SHELL AND TUBE 

I SINGLE SHELL 
I HEAT WCHANGER - NOTE: n = 3 

I 
I 

READ 0.36 X 106 B t u h  OR 100 kW, 

ALTERNATE: F R GREATER RESOLUTION, 
WRITE 6.2 X 1 
AND READ 3.61 X 16 Btu/hr OR 106.5 kW,. 
(CALCULATE 3.596 X 16 Btu/hr AND 
105.36 kWt) 

EXAMPLE 2 OF FIGURE 5 INDICATES 
1.37 X lob B b / b  (UNCORRECTED) AS 
POWER AVAILABLE FROM A STACK-GAS 
SOURCE. ESTlMATE THE HEAT RECOVERED 
WITH A CROSS+LOW HEAT EXCHANGER. 

READ 0.93 X 1 0 6  Btu/hr OR 0.27 X lo3 kW 

CORRECT FOR GAS SOURCE: 

AND READ 0.06. HEAT RECOVERED IS 
0.06 X 103, OR 60 kW+. 

cRoss-FLow 
HEAT EXCHANGER 

os I B t u h ,  LETTING n = 2, 

ENTER INSERT AT 0.27 (MENTALLY RETAIN 103) 
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NET HEAT RECOVERED, lo" kW+ 

Figure 3-7. Nomogram for Determining N e t  Heat Recovered by a Recuperative 
Heat Exchanger from a Waste Heat Source 
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available.  
words, the power avai lable  from the source) is determined from the top h a l f  of 
Figures 3-4 and 3-5, and is brought over t o  Figure 3-7, which s u b s t i t u t e s  f o r  
the bottom half  of e i t h e r  of the other two figures.  Obviously, the value f o r  
n is also carr ied along. 

The quant i ty  o f  waste heat ready t o  be t ransferred ( i n  other  

To maximize the ease with which t h i s  f igure may be used, three of the 
most compon heat exchangers are iden t i f i ed  a s  the va r i ab le  curves instead of a 
more conventional parameter l i k e  heat-exchanger effectiveness.  
s implif icat ion necessi ta ted a compromise i n  gene ra l i t y  t h a t  was f e l t  t o  be 
minor because a conservative resalt w i l l  generally be predicted fo r  states 
t h a t  deviate  from the assumed conditions. 
w i l l  be sized than is ac tua l ly  required. 
p r a c t i c a l  upper l i m i t  f o r  a l l  heat exchangers is displayed f o r  comparison. 

This 

A s l i g h t l y  l a rge r  heat  exchanger 
A dashed l i n e  depicting the 

It is assumed t h a t  the heat  exchangers are sized according t o  the 
techniques defined by Kays and London (Reference 18) wherein the number of 
heat  t r ans fe r  u n i t s  (mu) is  used i n  conjunction with the capacity-rate r a t i o  
[(d c )min/(& cp)max)] t o  determine the heat exchanger effectiveness.  The 
se l ec t ion  of a capacity-rate r a t i o  of one i n  the der ivat ion of t h i s  curve 
predicts  a lower l i m i t  for  heat exchanger effect iveness .  
selected as being an achievable value consis tent  with good heat  exchanger 
design practice.  

An NTU of three was 

The two examples given a re  iden t i ca l  with those of Figure 3-4, except 
t h a t  now a heat exchanger replaces the organic Rankine bottoming cycle. 
r e s u l t s  obtained are self-explanatory on the figure i t s e l f .  Note t h a t  fo r  the 
case where the heat source is  stack gases (Example 2)  the value f o r  the power 
ava i l ab le  from the source is t ransferred d i r e c t l y  from Figure 3-4; the 
correct ion for a gaseous source is accomplished as the las t  s t e p  with the use 
of the in se r t .  The i n s e r t  for Figure 3-7 has the same function as tha t  shown 
i n  Figure 3-4, which is t o  provide the f i n a l  conversion f o r  waste heat  
recovered from a combustion gas heat source. 
of the number obtained from the scale  of net heat t ransferred t o  f a l l  between 
zero and one, and note the r e su l t i ng  order of magnitude. 
i n s e r t  with tha t  s ign i f i can t  f igure and apply the retained order of magnitude 
t o  the number read. 
recovered is wri t ten as 0.27 x lo3 kWt, the in se r t  is entered a t  0.27 
while lo3 is mentally retained, and 0.06 is  read t o  which the lo3 i s  
applied, yielding 60 kWt. 

The 

kd j u s t  the s ign i f i can t  f igures  

Then en te r  the 

For example, i n  Example 2 the 270 kWt read as net heat  

Once the performance of the recuperator has been estimated, i t s  
cost-effectiveness w i l l  be determinzd arld the f i n a l  r e s u l t  w i l l  be compared 
with tha t  derived for the ORC. 

PRECEDING PAGE BLANK NOT FILMED 
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EQUIPMEBIT COST 

Once the ORC equipment has been sieed fo r  a spec i f i c  application, the 
next s t e p  is to evaluate its cost-effectiveness,  for unless  t he re  are o the r  
overriding considerations, such as a need fo r  self-sufficiency, any new system 
must be shown to  be cost-competitive i f  it is t o  replace a conventional 
procem. In t h i s  sect ion the equipment i n s t a l l e d  cost, its savings-to- 
investment ratio, and a comparison of t he  break-even costs are presented f o r  
both the organic Rankine bottoming cycle and for  a recuperator. 
da t a  the  cost-effectiveness of  the various opt ions can be compared. 

From these 

A. ORC EQUIPMEIOT INSTALLED COST 

Much information on the i n s t a l l e d  cost  of e q t i p m n t  was obtained from 
both the l i t e r a t u r e  search and the industry survey. 
i n s t a l l e d  cost  is defined as the c a p i t a l  cost of the equipment plus its 
i n s t a l l a t i o n  cost .  
c a p i t a l  cost  from the i n s t a l l a t i o n  cost ,  the manufacturers responding t o  the 
questionnaire quoted cost  da t a  i n  terms of c a p i t a l  c o s t s  only. A l l  of these 
data  have been plotted i n  Figure 4-1 i n  u n i t s  of $/kWe as a function of net 
power output i n  kW,, 

For t h i s  study, equipment 

With the exception of Sundstrand, which d i f f e r e n t i a t e d  the  

In  Figure 4-1, the dashed curve t h a t  represents the suggested i n s t a l l e d  
cost  t o  be used f o r  estimating purposes was derived from the assumption t h a t  
the equipment i n s t a l l a t i o n  is 40 percent of the t o t a l  cost .  (See, fo r  example, 
Reference 19). For ease of estimating i n s t a l l e d  cos t s  i n  a f i e l d  environment, 
a simplified version of Figure 4-1 t h a t  displays only the recoamended i n s t a l l e d  
cost  curve is presented as Figure 4-2 and the f igure should be used f o r  a l l  
subsequent cost estimates . 

Although considerable cost  information has been obtained for  t h i s  study, 
i t  was fe l t  t h a t  because of the influence of i n f l a t i o n  over the past f e w  years 
t h a t  it would be more appropriate t o  report  the latest  cost  data as 
representat ive of a 1982 market and show ear l ier  cos t s  as a depiction of 
trends,  r a t h e r  than t o  extrapolate a l l  cost  data in to  1982 do l l a r s .  

