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SECTION 1
SUMMARY

The General Electric Company has conducted é program to study the
’technicai and economic feasibility of applying bottoming cycles to the‘
prime movers that drive the'compreSSors of natural gas‘pipelines. These
bottoming cycles convert some of the waste heat from the exhaust gas of

the prime movers into shaft power and conserve gas.

»

Three typical compressor station sites were selected, each on a
different pipeline. Although the prime moveré were differént, they were
similar enough in exhaust gas flow rate and temperature that a single
bottoming cycle system could be designed, with some modifications, for
all three sites. Preliminary design included selection of the bottoming.
cycle working fluid, optimization of the cycle, and design of the com-
ponents, such as turbine, vapor generator and condensers. Installation

drawings were made and hardware and installation costs were estimated.

Assessments were made In the areas of economics, tecﬁnological
feasibility, environmenﬁal and safety, operational reliability and main-
tainability. Depending on the prdjected gas prices and'thg investment‘

_criteria used, bottoming cycles can be a very attractive investment. The
results of the economic aésesément of retrofitting bottoming cycle systems
on the three selected sites indicated that profitability was étrongly de-
pendent upon the'éite—specific installation costs, how the energy was used
and the yearly utilizatipn of the apparaths. The amount and the Qorth of

"the-fuél savings were found to be highly variable depending on the mode of
station operation. The economics of all applications stﬁdied were highly
dependent on theAprojected cost of the naturalvgaég as well as the rules

used to allocate gas costs to pumbing use. The study indicated that the
bottoming cycles are a competitive investment alternative for certaln
applications for the pipeline industry, with some applications showlng the

system to be economically viable right now or in the very near fﬁture. The
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bottoming cycles will be economic for more applications in the future

with some changes in the regulations.

Bottoming cycles are technically feasible; they are being developed‘
in smaller sizes and most of the component equipment is available from
commercial manufacturers. The choice of a flammable working fluid was’
considered carefhlly and it was concluded that proper design and operat-
ing practices would reduce the environmental and safety hazards to accept-
able levels. The reliability and maintainability oflthevbottoming aycle
are comparable to conventional power plants, such as the STeam and Gas

Turbine (STAG*) plant.

An industrial potential assessment was made to estimate the amount
of gas that could be saved through the year 2000 by the adoption of bottom-
ing cycles for two different supply projections. The estimates varied from
51 million barrels of oil equivalent (BOE) (0.296 trillion cubic ft) for a
low supply projection to 126 million BOE (0.734 trillion cubic ft) for a
high supply projection. The potential market for bottoming cycle'equipment
varied from 530,000 to 1,334,000 horsepower for the two supply projections

or from 170 to 500 units of varying size.

.Finally, a program plan was developed that will permit the demon-
stration of bottoming cycles on gas pipelines in a timely  and expeditious

.manner.

7

* Trademark of General Electric Co.
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SECTION 2

"~ INTRODUCTION

The Department of Energy (DOE) is exploring many means for saving

energy and.precioﬁs fuels in this country. In the categorybof nonhighway
.transportatioﬁ, there - are four classes of transpor;ation for which energy
savings are sought, namely airlines; marine, pipelines ahd rail. The DOE
also has under study organic Rankine bottoming cycles for waste heat re-
covery in the power range from about 600 to 800 HP. These organic Rankine
cycle systems promise to pay dividends in the use of waste heat through the
generation of electricity. Since this concept seemed to be viable economi-
cally, it was the desire of the Department of Energy to determine whether
the same kind of system would economically save energy on the nation's

pipélines.

The Résearch and Development Prbgram.goal of the Department of Energy
has two facets with respect to the pipelines. First, to achieve maximum
energy efficiency and second, to achieve optimized pipeline applications.
With these goals in mind, the Department of Energy set out to demonstrate
the viability of a bottoming qycle system, and to measure the energy savings
obtainable from such a system. As the first part Qf this résearch,-develop;
ment and demonstration (R, D&D) program, the Department of Energy solicited
a contract on the Pipeline Bottoming Cycle Study. The objectives of this
program incldded the selection of 'a potential demonstration‘site on the
nation's pipelines; the development of a preliminary design of the bottoming
cycle for the selected site, and the pfepa;ation of assessments of the bot-
toming cycle system in the following areas: economics, environment and
safety, technological‘feasibility, and operational reliability and main-
tainability. AddiLiunal objectives were to provide an assessmenQ of the
potential for industry utilization of pipeline bottoming cycles including

an estimate of the potential fuel savings to the year 2000, and finally to



devglop'énd recommend a. demonstration program plan for applying bottom-

ing cycles to pipeline prime movers. The General Elegtric Company was
awarded a contract on September 15, 1977 to study the technical and

economic feasibility of bottoming cycles on gas piﬁeline prime movers. This
report describes the study on the above mentioned tasks of the present phase

of the program.

initially, three sites weré selected as appropriate applications for
the potential demonstration of the bottoming cycle technology. The Depart-
ment of Energy éstabliéhed-three general goals in the selection of these
sites: the site should have‘broad applicability for the new and retrofit
applications léading‘pbtentially to large domestic fuel savings; the -site
should have a gbé& potential for near term imflémentation and the site
should piovide'a substantial percentage reduction in heaf rafe of the
prime mover to which the bottoming cycle is applied. All three sites
seleéted met the above criteria; but each site had a difference in the
installation method. Hence, it was decided to include all three sites
and to explore the various types of inétallation at the sites to utilize
the power generated by the Rankine bottoming cycle. The three sites were
on three diffe;ent pipelinés and the pipeline companies were willing to
participate inlthe study program because of the potential significant
amounts of the gas savings resulting from the organic Rankiné bottoming

cycle apparatus.