The 1978 cost  descr ipt ion presented by Burns-McDonnell (Reference 20) 
was more thorough than any other ORC cost  information obtained from t k  
literature search and, therefore ,  warrants a separate  display.  Obtaining 
the:r baseline data from Sundstrand and Thermo Electron, they have 
extrapolated i t  over a range of power r a t ings  and have a l s o  shown the 
Influence of a new versus a r e t r o f i t  i n s t a l l a t ion .  Their results have been 
extracted from Reference 20 and a r e  presented as Figure 4-3. 

One would expect to  see an inverse relat ionship between i n s t a l l e d  cost  
and maximum cycle temperature f o r  any given power output because temperature- 
re la ted components l i k e  heat exchangers must be larger  t o  ex t r ac t  the same 
power from a smaller temperature gradient ;  hence they would be more expen- 
sive.  With the exception of the data from SPS, fnc., the data obtained 
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from the industry suroey wre not su f f i c i en t  to display t h i s  r e l a t i o n  
rigorously. 
Figure 4-4 does j u s t  t ha t .  
do l l a r s ,  agree well with the 1978 Bums-McDonnell data  i n  Figure 4-3. 

However, a ,-a* extracted from Reference 21 and presented a8 
tbte t h a t  the data i n  Figure 4-4, although in  1977 

An addi t ional  comparison of i n s t a i l e d  cos t s  can be made i n  1978 d o l l a r s  
from Figure 4-5, which was obtained from Bsference 22. The range o f  values 
given fo r  organic Ranrtine equipment co6ta compares favorably with those in the 
other two f igures;  a range of steam Bankine epstem coots is also given, but 
steam Rankine cycles were not investigated fo r  t h i s  study. 

An h i s t o r i c a l  perspective of the evolution of i n s t a l l e a  cost  fo r  o r g a d c  
Rankine cycle equioment is presented as Tab16 4-1. 

B+ OPERATIa AND MAINTENANCE COSTS FOR THE ORC 

Because of the r e l a t i v e l y  short  h i s to ry  of  organic Rankine cycle 
equipment, well-quantffied operation and maintenance (OW) data are d i f f i c u l t  
t o  determine. However, as a r e e u l t  of  :he l i t e r a t u r e  search,. c e r t a i n  trends 
and consistencies i n  Old4 data  ircllee apparent, which were ve r i f i ed  by the 
occasional ORC equipment manufacturx who offered an estimate based on h i s  
experience. 

Table 4-2 presents a chronological evolution of O M  infonuatinn t h a t  wa8 
produced by the l i t e r a t u r e  search and industry survey. 
t o  see a decrease i n  O&M cost  with timc, as t h i s  represetits a maturation of 
the hardware. Operation and maintenance costs  tend to Iesnen as an i t e m  of 
equipment becomes more developed. 

It i@ not su rp r i s i ag  

C. ESTIMATE Gi ANNUAL SAVINGS FOR THE ORC 

Once the net power avai lable  from the orgaliic Rankine bottoming cycle 
has been derived, it then becomes possible t o  estimate the annucl energy b i l l  
savings, which is the d o l l e r s  per year of e l e c t r i c i t y  tha t  are displaced by 
the power recovered from the wasts hest .  A graphical technique for  estimating 
t h i s  savings is  presented as Figure 4-6. 
bottoming cycle tha t  was determined from Figure 3-4 o r  Fib-re 3-5 i 9  the  en t ry  
point fo r  t h i s  graph. 
cost  of e l e c t r i c i t y  must a l s o  be estim-ted. 
Figure 4-6 indicates ,  i f  the bottoming cycle had been sized a t  150 kWe net  
output from e i t h e r  Figure 3-4 or Figure 3-5 and i f  it were ant ic ioated t o  
operate for 6000 hours per year where e l e c t r i c i t y  cos t s  80 mills/kw-hr, then 
an annual energy b i l l  savings of $72,000 could be realized. 

The net  power delivered by the 

The number of operating hours per year and the loca l  
As the example displayed in  

The actual quantity of energy saved for the same c m d i t i o n s  is  a l so  
ava i l ab le  from Figure 4-6 and is 9 x l o 5  kW-hr for t h i s  example. 

It is important t o  note i n  Figure 4-6 t h a t ,  l i k e  Figures 3-4 and 3-5, the 
sca l e s  havr been generalized for maximum f l e x i b i l i t y .  The net  power delivered 
by the ORC equipment must be known i n  order t o  ecter Figure 4-6. 
for  the net power delivered i s  read from e i t h e r  frigure 3-4 or FiRure 3-5 

The value 
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Table 4-1. HISTCWCAL PERSPECTIVE OF I N S T U D  COSTS MIR ORGANIC 
W I N E  m u  aQtIrPmm 

YEAR 
DOUARS INSTALLED COST RBFBRENCE 

Thermo Electron 1973 $1 SO/kWe 23 

Bar bar-Nicho 1s 1974 $200 to $3OO/kWe 2 

Mechan ice 1 Techno logy, Inc . 1974 $350 to $lOOO/kW, at 24 
SO unite/pear 
(10 kW minimum) 

Automotive Rn8ineerirq 1978 $1000 to $lSOO/kW, 25 

and io written in scientific notation with the significant figure falling 
between 1.0 and 10.0. As with the earlier nomograms, the exponent of the ten 
establishes the variable scale factor, n, which io then used throughout the 
remainder of the graph. 

D. ESTIMATE OF THE COST-RlrFECTIVRNRSS FOB THE ORC 

The Energy Concarvation Investment Program (BCIP) economics ;or organic 
Rankine bottoming cycle equiptnent was derived utiliriv instructions contained 
in OSD (MRAQL) letter 31 Aug 1982 and instruction8 from AFESC/DBB. 

The savings-to-investment ratio (SIR) is defined as 

SIR - ZS/SI 

where 

IS Total net discounted dollar savings 

TI Total dollar investment 

and 

where 

SE - Present worth of dollar savings (or cost if negative) due to 
eneruy items 

si - Present worth of dollar srvinga (or cost i f  neRativc) due to 
non-energy iterne 
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and 

where 

W = Federal miform present worth f ac to r  a t  7% adjueted fo r  energy 
p r i ce  escalation by DOE region 

AE = h e r g y  savings i n  source =tu 

CE = Today's cost  of energy a t  the source i n  d o l l a r s  per -tu and 
the subscr ipt  E r e f e r s  t o  energy items 

and 

si (m x cia) + (PW x CG)1 + . . . e o  (PW % CiE)n (4) 

where 

UPW = Uniform present worth f ac to r  for  annual recurr ing savings o r  
cos t ,  a t  7% 

Dollar savings (or cost  i f  negative) fo r  annual recurr ing items CER = 

PW = Present worth factor  fo r  non-recurring savings o r  cost  
a t  7% at the appropriate %" number of years 

C E i  = Dollar savings (or cost  i f  negative) for  non-recurring items 
a t  the appropriate "n" number of years. 

The subscr ipts  E and r e f e r  t o  non-energy items and t o  non-recurring 
i t e m s  , respectively . 
Also, 

where 

cc = 

cD = 

cM 

0 . 9  * 

cs = 

The cost of construction in today's d o l l a r s  excluding 
contingencies normally added fo r  future  programs (from 
Figure 4-1 or ac tua l  cost  estimate) 

The cost of design i n  today's d o l l a r s ,  generally 6% 

The cost of managing the construction -- supervision, inspection, 
and overhead (SIOH) -- i n  today's do l l a r s ,  gen-rally 5 .5% 

An a r t i f i c a l  tax-credit allowable in  ECIP  calculat ions t o  more 
closely approximate appl icat ions i n  the private-sector 

The cost  of salvage -- do l l a r s  flowing back t o  the government 
-- i f  not already included i n  the contract  cost  

4-1 1 



oRK;srr\ipAaem 
OF m QUum 

The uniform present worth and present worth fac tors  can be derived from 
a progression such as 

and 

where 

d *  

e =  

n =  

However, it 

c 1 

(1 + d)" - 1 U P W E  
d ( 1  + d)" 

(7 )  

Discount r a t e  = 0.07 

Escalation rate 

System l i f e  

is easy t o  take these fac tors  +.ram Reference 28 wherein the  data  
f o r  suggested fue l  esca la t ion  r a t e s  have been tabulated fo r  u s e  i n  DoD 
analysis .  

For the purpose of the discussion and demonstrated equations i n  t h i s  
sect ion,  the UPW fac tor  w a s  for  the United States average. 
l i f e  was assumed for a l l  equipment, the following upw* values are used: 

Since a 25-year 

E l e c t r i c i t y  
D i s t i l l a t e  o i l  

Residual o i l  

Natural gas 

Coa 1 

UP* Apprc-ximate Escalation 

14.19 2% 

17.79 4x 

18.09 4.5x 

17.84 4% 

20.76 5.5% 

A value for U P W  of 11.65 was used for 25 years. 

Acother important ECIP c r i t e r i o n  i s  the "ECIP Qual i f icat ion Test." A 
project  must demonstrate tha t  a t  l ea s t  75 percent of the t o t a l  discounted 
savings (ZS) are derived from energy savings. 

From Equation (2 )  ZS was defined as  

But 
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Hence, 

Also, 

then 

s + s- 
E 1 1.0 TI 

or 

S + 0.33 SE 

TI 2 1.0 E 

1.33 SE 2x1 ( 9 )  

Other important f a c t o r s  necessary f o r  ca lcu la t ing  both the  savings-to- 
illvestment r a t i o  and the energy-to-cost r a t i o  were extracted from Reference 28 
and a r e  tabulated below. 

Purchased e l e c t r i c  power 

Dis t i l l a te  fuel  o i l  

Residual fue l  o i l  

Natural gas 

LPC, propane, butane 
Bituminous coal  

Anthracite coal 

Purchased steam 

11,600 Btu/kWh 
138,700 Btu/gal 

Use average thermal content 
of res idual  fuel  o i l  a t  each 
spec i f i c  locat ion 

1,031,000 Btu/1000 f t '  

95,500 Btu/gal 

24,580,000 Btu/short ton 

28,300,000 Btu/short ton 

1,390 Btu/lb 

Purchased energy is defined a s  being generated of f -s i te .  For spec ia l  
cases where e l e c t r i c  power o r  steam i 8  purchesed from on-site sources,  t he  
actual  average gross  energy input t o  the  generating plant plus  d i s t r i b u t i o n  
losces may he used, but i n  no case should the power r a t e  be less than 
10,000 Btu/kWh or the  steam r a t e  be less than 1200 Btu/lb. 

The term "coal" does not include l ign i te .  Where l i g n i t e  is involved, 
t he  Bureau of Mines average value for  the source f i e l d  must be used. 
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The basic  assumptions h p l h i t  i n  e r t ab l i sh ing  the cost-effectiveness 
f o r  both an ORC u n i t  and the cocventional recuperative method6 of heat  
recovery is tha t  the ORC recovers waste heat t o  displace electrical cost a t  
the expense of its c a p i t a l ,  i n s t a l l a t i o n ,  and O&M costs, while the recuperator 
recovers waste heat t o  displace f u e l  cos t s  a t  the expense of the recuperator 
c a p i t a l ,  i n s t a l l a t i o n ,  and O&M costs. No addi t ional  fue l  is consumed. 

The calculat ion of savings-to-investment ra t io  spec i f i c  t o  the ORC 
displacement of e l e c t r i c i t y  proceeded as described below. 

The estimated annual energy savings, AB, 
as follows: 

8760 hr/yr  

10 BtujMBtu 6 AE 0 Pr x Cf x 

MBtu 101.6 Pr x C f ,  - 
Yr 

from Equation ( 3 )  was wri t t en  

(10) 

where 

P, = Rated power, kWe 

Cf 

The energy cost  term, CE (source energy cost)  was expressed as 

= Annual capacity factor ,  o r  hours a t  operation per 8760 hours 

$ O.O86P, 

where 

p = today's cost of e l e c t r i c i t y  a t  the s i t e  in cents per kwh. 

The present worth f o r  e l e c t r i c a l  energy then becomes 

% = 14.19 (101.6 x P, x C f )  (0 .086p)  

$ 124 Pr x Cf  x p,  - 
Y =  

The t o t a l  investment (LI) was defined as 

TI 

= 

(Cc + CD + $) 0.9 - Cs 

I n  terms of the size of the device, E1 can a l s o  be defined a8 

TI - Pr x C i e  x 0.9 - cs 

(12)  

(13) 
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where 

C i e  = Total  i n s t a l l e d  cost of the ORC, $/lcWe (considers construction 
cos t ,  SIOM, and design i n  today's do l l a r s ) .  

As fo r  the other  associated costs iden t i f i ed  by Equation (4) the  o t h v  
individual savings or costs, CER, were assumed zero f o r  t h i s  study. 
recurr ing costs, CER, were assumed to be the ORC O&H costs, and the values 
derived by Burns-McDonnell and presented i n  Table 4-2 were used f o r  the 
analysis.  

The 

The recurring cos t s  were expressed as follows: 

CER - (a Pr + b P, x Cf X 8760) 

where 

a = Fixed OLM component $7/kW-yr 

b = Variable 0&M component = $O.OOll/kW-hr. 

Hence, 

and the other associated costs  become 
- 
E = - 11.65 ( 7  + 9.64 C f )  P,. (15) 

Therefore, the net present worth from Equation (2) becomes the sum of Equations 
( i 2 )  and (15), or 

IS = 124 Pr x Cf XP - 11.65 ( 7  + 9.64 C f )  (16) 

A quick review of Equation (16) w i l l  show t h a t  the 0 & M  contribution is a 
small percent of the present worth. 

The savings-to-investment r a t i o ,  Equation (11, is  now Equation (16) 
divided by Equation (13). 
value; therefore,  the re la t ionship becomes 

For t h i s  study it is assumed there i s  no salvage 

123 Pr x Cf x - 11.65 ( 7  + 9.64 C f )  Pr 

0.9 P x CT SIR = 
r 

or 

137.78 CfP 12.94 (7.964 Cf - SIR * 
cT cT 

(17) 

Equation (17) is i n  a format that  can be conveniently displayed 
graphically as a function of e l e c t r i c i t y  cost ,  ORC i n s t a l l ed  cos t ,  and t o t a l  
operating hours p e r  year, and i t  is  presented a s  Figure 4-7. 