Preliminary designs of the bottoming cycle sysfems were carried out
for the selected sites. This included preliminary design of the components
such as ;urbipes and the heat exchangersAand the preliminary design of the
installation of the system at the specific sites, The installation designs
and the equipment layouts for the specific sites were carried out in
cooperation with the pipeline companies. A consultant was then utilized

- to compare thése insfallation costs on a common basis. Vendor duotes
were obtained to evaluatc the bottoming cyclc cquipment costc., The total
cost for a sggcific site was obtained by combining the equipment and the

installation costs,

Based on the three site installations, four assessments have been

made in order to determine the viability and commercialization potential
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of the Rankine bottoming cycle as applied to pipeline compressor stations.
These assessments were: economic; environmental and safety; technological

feasibility; and operational, reliability and maintainability.

In the environmeqtal and safety assessment task of the bottoming cycles
study, the equipment and the system design were reviewed for compatibility
with federal, sfate and local codes governing the selected potential dem-
onstration sites; regulations and codes were examined for possible conflicts
and restrictionsjand potential design and opérational problems were
discussed., The three pipeline companies codperated in obtaiﬁing the data
on the compliance of the system with;the staté and local codés by conduct-
ing the surveys among theilr operating engineering departments. The tech-
nological feasibility study was conducted b& reviewing the existing bottom-
ing cycle systems for other abplications and a design review was held to
identify'the potential problems. The design review team consisted of
experts from the appropriaté departments in the General Electric Company.

In the reliability and maintainability task of the program, potential
reiiability problems with the proposed bottoming cycle designs were eval-
uated and the status of research on these problems were presented. The
general overall system acceptability from the reliability and maintainability
standpoints were examined and the estimated maintenance requirements for

the bottoming cycle system Qere présented. The severity of new maintenénce

problems and site-sensitive problems was discussed.

The economic asseésment included analyses of the costs of the system
compared with the economic benefits. System capacity, initial coét, and
expected energy savings over the life of thg system. were calculated.

The economic attractiveness of retrofitting the Rankine hattoming cycle
power plant equipment to thé gas turbines located on the pipeline pumping.
stations ﬁas shown by analyzing the return on capital investment by the
incremental cost of service approach. The incremental cost of service
approach was suggested by the participating pipeliné companies in the
bottoming cycle study program as the most representative cost analysis
approach for assessing the merits of new investments. The "average"

and "new'" gas prices have been used to calculate the dollars sawed
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resulting from the fuel savings by using the bottoming cycle equipment.
The financial information required to make the cost of service computations
was provided by the respective pipeline company for the installation of
the bottoming cycle equipment at the specific site. Both the first year
cost of service and multiple years cost of sorvice computations were nade.
The investmentcriterion used by two of the participating companies was
the break-even first year cgst of service., The third pipeline company
suggested a fifteen year profitability as the financial criterion for the
capital investment, Finally, sensitivity analyses were conducted to
" evaluate the effects of the cost ofvthe fuel used, theAcostAof‘the installed

system, fuel escalation rates, investment tax credits, rate of return on

invested capital and other pertinent system and economic factors, such
‘as Lhe effect of government regulations in performing the economic
¢ .

assessment.

4 Following the four asseosments, an industrial potential assessment
was made to estimate the amount of gas that could be saved through the
use of the bottoming cycies. These estimates were made for four differ-
ent projections, .two for each of two supply projections for the natural
gas. The potential market for the bottoming cycle equipment was -also

estimated through the year 2000 under the four progectlons.

Finally, a program plan was developed to make the bottoming cycle
system demonstration possible in .a period of 48 months. The logical
progression of effort leading to the demonstration of the system at a
pipellne compressor station includes three phaseS° directed or related
studies; detailed design, fabrication and installation of the bottoming
cycle system at a demonstration site; and the system start-up, operétion
and data acquisition and analy$is. The work statemont.for the entire

4 program was included with the cost estimates and the schedules.
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SECTION 3

POTENTIAL DEMONSTRATION SITE SELECTION

3.1 INTRODUCTION

The purpose of this task is to select sites that are typical of
the gas pipeline industry for which bottoming cycles will be designed éna
gValuated. The first step was to prepare and submit to the Department of
- Energy a site selection methodology plan, Foilowing'that and using the
resources of the General Electric Company including the Industrial Séles
Division, which sells gas turbines to the pipeline industry, a survey was
made of the prime movers installed on domestic natural gas pipelines. The
purpose of the survey was to determine what was typical relative to prime
movers installed on the nation's gas pipelines. Then the sites available
to GE from committed pipeline companies were analyzed. The following gas

pipeline companies have submitted letters of commitment to the Contractor *:

e Columbia Gulf Transmission Company through Research Departmeﬁt
of The Columbia Gas System Service Corporation,

e Pacific Gas and Electric Company, including Pacific Gas Trans-
mission Company, and" o |

e Texas Gas Transmission Corporation.

The analyses of the sites of the committed gas pipeline companies led to

the four sites which were recommended to the DOE and which met the follow-

ing goals:

e The site should have broad applicability for new and retrofit
.applications, leading potentially to a large fuel saving with-

in the domestib pipeline industry.

e The site should have a good potential for near term implemen-

tation and thus represent a favorable cosf/benefit ratio, and

*Said Letters are in Appendix A of this Report.
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o The site should provide for a substantial percentage reduction
‘in the heat rate of the prime mover to which the bottomlng cycle.

is appliedA with a target value of 20%.

In this section the criteria which were used to make the site
selections are discussed. This is followed by a review of the survey
data on the prime movers installed on domestic gas pipelines. Then avail-
able sites from the committed pipeline companies are presented along w1th
the calculatlons which provide the data from which the recommendations
were made. Descrlptlons of the recommended sites and the final site

selectlons conclude this section.