Because the O&M contribution (non-energy savings) is  but a f e w  
percentage points of the present worth, i t  i s  assumed fo r  t h i s  study t h a t  the 
ECIP Qualification rest w i l l  always be m e t .  
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ASSUMPTIONS: 
25-YEAR LIFE 

= 296 DIFFERENTIAL ESCALATION 
11,600 Bru/kWh HEAT RATE FOR 

796 DISCOUNT RATE 
PURCHASED ELECTRIC POWER 

INSTALLED CAPITAL COST, I / k W e  



BO 100 120 COST OF 
ELECTRICIN 

mills  
k W h  

W P L E  

$lmO/kW, EQUIPMENT OPERATING 4WO h r / y a r  WHERE 
ELECTRICITY IS 100 mills/kWSr HAS A N  SIR OF 5.15. 

3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 
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SCIVINGS-TO-INVESTMENT RATIO FOR ORGANIC RANKINE CYCLE DISPLACING ELECTRICITY 

0 

Figure 4-7.  Determination of Savings-to-Investment Ratio for the Displacement 
of Electricity Through Waste Heat Recovery with Organic Rankine 
Bottoming Cycle Equipment 
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Figure 4-7 is used i n  conjunction with Figure 4-t. Once the net power 
output of the bottoming cycle has been s iaed,  one en te r s  Figure 0-2 t o  deter-  
mine an estimate (or estimates) of the i n s t a l l e d  equipment cost  i n  $&We. 
One then en te r s  Figure 13 with t h i s  value and, along with an esthete  of  t he  
annual operating hours and the cos t  of  e l e c t r i c i t y ,  obtains  the aaoings-to- 
investment Multiple cases can be readi ly  compared on the same graph 
since the r e l a t i v e  cost-effectiveness is the difference of the savings-to- 
investment ratios. 

L 3 .  

E. RE(rllPERATcR INSTALLED COST 

It is very d i f f i c u l t  t o  develop a generalized curve for the i n s t a l l e d  
cost  of heat exchangers s ince heat exchanger designs are dependent upon 80 
many d i f f e ren t  parameters - a l l  of which influence the cost  t o  varying 
degrees. As an example, the c a p i t a l  cos t  fo r  heat  exchangers decreases as 
both the heat-source temperature and the required quant i ty  of heat  t ransferred 
increase because of increased thermodynamic e f f i c i ency  and economies of 
scale .  
Yet, some method of e s t i n a t i n g  t h i s  i n s t a l l e d  cos t  is necessary t o  conduct an 
adequate trade-off of cost  -e f f ec t iveness . 

The opposite is experienced i f  the heat source temperature is low. 

A very detai led analysis  of the i n s t a l l e d  COSCS f o r  heat exchangers is 
presented i n  Reference 29 ,  and Figure 4-8 was extracted from t h i s  reference 
f o r  the case where the heat exchange is from gas t o  l iquid.  Only the upper 
l i m i t  of the range of values presented i n  the reference is repeated here,  so a 
conservative answer is obtained for  a gas-to-liquid heat exchanger, and the 
same curve applies t o  a liquid-to-liquid heat exchange. 
cautioned tha t  each i n s t a l l a t i o n  is  s i t e - spec i f i c  and t h a t  the i n s t a l l a t i o n  
cos t s  obtained from Figure 4-8 are only estimates.  

Rowever, one must be 

Also, one should note tha t  the un i t s  used on the two axes i n  Figure 4-8 
a r e  s l i g h t l y  d i f f e ren t  from those show. i n  Figure 4-1 i n  t h a t  the heat  
t ransfr  r a t e  fo r  heat exhangers is referred t o  i n  kilowatte thermal. 
un i t s  in Figure 4-1 a r e  i n  kilowatts e l e c t r i c ,  which h p l i e s  t h a t  a conversion 
from thermal t o  e l e c t r i c  output has taken place. 
Figure 4-8 are  similar t o  those of Figure 4-1. 

The 

A l l  other aspects about 

After determining the quantity of heat .ransferred from Figure 3-7, 
en te r  Figure 4-8 with t h i s  value and read the i n s t a l l e d  cost  of the 
recuperator i n  $/kWt from the ordinate ,  
system involving a heat exchanger must a l s o  include piping cos t ,  which is a 
separate parameter. 
be amall when compared with that  of the heat exchanger, 
pipelines could have a s ign i f i can t  cost  impact t h a t  should be investigated.  
An estimate of the i n s t a l l e d  cost  of insulated piping was obtained from 
Reference 30 and is presented beluw as Figure 4-9, 
pipe is assu!.ed i n  t h i s  f igure.  

The i n s t a l l a t i o n  cost  of a complete 

I f  the lengths of pipe runs a r e  sho r t ,  then t h i s  cost  may 
However, long 

Schedule 40,  carbon-steel 

A s  with e a r l i e r  graphs, Figure 4-9 has been plot ted with generic scales  
for  ease of reading. However, for t h i s  f igure the generalieed parameter, m, 
is the exponent of the 10 that  r e s u l t s  from wri t ing the net  heat t r ans fe r  
reading from Figure 3-7 i n  s c i e n t i f i c  notation, a8 seen i n  the two examples. 
(The decimal point may be positioned wherever it gives the  g rea t e s t  resolut ion 
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TOTAL LENGTH OF PIPE, ft 

m 

80oo 

9000 

10,m 

l o x  I d "  

zx 16" 

9 X  Id" 

7 X  16" 

6x16"  

5 x 1 6 "  

4 x  lUrn 

PlPlNG COST, 10's 

/ / 
3 x  10" 2 x 1 6 "  

QUANTITY OF HEAT TRANSFERRED, kW+ 

1 x Id" 
0.8 X 



W O N  STEEL 

N O M I N A L  PIPE DIAMETER, in. 

0.8 X Id" 0.4X I d "  

EXAMPLE 1 

RECUPEWTOR FROM EX. 1 OF FIG.  6 THAT 
TRANSFERRED 105.5 kWt OF HEAT IS USED 
WITH 600 ft OF 4" DIA. PIPE (300' EACH FOR 
FEED AN3 RETURN LINES). F IND PIPING 
COST IN S A W + .  

WRITE 105.5 kW, AS 1.055 X lo2 kW+ 

WHERE m = 2  

READ I .3 x lo4" OR 1.3 i< 1 0 ~ - ~  = si3o/kw, 

EXAMPLE 2 

A 6ooo kWt RECUPERATOR IS USED WITH 
4" DIA. PIPE HAVING A LENGTH OF 1800 ft. 
FIND PlPtNG COST IN $/kW,. 

WRITE 6ooo kW+ AS 0.6 X IO4 kW+ 

WHEREm = 4  

READ 7.1 x OR $7 .1bWt  

A FOLDOUZ F W  

Figure 4-9. Gz?ohical Method €or Estimating Piping Costs i n  $/kWt 
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i n  reading. 
needs to  know the quant i ty  of heat  t ransfer red  f r m  Figure 3-7, an estimate of 
the t o t a l  length of pipe, and the nominal pipe d i m t e r .  
pipe includes both the  feed and r e tu rn  l i n e s  to and fram the  recuperator. 
Since the f i n a l  cos t  par-ter is i n  $/kWt of  hea t  t ransferred,  me can 
readi ly  see t h a t  recuperator systems with very 1- pipe lengths  associated 
with r e l a t i v e l y  small heat t r ans fe r  rates could be prohib i t ive ly  expensive. 