3.2 SELECGTTION CRTTERIA

Shown in Table 3-1 are the selection criteria which are delineated
in the contract for this-phase of the Department oﬁ'Energy'Pipeline Bottom-
ing Cycle Program., Comments on some of these criteria are pertinent at
this time. Item l,ltype of pipeline: as was documented in Reference 1,
liquid. pipelines which carry either crude oil or petroleum products are
in large gaft driven by electric motors. For th;s reason,_liqnld pipe-
1ines were excluded from the selection process and only gas pipelines
were considered. Item 2, the type of engine; in the selection process
reciprocating engines of both the supercharged and naturally aspirated
types were considered; both recuperated and simple-cycle gas turbines were
also considered. Item 3, system operating parameters and duty cycle:
this item was generally characterized by the number of hours per year
thefsite was utilized in 1976 as reported by the pipeline company. Item
4, site location: the site should be a reasonable distance from a commer-
cial airport so that interested parties could tour the demonstration site
cunyeniéntly. Ltem 5, owner interest in project'(potential for cost par-
ticipation): a successful demnnscration would providc the site owner with
apparatus which saved fuel and was economic. With approp;iate contractual
'protection.against'redOCed performance and reduced economic'benefits
the pipeline company'shonld be milling to contribute ta the purchase and
- installation of the demonstration apparatue. Item 6, scverity of problems
(disruptions) posed by the demonstration: the control over the points in

time when the bottoming cycle apparatus requires the shut . down of the
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TABLE 3-1

. SELECTION CRITERIA

Type of Pipeline '

Type of Engine

System40pe:ating Parameters and Duty Cycle

. Site Location-

" Owner Interesﬁ in Project (Potential for Cbst Participation)

Severity of Problems (Disruptions) Posed by Demonstrationl

Time Frame That Project Could be Initiated

"Potential for Utilization of Heat Recqvéred :



prime mover for installation or connect up will of necessity have to be
retained by the pipeline company and the impact to the program would have
to be assessed; Item 7, time frame that project could be initiated: con-
sidered musﬁ be whether the bottoming cycle is to be used to increase
site power coincident with a planned increase in throughput or whether
the need for the power depends upon the approval of some new project by
the Federal Energy Regulatory Commission (FERC).'Finally, Item 8, potential
for utilization of heat recovery: two pipelines committed to this program
have indicated that the generation of electricity to be put on the grid
would be an attractive way to use the bottoming cycle. This would permit
utilizing the extra horsepower which the site ﬁould produce and it would
supplaﬁp new cquipment purchases for electrical generating equipment on
'the puwer géhéfﬂtiOﬂ vysrem. Howeveyr, thia aituation ie net typical of
the vast majofity'of domestic pipeline companies and for that reason

this type of utilization of the bottoming cyclg apparatus was not c¢on-
sidered in the analysis of available sites. In general, the pipeline com—
panies are only expanding.in éelected areas where new supplies of gas are
becoming”available; A large numbep of compressor stations are operating
at only a fraction of the installed power because the gas through-put has
been severely limited. For this reason, it has been assumed that no
additional horsepower is required at a particular compressor station and
that the additional horsepower obtained from the bottoming cycle must
displace some other source of power at the compressor site so as to re-—-

sult in a reduction in fuel consumption.

In order to make the four initial site selections, 1t was necessary
to become more definitive with respect to the relative characteriétics of
the numerous pipeline pumping sites that are available through pipeline
companies committed tu Lhis piogram. Shown in Table 3=2 arc some addifional
criteria’ which were applied in the selection of sites under this contract.
It will be noted that the first two selections require achieving the tar-
get value of a 207 fuel saving at the site selected. However, since the
20% value was only a target and not althreshold it was decided ‘to permit
two of the selections to be made in which this target was not quite met,
The overall objective of the Department of Energy!Pipeline Bottoming Cycle
Program is to save fuel on the domestic pipelines. For that reason the
criterion of maximum US fuel saving in barrels per.day equivalent (BPDE)

was applied to two of the sites selected. However, it is not possible to get

3~4



TABLE 3-2

" ADDITIONAL SITE SELECTION CRITERIA

3-5

 Site Fuel U.S. Fuel
Selection Saving Saving :
-No. 7 BPDE Payback
1 > 20 Best
2 > 20 " Best
3 < 20 Best
4 < 20 Best



the pipeline companies to accept the pipeline bottoming cycle apparatus
unless the benefits are worth the cost; For this reason, a simple payback
calcﬁlation was used to rank the sites as the economic desirability of a
particular site. Later in thé Program; a more detailed cost analysis was

conducted to determine the economic viability of the system.

3.3 SURVEY OF DOMESTIC GAS PIPELINE COMPRESSOR PRIME MOVERS

The purpose‘of-surveying the domestic prime movers was to deter-
mine what is typical about the nation's compressor stations. Shown in
Figure 3-1 are some data dﬂ the types and sizes of gas pumping equipment
on the domestic gas pipelines obtained by analyzing the data of Reference
2. The abscissa shows power ranges of the various types of equipment on
the nation's gas pipelines. The ordinate shows the total power of all
equipment nationwide of the same power class per site. The data indicate
a wide diversity of types and amounts of installed puwer vn the nation's
gas pipelines. Contrary to the 11qu1d p1pelines, very little electrical
equipment is used directly for pumping. It can be seen that there is

significantly more reciprocating power installed tham gas turbine power,

Shown in Table 3-3 is an estimate of the potential energy saving
by the use of bottoming cycle apparatus on gas pipeline pumping prime
movers for both gas turbines and reciprocating engines. The data are
presented in various classes of unit power for both gas turbines and re-
ciprocating engines. The data for the gas turbines were taken trom Ref-
crcenee 3. Theoe data accounted f&r only about 3 million installed horse-
po&er and included two Canadian pipelines. The data, however, was considered
to be typical of the United States and the values were increased by 317 in
order to make the total installed gas turbine horsepower agree with the
value of approximately 4 million for gas turbines indicated in Reference
4. In a similar way the data from Reference 5 on reciprocating engines
were fragmentary but also considered typical of the US and were increased
by 11% in order to make the total installed horsepower agree with the ‘
value of 9 million found in Reference 4. In both categories of engines
the number of units were divided up among the various classes of horse-
power per unit. - Estimates for the fuel saving per unit were made based
upon the engine charactetistics in the vatious classes. For example, in

the gas turbine portion of the table the power classes from 5000 to 15,000
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Figure 3-1. Total Installed Power by Site Power Class
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TABLE 3-3