To obtain a reading of  SAWt f o r  piping from Figure 4-9, oam 

'Lhe total length of 

The f i n a l  value for  $/kWt, then, is the sum of the reading obtained 
from Figures 4-8 and 4-9. 
was read for  a heat  t r ans fe r  rate of 105.5 kWt. 
exchanger i n s t a l l e d  cos t  of $135/kWt for t h i s  sane rate. 
cos t  of the recuperator and pipe for  t h i s  example is $265/kWt. 
also note t h a t  for t h i s  specifi: case the  cos t  per ki lowatt  of the piping and 
the recuperator are e s s e n t i a l l y  equal, and neglect ing the piping cos t  mmld 
r e s u l t  i n  a ser ious  error. 

From Example 1 of  Figure 4-9, a value of $130/kWt 
Figure 4-8 predic t s  a heat 

Beace, the  total 
One should 

Bowever, for Example 2 of Figure 4-9, where the piping cos t  is only 
$7.1/kWt, the heat exchanger i n s t a l l e d  cos t  for  6000 kWt of heat 
t ransfer red  is $33/kWt. 
cos t  is only 18 oercent. 

The t o t a l  cos t  is $40.1/kWt of which the piping 

F. OPERATION AND MAINTENANCE COSTS FOR RECUPERATORS 

Since recuperators a re  bas i ca l ly  passive devices, one would expect that 
t h e i r  operat ion and maintenance cos t s  would general ly  be low, and information 
acquired tended t o  ve r i fy  this .  Therefore, fo r  t he  purpose of t h i s  study, it 
was assumed that the W cos ts  were within the e r r o r  of the  kuowledge of the  
i n s t a l l e d  cost .  However, the  O&M cos t s  of heat  exchangers are af fec ted  by the  
power requirements of any p a r a s i t i c  u n i t s ,  such as pumps, fans, o r  o ther  
required a u x i l i a r i e s ,  and by the  quant i ty  and species  of contaminants found i n  
the heat source medium. 
of the recuperator may be s ign i f i can t .  
evaluated on an individual bas i s .  

I f  frequent cleaning i s  required, then the O&M cos t s  
A l l  of these f ac to r s  would have t o  be 

G.  ESTIMATE OF COST-EFFECTIVENESS FOR A RECUPERATOR 

As with the organic Rankine bottoming cycle equiptent ,  the  cr - 
ef fec t iveness  of a recuperator/piping system is estimated by the  savings-to- 
investaent r a t i o ,  which was derived by methods very similar t o  those presented 
e a r l i e r .  Specif ic  var ia t ions  from the previous method a re  presented below. 

Since the heat t ransferred by the recuperator is assumed t o  reduce the 
amount of energy tha t  must be added back by fue l  combustion, then the annual 
energy savings, AE, can be expressed i n  terms of the energy displaced. 
Therefore, 

MBtu 
9 -  Yr 

qf  x Cf x 8760 
AE = 

lo6 

where 

qf = Energy of fuel displaced 
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where 

I$, Mass flaw rate o f  water t o  the bo i l e r  

B t U  = Beat capacity of water = 1 wr ATrec 

9,, Boiler e f f ic iency  

The annual energy savings can now be written as 

% 'pATrec 'f 8760 AE = x- 
'b lo6 

or  i n  terms of rated power i n  kilowatts, 

8760 (3413) P, C, 

or 

29=9 pc 'f m t u  - 
' Y r  

Afi = 
'b 

(18) 

The project  cost  is s imilar  t o  tha t  of Equation (131, but now the hardware 
in s t a l l ed  cos t ,  C i t r  is i n  SAW,. Hence, 

For t h i s  study, the recuperator/piping O&M cos t s  have been assumed 
s u f f i c i e n t l y  small tha t  they a re  within the error of knowledge of the hardware 
ine ta l led  cos t .  
zero. 
recuperator a s  

"berefore, the CER term fcom Equation (4) was s c t  equal t o  
A derivat ion similar t o  tha t  for  Equation (16) resu l t8  i n  a TS for  a 

TS = UPW* x EC x &  

fr,m which, for an assumed zero salvage value,  

UPW* x EC x AE SIR - 
0.9 x Pr x C i t  
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or 

0. x Bc x 49.9 Pr cy 
SI9 

'*' 'b 'it 

Eon- 

33.22 UlW x = x C, r SIR - 
'b 'it 

(20) 

Equation (20) was then specialitad fo r  the r p e c i f i c  fuel  t h a t  was t o  be 
diap:aced. 
were a r r d  i n  addi t ion to  the parameters i d e a t i f i d  e8rli.r froa h f e r e o c e  
28. 
percent (averaga of d i s t i l l a t e  a d  r ee id ru l  o i l ) ,  the sawiqs-to-hwestmeat 
r a t i o  k a a e  

For 811 cares,  a boiler e f f i c i ency  of  80 percoat and a 29-year l i f e  

?or oil with an approxhate  percent d i f f e r e a t i a l  i n f l 8 t i a o  f ac to r  of 4.25 

' - 5372.2 8 
'*oil 'it 

(21) 

where 

C8 - Cost per ~ a l l o n  of o i l ,  $/gal 

For natural  gas with an appropriate d i f f e r e n t i a l  i n f l a t i o n  of 4 percent, the 
aaviws-to-investment r a t i o  was found t o  be 

'm 'f SIR - 740.8 - 
n(t 'it 

(22)  

where 

C, Cost per mill ion Etu  of natural  gas, SmBtu 

Equations (21 )  and (22)  a t e  displayed graphically as Fipures 4-10 and 
4-11, respect ively,  i n  s manner ident ical  t o  tha t  described for  ?igure 4-7, 
except that  here the  entrance parameter ( the  equipment i " * c * l l e d  cor:) is the 
sum of the recuperator and related piping costs .  
i n s t a l l e j  c a p i t a l  cost  of the recuperator was t h a t  which might be 
rea1irt i t :al ly expected. Ihe  lower bound i n  each of these f igures  were 
establiohad by c c t t i n g  the savings-to-investment r a t i o  equal to one. The 
savings-to-invertment r a t i o  rcales  d i f f e r  i n  these f igures ,  as well a0 i n  
F i m r e  4-7, beemme of differences i n  other costing parrmctero specif ied by 
the A i r  Force that  were outlined e a r l i e r  (Reference 28). 'hers figures a r e  
interpreted in  the same way as was diecuered fo r  Figure 4-78 the higher the 
savinge-to-invertmcnt r a t i o ,  the be t t e r  the payoff of the inveotmcnt . 

'he sca l a  selected for  the 
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A cursory revieu of F i m r e s  4-10 and 4-11 shows t h a t  without exception 
there  is a higher savings-to-investment ratio r e t u r n  for the  equivalent 
i n s t a l l e d  costs and operati* t h e e  to displace o i l  than there  is to displace 
natural  gas. 
s ince the bases iden t i f i ed  i n  t h i s  study a l l  burn na tu ra l  gas as the primary 
source of fue l  f o r  t h e i r  steam p lan t s  and store o i l  for emergency backup. 

This conclusion is consistent with the  p rac t i ce  i n  t h e  f i e l d ,  

The comparison of the cost-effectiveness of  the recuperator/piping 
system with ORC equipment is more iuvolved and is covered i n  the  next section. 

The camparison of  the cost-effectiveness of  an organic Rankine bottoming 
cycle with t h a t  of conventional recuperative heat  recovery is presented i n  t h e  
form of break-even costs i n  Figures 4-12 through 4-15. 
derived f o r  heat  plants  fired with e i t h e r  na tu ra l  gas or oil .  A similar curve 
could be developed for  coal but was not, as no A i r  Force coal-fired heat  
plants  w e r e  i den t i f i ed .  

These graphs were 

For t h i s  analysis  the cost-effect iveness  of the i n s t a l l a t i o n  of  ORC 

Hence, the following two 
e q u i p e n t  was assumed equal t o  t h a t  of a recuperated system if the  
savings-to-investment r a t i o  of each were equal. 
equations were developed (one f o r  o i l  and one f o r  na tu ra l  gas) t o  relate the  
i n s t a l l a t i o n  cost  of the ORC, the i n s t a l l a t i o n  cost  of the recuperator/piping 
assembly, the fue l  cost ,  and the cost  of  e l e c t r i c i t y :  

For na tu ra l  gas 

C i t  

For o i l  

C i t  

P 

D 

5.362 C&ie 

38.9 CgCie 

( 2 3 )  

( 2 4 )  

where the parameters are as defined e a r l i e r .  
g rea t ly  simplified w i t h  an e r r o r  of only a few percent by neglecting the ,- :C 
O W  costs ,  which amount t o  generally less than 5 percent of the present - - t h e  

These equations have been 

A6 one would expect, the equation for  o i l  is d i f f e r e n t  from t h a t  fo r  
natural  gas because of the difference i n  other  economic parameters, such as 
escalat ion rate, t ha t  are implici t  i n  the der ivat ion of savings-to-investment 
r a t i o .  
cycle displaces e l e c t r i c i t y  and saves e l e c t r i c a l  cost  a t  the expense of the 
ORC equipment and i n s t a l l a t i o n ,  while the energy recovered with a recuperatot 
displaces f u e l  and, therefore,  fue l  cost  a t  the expense of the recuperatot/  
piping hardware and i n s t a l l a t i o n .  
each, then, is e s s e n t i a l l y  a comparison of the recovered value of these energy 
sources f o r  the respective investments in equipment. 

The energy recovered from waste heat with an organic Rankine bottoming 

A comparison of the cost-effect iveness  of 
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Figure 4-10. 
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Determination of Savings-to-Ivestment Ratio for the 
Displacement of Oil Through Waste Heat Recovery With a 
Recuperative Heat Exchanger 
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Figure 4-11. Determination of Savings-to-Inveetment Ratio for the 
Displacement of Natural Gas Through Waste Heat Recovery 
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The brosk-ven  costs for an ORC wit and a recuperator when the  
recuperat’,. is disp:.iFiag na tura l  gar are shown i n  Figures 4-12 through 4-14 
for OBC i n s t a l l a t i o n  cos te  of $20@0/IrWe, $LSOO1kW,, and $1000/kW9, 
respectively. 
4-2, it was chosen as a lower limit i n  case a mana2rt*wer might quote a 
similar cos t  for  a spec i f i c  i n s t a l l a t ion .  
costs was er lec ted  from a review of  Figures 4-8 and 4-9. 

A l t h q h  $lOOO/kWe is below the minimum depicted in P i m r e  

The range of  the  tecuperator lpiping 

As an example of how to  in t e rp re t  these f igures ,  an ORC Lni t  cos t ing  
$2000/kWe can be compared with a recuperator i n  Figure 4-12. 
recuperatorjpiping i n s t a l l a t i o n  cost  were $lOO/kWt in an area where the 
pr ice  of e l e c t r i c i t y  is 11)o mills/kW-hr, then the  p r i ce  of na tu ra l  gas must be 
$1.70/1O6 Btu to  break even. I f  the cos t  o f  gas is mre expensive, fo r  
example, $2.20/106 Btu, then the recuperator is more cos t -e f fec t ive  because 
the  ORC w i l l  not break even u n t i l  e l e c t r i c i t y  costs 235 ail ls/kW-hr s ince  the  
ORC is displacing a less valuable resource. This is found Sy following the  
$lOO/kWt line from the $1.70 v t lue  to the $2.20 number. I f  the gas is less 
expensive, then the  ORC is more cos t -e f fec t ive  because now the  recuperator is 
displacing a less valuable energy source. 

I f  the  

As another example, f o r  a recuperator/piping i n s t a l l a t i o n  cos t  of 
$150/kWt i n  a region where the cos t  of na tura l  gas is $2.40/106 Etu, the  
pr ice  of e l e c t r i c i t y  must be 170 mills/kW-h+ to break even. 
e l e c t r i c i t y  is m r e  expensive, for example, 200 mills/kW-hr, then the pr ice  of 
gas must be $2.84/106 Btu to break even, and hence the ORC is #re 
cos t -e f fec t ive  a s  it d isp laces  a more valuable resource. 

Again, i f  

Another, perhaps more simple, i n t e rp re t a t ion  of break-even cos t s  is 
preseuted i n  Figures 4-16 and 4-17 where a recuperator and ORC can be traded 
o f f  d i r ec t ly ,  given the pr ice  of e l e c t r i c i t y  and fuel. Figure 4-16 depic t s  
the equipment break-even cos t s  where heat exchange from the  recuperator 
displace8 na tura l  gas, while Figure 4-17 is a display of t ha t  for  o i l .  
ultimate object ive were t o  determine whether t o  i n s t a l l  a recuperator or an OR2 
un i t ,  then one could i n i t i a t e  h i s  tradeoff w i t h  these graphs. 
with modest f u e l  and e l e c t r i c i t y  pr ices  and a low reczpt ra tor /p ip ing  cos t ,  the 
requl- d break-even ORC in s t a l l ed  cost  would f a l l  short  of the  lower l i m i t  of 
the present-day range of equipment cost ,  and the  ORC could be eliminated a 
p r io r i .  
cost were $lOO/kWt i n  an area where the y i c e  of e l e c t r i c i t y  were 40 
mills/kW-hr and na tura l  gas were $2.OO/1O6 Btu, then from Figure 4-16 the 
break-even ORC in s t a l l ed  cos t  would be $370/kWe, which is fa1 short  of t h e  
$1500/kWe minimum. On the other  hand, i f  the recuperator/piping i n s t a l l e d  
cost were $280/kWt i n  a region where e l e c t r i c i t y  was . 
natura l  gas was $2.00/106 Btu, t i  
ORC cost  would be $1580/ktJq, dAt* 
e q u i p e n t  cost  -- therebp indicat ing tha t  a -ore detai1r:d study is  warranted. 