> POTENTIAL ENERGY SAVINGS BY BOTTOMING GAS PIPELINES PUMPING PRIME MOVERS

GAS TURBINES (Reference 3)

Unit HP 1000 to 5000 To 10000  To 15000  T> 20000 To 25000 & Above . Totals
Number ' 193 183 113 6 33 1 529
Total HP : 390,000 1,424,500 1,354,800 104,440 680,400 45,700 3,999,840
Average Unit HP 2,000 8,000 12,000 17,500 20,600 '45,700

Heat Rate, BTU/H® Hr 15,500 8,000 8,000 - 9,000 9,000 9,000

Fraction Fuel Saved# 0.24 ' 0.15. 0.15 0.21 ~  0.21 0.21

BPDE 4,234 : 6,724 6,395 776 5,058 340 23,527

RECIPROCATING (Reference 5)

Number ' . 4,215 129 31 | 4,375
Total HP | 7,869,000 795,300 336,200 o 9,000,500
Average Unit HP 1,900 6,200 11,000

Heat Rate, BTU/HF Hr 7,315 7,315 7,315

Fraction Fuel Saved# 0.13 . - 0.13 $0.13

BPDE 29,435 2,975 1,258 | | 33,668

*Estimated taking into account the varizty of kinds of prime movers on the nation's pipelines.



HP were shown having a lower estimated fuel saving be9§use of the large .
number of -recuperated éngineé in this category. The fuel saving per unit ‘
for the reciprocating engines is shown lower than for the gas turbines ‘
because of the relatively lower heatlrates. The final row in each por-
" tlon of the table indicates‘the fuel saving in BPDE obtained from each
pbwer category for each type of engine. The total fuel saving for all

the gas turbines amount to approximately 24,000 barrels per day equiva-
lent., This amount of fuel can be saved in one category alone of recipro-
cating engines. In the power class of reciproqating engines from 1000

to 5000 HP better than 29,000.BPDE is estimated to be saved. In total,
féciproéating engines are estimated to be able to save -approximately
34,000 BPDE compared to 24,000 for the gaé.turbines. Tﬁe significance

of these valﬁes is that although the reciprocating engines save consider-
ably less fuel on a unit basis, the large amount of installed power of this

class of engine results in a large saving in fuel nationwide.

As was pointed out earlier, there is a wide diversity in both the
gas turbine and reciprocating engine equipment installed in the domes;ic

pipelines. Reference to Table 3-3 indicates there are approximately 1.4

million installed horsepower in the gas turbine category between 5 and

10 thousand horsepower per unit, For the next category from 10 to 15
thousand horsepower there is appfoximately 1.3 miilion horsepower, How-
ever, because of the large nﬁmber of recuperated engines in the 5 to 10
thousand HP éategory the largest block of simple-cycle gas turbines falls
in the 10 to 15 thousand horsepower category., For this reason a large
block of similar engines in the 10 to 15 thousand horsepower category

for simple-cycle gas turbines was sought. Shown in Table 3<4 are five
groups of engines which have an aggregated installed power of 544,500 horsé—
power. The source of this data which is Reference 3, however; accounts

for only 2.7 million out of a known 4 million horsepower. Theréfbre, the
aggregate amount of gas turbines in this category could amount to as much
.as 804,500 horsepower. - It Qill be noted that all the engines delineated
in Table 3-4 have a range of power between 12,000 and 12,500 HP. Also the
exhaust temperatures and flow rates lie in a very narrow range. This means
that botﬁoming cycle apparatus made for one of these engines could be ap-
plied to all other engines with only minimal alterations. Thus there are

a total of at least 44 engines which are known to be in this power class
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'TABLE 3-4

DOMESTIC 12000 TO 12500 HP SIMPLE CYCLE GAS TURBINES

- Flow

Total
) Power Exh. Rate. No. of Power
Manufacturer Mod=1 HP _Temp., °F PPS Units HP

Dresser Clark DJ-125 12500 740 154 1 12500

Cooper Bessemar RT=-125 . 12500 735 139- 15 187500
162

Ingersoll-Rand JP-125 12500 713 135- 3 37500
148

Turbo Power & Marine ' GG3-C4 12000 700 153 11 132000

Rolls Royce 756,766 12500 740 1564 14 175000

Totals 44

544500



which have similar conditions of the exhaust temperature and flow rate.
Shown in Table 3-5 are three General Electric recupefa&ed gas Eurbiné:
models. These range in power from 8,000 to 11,100 horsepower. Here
again the exhaust temperatures and flow rates are similar. Thus bottom-
ing cycle apparatus applied to one of these engines could be applied to
all the reét with minimal changes. For these three models. there are
405,000 horsepower known to be installed in domestic pipelines frbm sales
records. In addition to these specific models there are other GE re-
cuperated engines with similar exhaust temperatures and(flo& rates so as
to add up to a total of 676,000 horsepower installed in domestic pipe-.
lines, For these three models then there are 49 engines which are in-
stalled on domestic pipelines and which have flow rates and exhaust tem- .
peratures in a narrow band. The installed power on domestic sites varies
through a large range and it is known that a number of sites have both
réciprocating and gas t;rbine units. In attempting to determine what

was typical about domestic gas ﬁipeline sites, a survey of two.pieces of

data was made to determine the general characteristics of these sites.

Initially, the data from Reference 6 was studied to determine the typical
power mix between gas turbines and reciprocating engineé on COmpressof
.sites. These data indicated that 627 of the installed gas,tprbine power
was on unmixed sites; that ié, on sites which had‘gés turbines only as
prime movers. Similarly for reciprocating engines, 887 of the installed
reéiprocating powerAwas on unmixed sites. The data presented by this
reference, however, only accounted for about 652 of the installed horse- 
power of the industry when compared with the data of Reference 4. Also,
it was noted that the pipeline companies with the highest installed horse-
power were not generally included in this data. For this reason, Ref-
ereuce 7 was surveyed for the ten domestic pipelines having the highest
installed power. These 10 companies are listed in Table 3-6 (Reference 8).
When this data was studied it was fbund that 687 of the installed gas tur-
bine power was located on unmixed sites and 94% of the installed recipro-
cating power was on unmixed sites. The significance of these data is that
it is not typical to attempt to use the advantages of. gas turbine and reci-
procating engines of a given site in a bottoming cycle system. Thus, in
evaluating sites for selection bottoming cycle apparatus was assumed to be
put either on gas turbines or on reciprocating engines but in no‘instance
was 1t assumed that it would be neceésary for both types of engines to be
on the same site. . ' -
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TABLE 3-5

SELECTED DCMESTIC RECUPEFATED GAS TURBINES

EATED : FLOW
4 NC. OF POWER EXH. RATE, TOTAL
MANUFACTURER MODEL UNITS HP TEMP., °F PPS POWER
GE M380ZR 14 8000 700 108 112000
GE M3912R 25 9100 700 110 227500
GE M3112R 10 11100 700 114 7111000
TOTAL 49 450500



£I-¢

TABLE 3-6

- DOMESTIC PIPELINE COMPANIES WITH THE HIGHEST INSTALLED POWER * .

Company . Address ' Transmission HP

* Tenneco Inc. - ‘ ' ' Houston, TX 1,244,113 -
Texas Eastern Transmission Corp. Houston, TX . : 1,176,110
Transcontinental Gas Pipe Line Corp.. " Houston, TX ‘ ' 951,185
NaturalAGas Pipeliﬁe Co. of America . j Chicago, IL . 938,105
Northern Natural Gas Co. ) : ‘ Omaha, NE 919,508
Panhandle Eastern Pipeline Co. Houston, TX : . 827,417
El Paso Natural Gas Co. o Houston, TX : : 803,068
Michigan Wisconsin Pipe Line Co. ' 'Détroit, MI ' 766,942
Columbia Gulf Transmission Corp. o Houston; X - ' . 470,516
Texas Gas Transmission Corp. . Owensboro, KY ' : 461,710

* Reference 8



Another piece of data which bears upon what is typical in compres-
sor sites was obtained from Reference 5. In this reference the reciprocat-
ing engines that are used on pipeline applications were delineated as re-
gards model number, manufacturer, size and other characteristics. From
this data it was found that of the 9 million installed reciprocating
horsepower in the field only 2 million was of the naturally aspirated
type whereas fully 7 million of the reciprocating engines were turbo-
charged. Therefore, in the evaluation of sites for selection the natural

aspirated reciprocating engines were ignored.

3.4 AVAILABLE SITES

Shown in Table 3-7 are the sites thaf have been made available to
thé contractor trom committed pipeline companies. In this table are shown
the name of the pipeline company, the location of the site, and the in-
stalled gas turbine and reciprocating engine power., Also some comments
on thcsc sites are shown in the last column. -Concerning the sites of
Columbia Gulf Transmission Company it will be noted that a comment is
made that several of the sites have low operational hours. Since low
operational hours impacts the eéonomic factors in the selection of the
site adversely these sites were eliminated from further considerationm.
Alse it should be notea that on the Columbia Gulf Transmission Company
pipeline there is only one site where there is an operational gas tur-
bine, namely, Rayne, LA. These siﬁes, then, with the elimination of the
ones mentioned above, constitute theée sites which were evaluated in

order to arrive at the recommended sites.

3.5 SITE COMPATIBILITY CALCULATIONS

As indicated in Table 3-2 where additional site selection criteria
were delineated the payback period of each of the sites must be deter-
mined. In order to dd this it was necessary to carry out a parametric
study of bottoming cyclee for application to the gas pipelines ia which
the variation of the cost of the equipment was approximated. Three cycles
were considered, two using steém as the working fluidAat turbine inlet
pressures of 200 and 300 psia and one using toluene at a pressure of 270
psia. The assigned values for each of these.cycléé is delineated in
Table 3-8, The parametric analysis was carried out for a gas turbine

having the mass flow rate and exhaust temperature shown in Table 3-8.
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TABLE 3-7

AVATLABLE SITES

1. TEXAS GAS TRANSMISSION CORP.

2. PACIFIC GAS & ELECTRIC CO.

ST-€

3. PACIFIC GAS TRANS: CO.

GAS A
o TURBINE RECIPROCATING .
PIPELINE CO. LOCATION HP HP COMMENTS

LAKE CORMORANT, 20,100 14,000 HOST: GOOD SITE
MS - A ‘
COVINGTON, TN 12,000 17,000 BEST SITE -
JEFFERSONTOWN, 11,000 13,500 GOOD SITE

- KY. .
GREENVILLE, MS 20,100 20,600 GOOD SITE
TIONESTA, CA 11,100 - o o
BURNEY,'»CA 19,320 - ) HOST: . FIRST CHOICE
GERBER, CA 12,830 -
DELEVAN, CA 17,280 -
TOPACK, CA - 35,000
HINKLEY,CA = - 39,600
KETTLEMAN, CA - 28,930
EASTPORT, ID 11,400 -
SAMUELS, ID 8,090 -
ATHOL, ID 19,870 - -
ROSALIA, WA 19,990 -
STARBUCK, WA = 20,940 -

 WALLULA, WA 25,500 -
IONE, OR 21,060 -
KENT, OR 23,500 - )
MADRAS, OR 15,580 -
BEND, OR 22,300 - |

- - HOST: = SECONI: CHOICE

CHEMULT, OR 21,900
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"TABLE 3-7 (Cont'd.)