I f  the  

For examplc, 

In terms of 8 spc:ific example, i f  the recuperatot/piping in s t e l l ed  

mills/kW-hr and 
again from Figure 4-16, the break-even 

ca l l s  within the range of present-day ORC 

Simply s ta ted ,  i f  the fue l  source is i n  r e a l i t y  more expensive than the 
indicated break-even cos t ,  then the  recuperator is more cost-effect ive;  i f  the 
ac tua l  cost  of e l e c t r i c i t y  is more expensive than the break-even value, then 
the O X  is more cos t -e f fec t ive .  
i n s t a l l a t i o n  cost of $150/kWt a t  H i l l  A i r  Force Base where na tura l  gas is 

As a case i n  point ,  fo r  8 recuperator/piping 
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$2.18/106 Btu but  e l e c t r i c i t y  is only 24.8 Bilfs/ItWlbr, an OBC u n i t  maid not 
be cos t -e f fec t ive  -til electricity were nea r ly  th ree  times more expensive - 
even if the ORC i n s t a l l a t i o n  cost =re as low as $lOOO/kUe (Figure 8-16). 

recuperator/piping i n s t a l l a t i o n ,  an ORC w i l l  probably never be cos t -e f fec t ive  
if o i l  is being displaced. 
Breaking even with today's pr ice  of e l e c t r i c i t y  w i l l  not even come i n t o  range 
u n t i l  t he  p r i ce  of o i l  drops below $O.H)/gal. 
cos t s  only m r s e n  the s i tua t ion .  

Except f o r  possible  i so l a t ed  extreme cases, such as a very expensive 

This can be seen i n  both Figures 4-15 and 4-16. 

More expensive ORC i n s t a l l a t i o n  

A comparison of the cost-effect iveness  of an organic Baakine bottoming 
cycle with t h a t  of a recuperator/piping system i n  l i g h t  of Figures 4-12 
through 4-15 leads to one general conclusion: 
gas in excess of $2.00/106 Btu d the pr ices  of o i l  greater than $l.OO/gal, 
while e l e c t r i c i t y  remains f o r  t he  amst part below 80 laills/kU-hr, recovering 
waste hea t  with a recuperator w i l l  general ly  be amre cos t -e f fec t ive  than uould 
recovering it with an organic Rankine bottcnning cycle. This conclusion is not  
surpr i s ing ,  as there  is cost-performance leverage i n  favor of the recuperator. 
The hardware f o r  the  recuperator/piping assembly is simpler than t h a t  f o r  t he  
OdlC; as  a r e s u l t ,  it is only 10 t o  50 percent as expensive. 
because of the  nature  of the  thermodynamics, t he  heat  exchanger e f fec t iveness  
is four t o  e ight  t i m e s  the conversion e f f i c i ency  of the OW. Therefore, with 
a recuperator, more useful  energy is made ava i l ab le  t o  displace a more 
valuable resource at a lower investment cost. The i n s t a l l a t i o n  of an organic 
Rankine bottoming cycle would be considered where e l e c t r i c i t y  is t r u l y  
expensive or  non-existant, where long pipe lengths  cause excessive recuperator 
i n s t a l l a t i o n  cos ts ,  where there is a desire o r  need fo r  gr id  independence, or 
where t h e r e  is a need t o  gain f i r s thand  experience with ORC equipment. 

With today's cost of  na tu ra l  

Furthermore, 
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Because of the cont imed in t e ree t  i n  conservation induced by higher fbel 
cos t s ,  the various applications of  Rankine cycles  for waste heat recowery are 
expected to increase s i g n i f i c a n t l y  by the end of  the century. 
increased demand, emphasis w i l l  be toward producing e q u i p e n t  t h a t  w i l l  
de l ive r  higher e f f ic iency  a t  lower c a p i t a l  cost. 
i n  the technology of organic Rankine cycle hardware are discussed i n  t h i s  
sect ion.  

To reet t h i s  

¶%e ant ic ipa ted  hprovemehtts 

A st rong contr ibutor  to the overall cycle  e f f ic iency  of organic Bankine 
systems is the ef f ic iency  a t  which the  expander is designed to  operate. Taken 
as an individual  component, a higher-eff ic iency expander is within the  present 
state of the art. 
manufacturers of ten compromise its performance poten t ia l  by l h i t i n g  its 
ro t a t iona l  speed t o  re lax  the  requirements of o ther  components, like 
bearings. 
bearings use the working f lu id  as a lubr icant ,  w i l l  contr ibute  g rea t ly  toward 
reaching the f u l l  po ten t ia l  of the expander e f f ic iency .  

BaODever, i n  an attempt to  minimize operat ional  problems, 

Improved bearing designs, e spec ia l ly  for  appl icat ions where the 

Considerable work remains i n  the  improvement of the part-load 
performance of the turbanachinery. 
e f f o r t  has been expended i n  the  use of var iable- inlet  guide vanes as a more 
precise  way t o  control  flow t o  the turbine i n l e t  than the conventional 
t h r o t t l i n g  method. Although considerable R&D has been accomplished i n  t h i s  
a rea ,  the hardware is not yet coamercially ava i lab le .  
s i m i l a r i t y  of equipment, the technology developed for  the Brayton cycle w i l l  
be d i r e c t l y  appl icable  t o  the organic ?tankine cycle. 

For Brayton-cycle appl icat ions,  much 

However, because of the 

A t  first glance, the most obvious way t o  improve cycle e f f i c i ency  is t o  
allow the tmrking f l u i d  t o  run at  a higher temperature. 
approach is very limited with organic f lu ids ,  which a re  subject  to increased 
molecular diseociatior.  as  the temperature increases. A t  present, operat ing 
temperatures a re  l i m i t e d  by haw much d issoc ia t ion  can be to le ra ted  with an 
acceptable buildup cf  noncondensibles tha t  does not impact performance. 
(Monomolecular react ion r a t e s  a re  normally displayed as Arrhenius p lo t s ,  which 
depic t  the r a t e  of d i ssoc ia t ion  of a f lu id  a s  a function of the rec iproca l  of 
the absolute  temperature, and these p lo t s  ind ica te  tha t  some dissoc ia t ion ,  
although very  small, is occuring during normal operation.) 
during the l i t e r a t u r e  search tha t  many manuracturers have voluntar i ly  limited 
the mr b u m  temperature of the working f l u i d  to  avoid the problem of 
noncon.?nsibles during the normal equipment l i fe t imes .  As an example, tofuen- 
temperatures a r e  of ten Limited t o  approximately 600°F, although experience 
has shown tha t  it can be operated up t o  75U°F w i t h  an acceptable diePocia- 
t ion  r a t e .  
s i ze s  and lower c a p i t a l  cos ts .  However, long-term operations a t  these 
elevated temperatures w i l l  necess i ta te  a design provision for e l iminat ing the 
noncondensibles, as we 11 as  tne ptlymer and carbon deposit ion. 

Bowever, t h i s  

It was found 

Higher cycle e f f i c i enc ie s  pay o f ;  d i r e c t l y  in  emaller comDonent 
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As ORC equipment becomes more universal ly  applied, refinements i n  both 
cmponent designs and their manufacturing processes should r e s u l t  i n  increased 
performance and lmr c a p i t a l  cos t s  for the f i n a l  product. 
work is being done with r a d i a l  flaw turbines  t h a t  promise improved performance 
fo r  small sizes. Although t h i s  e f f o r t  is primari ly  focused on steam as the 
working f lu id ,  the f i n a l  product might be modified f o r  organic f lu ids .  Also, 
severa l  manufacturers have estimated mat merely increasing the production 
quan t i t i e s  would lower the  c a p i t a l  cos t  of i d i v i d u a l  ORC u n i t s  by as much as 
25 percent. 