AVATLABLE SITES

GAS -
TURBINE " RECIPROCATING
PIPELINE CO. LOCATION HP HP COMMENTS
3. PACIFIC GAS TRANS. CO. BONANZA, CR 28,655 -
(Cont'd.) :
4. COLUMBIA GULF TRANS. CO. ALEXANDRIA, LA 27,500 14,000
' BANNEE, MS 28,500 14,800 LOW TURBINE USAGE FACTOR

CLEMEETSVILLE, 21,000 14,000 LOW TURBINE USAGE FACTOR
KY - : _ :
CORNITH, MS 26,500 14,000
DELHI. LA 39,50C 14,000 LOW TURBINE USAGE FACTOR
HAMPSEIEE, TN 23,006 18,000 LOW TURBINE USAGE FACTOR
HARTSVILLE, TN 32,00C 14,000 LOW TURBINE USAGE FACTOR
INVERKESS, MS 21,00C 14,000
RAYNE, LA - 37,50C 14,00C OPERATIONAL GAS TURBINE
STANTCN, KY 28,50C 14,00C "LOW TURBINE USAGE FACTOR



TABLE 3-8

ASSUMPTIONS -AND CYCLE DATA USED .IN PARAMETRIC ANALYSIS

Working Fluid

Bottoming Cycle Parameters' ’ Toluene Steam
Turbine Iniet Pressure (psia) 270 | ~ 200 300
Turbine Inlet Temperature (°F) » 500 ° ‘ ~ 500 500
TurBine Efficiency - : B 0.8 » 0.72 . 0.72
Pump Efficiency .0.7 0.7 0.7
Fan Powef, % Heat Rejected 1.0 1.0 1.0

Gas Turbine Parameters

Exhaust Gas Flow Rate - 113.0 lbs/sec

_Exhaust Gas Temperature - 660°F-

- - Bottoming Cycle Component Cost is Proportional To
6

(Heat - Exchanger Area)o'
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.This value of exhaust temperature is typical of the value for the 450500

installed horsepower shown on Table 3-5 for the three models ofurecuperated
gas turbines on domestic pipelines and is in the low range for the gas
turbines to be considered. At exhaust gas temperatures higher than 660°F
the performance and economics is improved. Because several of the com-
mitted pipeline companies indicated the undesirability of using ﬁater—
cooled condensers in compressor stations in remote localities, it was de-
cided to limit the parametric étudy to the case of an air-cooled condens-

er. As is known from studies like the one made in Reference 9 the cost of

- the heat exchangers in a bottoming cycle system are a large portion of

the total bottoming cycle system cost. Therefore, in this preliminary cal-
culation it was assumed that the bottoming cycle cost would be made pro-
portional to the heét exchanger area raised to the 0.6 power. Reference-
10 indicates that the cost of apparatus varies with capacity, raised to
pbwers somewhat lower than unity-. An'exponent of 0.6 was selected as being

typical of a large amount of apparatus to the bottoming cycle type.

Shown in Figure 3-2 are results of the parametric study for steam.

Plotted are the relative cost of the bottoming cycle equipment against

the bottoming cycle power for two levels of steam pressure and condenser
temperatures of 125, 150 and 200°F. The curves indicate minimum values
of relative cost as a function of bottoming cycle horsepower. The in-
dications from the curves are thaﬁ the bottoming cycle using a pressure
of 300 psia into the turbine has a lower cost than one with a pressure
of 200 psia. The condencer temperaturc of 150°F rcculto in the loweot
value of relative costs. The square symbol indicates the lowest cost de~-
sign on the figure. The results of the parametric study for toluene are

presented in Figure 3-3. Curves for condenser temperatures of 125, 150

and 175°F are shown. As for the steam cases the condenser temperature of

150°F results in. the lowest cost. The square symbol represents the bést
¢cycle for toluene. In comparing the optimum cycles for steam and toluene

the following results were obtained:

Steam  Toluene
Turbine- inlet pressure, psia , 300 | 270 '
Condenser temperature, °F 150 150
Bottoming cycle power, HP © 2030 . ~ 2750

Relative cost , A 1.002 0.98
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'RELATIVE COST, $/HP
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Figure 3-2. Relative Costs of Steam Bottoming Cycles.
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Figure 3-3. Relative Cost of Toluene Bottoming Cycles.
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Thus, it can be seen that the toluene cycle both achieves a highgr power
output from the same exhaust stream than steam and also the apparaﬁus has

a slightly lower cost. As a result the cycle represented by the square

on Figure 3-3 for toluene was used in computing bottoming cycle power for
the prime movers on the site availab;e from the committed pipelines. It
should. be noted that a toluene turbiné is expected to have a higher effici-
ency than a steam turbine of the same power because the former has a higher
volume floﬁ rate than the latter and suffers no loss in efficiency due to
the presénée of condensate in the last stages. However, if the efficiencies
were the same, toluéne would still produce'moré power than steam from the

given exhaust gas conditions.

The economic evaluation of the sites was deemed one of the . import-

~ant criteria for site selection; A simple economic indicator - the simple

paybgck period - was utilized for this purpoée. Shown in Table 3-9 is the
definition 6f the paraﬁeter aé used in the evaluation of the sites. The
payback period is simply the capital cost for the bottoming cycle equip-
ment in dollafs-divided by the fuel cost saving in dollars per year. For
fhe gas turbine this payback period can be characterized as shown on '
Table 3-9. The pajback period for the gas turbine is thelcost of the
A‘bottomiﬁg cycie equipment in dollars per‘horsepower timés the horsepowerl
of the bottoming cycle divided by four factors. The first factor is the
change in the heat rate between the unbottomed and the bottomed condition,:
the second factor-is’the value of the fuel in dollars per million BTU, the
third.factor is the hours per year that the equipment was used and the
fourth factor is the horsepower of the gas turbine. For ;he‘récibrocating
engine, the calculations payback is somewhat different. The reason for this
is that, contrary to the gaé turbine case, in the reciprocating engine
case sites'are generally characterized by a number of'reciproca;ing'engines
at a given site; THus, in order to compensate for the extra horsepower_ ’
generéted‘by the bottoming cycle, one of the reciprocating engines may be
shut off or all throttled back slightly. Since the fuel consumption curves
of the reciprbcating engines are very flat in the power range of 75 to 100Y%
of rated power the heat rate changes.very little for the small ahount (10
or 15%) that the reciprocating engines need to be throttled back to com-

pensate for the bottoming cycle power. Thus, the payback period»for the
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TABLE 3-9