For instance,  R&D 

With the more extensive use of OBC equipment, operat ion and maintenance 
cos t s  w i l l  be lower. 
but a l so  sources of e a r l y  f a i l u r e s  w i l l  have been addressed and corrected. 

Not only w i l l  the required OhEd i t s e l f  be b e t t e r  defined, 
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Although a wide v a r i e t y  of  waste-heat recovery appl icat ions is avai lable  
t o  organic Rankine cycle equipment, there  are p r a c t i c a l  bo. d s  within which 
t h i s  equipmeat should be constrained t o  operate. Mot only should the organic 
working f l u i d  be selected t o  f i t  the  temperature of the waste-heat stream, but 
caution a l s o  must be exercised i f  the source temperature is excessive because 
of the increased rate of thermal decomposition of the warking f l u i d  with 
higher temperature. For design purposes, it is wise t o  l i m i t  the  upper bound 
of the working f l u i d  temperature to 75WF fo r  which toluene, one of the most 
s t ab le  of the organic f l u i d s ,  is acceptable. 

The establishment of an acceptable lawer bound fo r  the waste heat is 
constrained by the lower operat ional  l i m i t  of the equipment and the tempera- 
t u re  of the waste-heat stream. 
waste-heat temperature, t f re  nomograms can be used t o  estimate the m i n k  mass 
f l m  rate t h a t  the waste-heat source must del iver .  I f  the waste-heat stream 
can not de l ive r  the minimum required flow rate, then heat  recovery by organic 
Rankine cycle equipment would not be feasible .  
lower bound, appl icat ions fo r  temperatures much below 20WF should be 
investigated ca re fu l ly ,  as they may not be cost-effect ive.  I f  the qua l i ty  of 
the waste heat is very low, then useful  work ex t r ac t ion  may not be p rac t i ca l .  

Given the minimum equipment performance and the 

As a fu r the r  l imi t a t ion  of the 

I f  an appl icat ion is planned t o  recover heat from a combustion gas 
source, then unless there  is addi t ional  information avai lable  , the lower bound 
fo r  the temperature should be l imited t o  3000F t o  avoid condensation of 
sulphuric acid present i n  combustion gases from sulphur i n  the fuel .  

Although the primary purpose of t h i s  study was t o  e s t ab l i sh  a data  base 
f o r  organic Rankine cycle equipment and t o  develop a technique fo r  estimating 
its s i z e ,  the comparison of the ORC with a recuperator has suggested some 
conclusions spec i f i c  t o  the economics of waste-heat recovery t h a t  are worth 
noting. 

In regions where e l e c t r i c i t y  costs  a r e  high, fo r  example, 80 t o  100 
mills/k#-hr , the i n s t a l l a t i o n  of ORC equipment w i l l  be cos t - e f f ec t ive  :f t he  
uni t  is o-.erated more than 20 percent of the year. However, the cost-  
effect iveness  trades o f f  inversly with e l e c t r i c i t y  cost .  
price of e lectr ic i tv  is especial ly  low, such as at  H i l l  A i r  Force Base, wherein 
ea r ly  1982 it was only 24.8 mills/kW-hr, the ORC equipment would have t o  be 
on-line greater  than 75 percent of the t i m e  t o  be cost-effective.  Even though 
the displacement of e1ectr:city with an ORC uni t  through the recovery of waste 
heat can be made cost-effect ive,  i f  the i n s t a l l a t i o n  of a recuperator is  a 
possible a l t e r n a t i v e ,  it should be investigated.  For regions where elec- 
t r i c i t y  remains r e l a t i v e l y  inexpensive (for  example, below 80 mills/kW-hr), 
the recovery of waste heat with a recuperator w i l l  nearly always be more 
cost-effective than would i ts  recovery with an organic Rankine bottoming cycle 
uni t .  The simple , less expensive recuperator displaces valuable f u e l ,  while 
the more complex, more expensive ORC equipment displaces  e l e c t r i c i t y ,  a less 
expensive resource. 

For cases where the 
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The laser e l e c t r i c i t y  pr ices  are heavi ly  influenced by cheaper power 

I f  no other f ac to r s  are involved, a 
sources, such as hydro, c-1, and nuclear ,  while the pr ices  of o i l  and na tu ra l  
gas have been rap id ly  escalat ing.  
recuperator w i l l  general ly  make more useful  energy ava i lab le  t o  d isp lace  a 
more valuable resource at  a lower investment cost. 
pointed out t h a t  the economics presented i n  t h i s  report represent only a 
single-point  , steady-state snapshot of the dynamic world of e l e c t r i c i t y  and 
fue l  supply. 
influences as var iab le  rate s t ruc tu res  and unstable  f u e l  supplies. 
ana lys i s  and f igures  presented represent only a f i r s t  cut and do not take 
these fac tors  i n t o  account. A deta i led  economic ana lys i s  of the energy needs 
of an Air Force base must be base spec i f i c ,  energy-supply spec i f i c ,  and 
u t i l i t y  spec i f i c .  Short-term e f f e c t s  such as normal and -rgency operations 
must be considered, as w e l l  as such long-term inf luences as fue l  a v a i l a b i l i t y  
and f l e x i b i l i t y .  A de ta i l ed  consideration of a l l  of these aspects could alter 
the  conclusions. 

However, it should be 

It was beyond the scope of t h i s  study to consider such 
The 

Another var iab le  t h a t  may warrant fu r the r  inves t iga t ion  is t h a t  recent ly  
enacted l e g i s l a t i o n  r e l a t i n g  t o  taxes and energy may permit t he  Air Force t o  
en te r  i n t o  a third-party energy-providing agreement wherein the producers may 
be allowed t o  ti 
economic r e s u l t s  the perspective of the Air Force. The near-term impact 
could be a lower apparent cos t  of c a p i t a l .  

advantage of t he  tax  laws in a way t h a t  could change the 

As the performance and cost  of ORC equipment improve with future  
development, i t s  economic advantage w i l l  most l i k e l y  improve considerably. 
However, the se l ec t ion  of one energy recovery method over another from the 
s t r i c t l y  e-onamic perspective of lowest cos t  may be i n  conf l i c t  with more 
v i t a l  issues l i k e  vu lne rab i l i t y  concerns of the base. 
the prime c r i t e r ion .  For example, the i n s t a l l a t i o n  of ORC equipment should be 
considered where a l e c c r i c i t y  i s  non-existant or  very expensive; where 
recuperator i n s t a l l a t i o n  cos ts  a r e  excessive; where there  is a des i re  t o  gain 
hands-on knowledge of ORC equipment for  fu ture  appl icat ions;  where there  is a 
need for  gr id  independence, such as for  remote s i t i n g  or for  peak shaving t o  
favorably influence the r a t e  s t ruc tu re ;  or where i ts  i n s t a l l a t i o n  could reduce 
base vulnerabi l i ty .  

Cost alone may not be 
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