*
ECONOMIC EVALUATION CRITERIA FOR THE SITES

CAPITAL COST, $
FUEL COST SAVING, L/YR

3IMPLI: DPAVRAGK PRRIOD =

FOR GAS TURBINE:

PAYBACK = ~——iiee- ”§A¢9 ‘(HPﬁgz

() (5755m) G) (e

10" BTU

FOR RECIPROCATING ENGINE:
(s/xp)

PAYBACK =
(i) <‘l"56$BTU> (3%)

- A
An elaborate economic assessment of the bottoming cycle system for
the throe pipeline siles was carried out later in the program hased

on discounted cash flow methods.
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reciprocating engines is simply the cost per horsepower paid for the
bottoming cycle divided by the reciprocating engine heat rate, the value

of fuel and the hours per yearuthat the equipment was utilized.

In order té have values of Bottoming cycle cost whicﬂ varied with
bottoming cycle power the cost was assumed to vary with the 0.6 power of
the,bottomiﬁg cycle‘power. In Reference 9 the cost-per HP of organié
Rankine systems was found to be a little less than $300/HP. This latter
value when corrected for inflation to 1978 was assumed for the largést
bottdming cycle power~eﬁcountered in the present study which was 4400 HP.
The variation bf the cost per horsepower used is shown in Figure 3-4.

It should be emphasiied that all values'ofgpayback period shown are

relative because of the arbitrary selectioh of $300/HP selected for 4400
HP. Tﬁe cost of the‘apparatus designed ih Task Ii, Systems Prelimina;y
Design will be obtained by estimating the cost of each component and the

assembly and installation costs.

3.6 THE SELECTION OF SITES

‘Selection analyses were performed for both gas turbine and re-

ciprocating sites.

'3.6.1 GAS TURBINE SITES

Shown in Table 3-10 are the engine characterisfics for the gas tur-
bine sites available from the committed pipeline companies., Shown in the
.table are the pipeline and. the site location and the.éngine characteris-
-tics of the gas turbines on these sites. The first group ofAsites have
a Cooper-Bessemer RT-125 simple=cycle gas turbine which has an exhaust
temperature of 735°F and a flow rate in a range from 139 to 162 .1bs/sec.
This gas turbine must be throttled back to 76% ratéd power In order to.
compensate for bottoming cycle power. The bottoming cycle power for these
gas turbines ranges from approximately 3000 to 3350 horsepower depending
upon the power repofted by the.pipeiine company for the site., The next
group of engines shown in the table is thé Ingersoll-Rand JP-125 simple-
cycle gas turbine. This gas turbine has an exhaust temperature of 713°F
and a mass flow ranging from 135 to 148 1bs/sec. Again, this gas tur-.

bine is throttled back to 76% power and the value of the bottoming cycle
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TABLE 3-10

GAS TURBINE ENGINE CHARACTERISTICS

2

*'80°F, 100C ft altitude

‘ , : - HEAT EXH. FLOW . B/C.
PIPELINE CO. NO. OF POWER* - RATE . TEMP., RATE RATED POWER
& LOCATION UNITS H.P. BTU/HP-HR __ MANUFACTURER __ MODEL __  TYPE OF PPS _  POWER HP
PACIFIC GAS & '

ELECTRIC
TIONESTA, CA 1 11200 . 10060  COOPER- RT-125 SIMPLE- 735 140 76 2970
Ny : BESSEMER CYCLE
GERBER, CA. 1 12830° 10060 " " " 735 162 76 3436
PACIFIC GAS. - ‘
TRANS. CO.
EASTPORT, 1L 1 11400 10060 B " " 735 149 76 3161 -
ATHOL, ID 1 11850 10060 " " " 735 150 76 3182
STARBUCK, WA 1 12500 10060 " " " 735 158 76 3352
WALLULA, WA 1 12750 10060 " " " 735 161 76 3415
WALLULA, WA 1 12750 10060 " " " 735 161 76 3415
KENT, OR 1 11750 10060 " " " 735 149 76 3161
KENT, OR’ 1 11750 10060 " " " 735 149 76 3161
BEND, OR 1 11150 10060 " " " 735 141 76 2992
BEND, OR 1 11150 10060 " " " 735 141 76 2992
CHEMULT, OR 1 10950 10060 " " " 735 139 76 2949
CHEMULT, OR 1 10¢50 10060 " " " 735 139 76 2949
COLUMBIA GULF
TRANS. CO. _
RAYNE, LA o1 12500 10060 " " " 735 158 76 3352
RAYNE, LA 1 12500 10060 " " " 735 158 76 3352
RAYNE, LA 1 12500 10060 " " " 735 158 76 3352
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TABLE .3-10 (Cont'd.)

GASZTURBINE ENGINE CHARACTERISTICS

~ RATED HEAT EXH.  FLOW % B/C
PIPELINE CO. 'NO. OF  POWER* RATE - S TEMP., RATE  RATED  POWER
& LOCATION UNITS H.P. 3TU/HP-HR _ MANUFACTURER MOBEL _ TYPE _ OF ~ PPS .. POWER HP
PACIFIC GAS
& ELECTRIC o ‘ L A | -
BURNEY, CA 1 11550 9300 INGERSOLL--  JP-125 S. C. 713 140 76 2970
‘ ' RAND :
PACIFIC GAS
TRANS. CO. , . .
ROSALIA, WA 1 - 11920 900 = INGERSOLL- JP-125 §..C. 713 145 76 3076.
) A RAND . -
IONE, OR 1 12220 . 9800 - o " " 713 . 148 76 3146
BONA&ZA, OR. 1 11125 9800 - " . " " 713 135 76 2864
TEXAS GAS
TRANS. CO. ‘ : . |
COVINGTON, TN .1 12000 19890 P&WA/ - '6G3C-4 S. C. 700 152.8 82 2935
: - . TP&M ' :

* 80°F, 1000 ft altitud:=
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TABLE 3-10 (Cont'd.)

' GAS_TURBINE ENGINE CHARACTERISTICS

: , S RATED HEAT L o ' EXH. FLOW % B/C
PIPELINE. CO. NO. OF  POWER* ~ RATE S . L TEMP.,. RATE  RATED - - POWER
& LOCATION __UNITS H.P. BTU/HP-HR ' MANUFACTURER ~ MODEL __ TYPE OF, PPS POWER _~ HP
TEXAS GAS ‘

TRANS. CO. . ) L , .
- GREENVILLE, MS 1 11000 8020 GENERAL ~ M3112R . RECU- 750 113.9° 82.0- 2009
- '  ELECTRIC . 4 PERATED ,
LAKE CORMORANT, 1 11000 8020 " M3112R - " 750 113.9  82.0 2009 .
MS _ - - V ,
JEFFERSONTOWN, 1 11000 8020 " : M3112R "o 750 ° 113.9 82.0 2009 ..
RY o S , | o S | | |
GREENVILLE, MS 1 19100 8690 R - M3912R " 700 - - 109.7 82.0 1935
LAKE CORMORANT, 1 9100 8690 IR ‘M3912R " 700 109.7 82.0 = 1935
MS . . .
PACIFIC GAS
& ELECTRIC:
BURNEY, CA 1- . 7770 g7so . - " M3912R - " 625 98.  82.0 1728
‘DELVAN, CA 1 8640 8750 - . M3912R .- " 625 106.  82.0 - 1870
DELVAN, CA , 1 8640 8750 " - M3912R " 625 . 106..  82.0 1870
PACIFIC GAS ‘
TRANS. CO. . : : S
SANDPOINT, ID 1 8090 . 8750 o _ M3912R - " 625 102. 82.0 1799
ATHOL, 1D 1 8070 g7so . " M3912R" A 625 102.  82.0 1781-
ROSAHIA, WA 1 8070 . 8750 " M3912R - ' 625 . 102. 82.0 1799
STARBUCK, WA 1 8440 - 8750 ' " : M3912R " 625 106. 82.0 . 1870
_ bl()NE, OR 1

8840 . 8540 W . M3912R " 625 104,  82.0 1834

% §0°F, 1000 ft altitude



power ranges from 3000 to 3146 horsepower. One site on the Texas Gas
Transmission Company pipeline has a Pratt—Whitney GG3C-4 simple-cycle gas
turbine which has an exhaust temperature of approximétely‘700°F and a
mass flow éf 152.8 1bs/sec. This gas turbine must be throttled back to
827 power and the bottoming cycle horsepower is approximately 2900 horse-
power. vThe next group of gas turbines are recuperated engiﬁes built by
the General Electric Company; two models are shown. Both models have
exhaust temperatures in the range from 625 to 750°F and fiowArates in-
the range from 102 to 109.7 ibs/sec. These gas turbines must be throttled
back to 82% power in order to compenéate for the bottoming cycle power
that 1s generated and the bottoming cycle power is in -the range from

1800 HP up. to 2009 HP.

Shown in Table 3-11 are the data computed for the various sites to -
determine the compatibility of the sitg with the additional selection ,
criteria. In this Table the gas turbines were assumed to be throttled back
the amount of the bottoming cycle power and the gas turbine:heat at throttle
condition was estimated. The first group of sites>are those which have the
Cooper-Bessemer RT-125 simple cycle gas turbines. It can‘be.seen that bot-
toming cycle apparatus for these gas turbines.have payback periods that |
véry ffom approximately 2 years to over 6 years. These engines with their
bottoming cycles have a fuel saving capability in a throttled back condition
of 22.3%. These engines are in a class of éngines that have power ra;ihgs »
at 80°F and 1000 ft in the range of 12,000 to 12,500 horsepower. The nation-
wide potential horsepower for botfoming_as3indicated previously is in the
range of 544,500 to 804,500._If all engines in this class are bottomed, the
domestic‘ﬁuel saving would be somewhere be;Ween 3806 to 5630 BPDE. The. next
group of engines are Ingersoll-Rand JP-125 simple-cycle gas turbines which
have a rated power at 80°F and 1000 ft of approximately 12,500 HP. The pay-
back period for these engines ranges from 2 years-co 2.7 years. Because
they are in the same power class and have approiimately the séme exhaust
conditions as theICooper—Bessemer engines, there is the same poténfial U.S.
horsepower for bottoming and the same pétential BPDE in fuel saving. Like
the Cooper-Bessemer engines these engines will have approximately 22.37% fuel
saving per unit. The last engine ‘in- this group is the Pratt—Whitney CG3C-4

‘.simple—cycle gas turbine which has a rated power of approximately 12,000 HP
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TABLE 3-11

. SITE COMPATIBILITY, GAS TURBINE SITES

DIFFERENCE

B/C IN HEAT FUEL 4 u.S. U.S. FUEL
PIPELINE CO. . MANU-- : P0WER¥  COST, ‘RATE,  DUTY, VALUE,, - PAYOUT  FUEL  POTEN. SAVING,
'&_LOCATION ~ FACTURER  MODEL  HP $/HP __ 'BTU/HP-HR  HRS/YR: $/10% BTU YRS. . SAVING ‘HP - . BPDE
PACIFIC GAS
& ELECTRIC 4 , , .
TIONESTA, CA  COOPER- RT-125 2970 356 - 2240 -~ 8085 2.20 2.39 .22.3 544,500\ [/ 3806
BESSEMER A ' | 0 | TO
GERBER, CA " " 3436 336 2240 8261 2.20 2.21 22.3 804,500/ \ 5630
PACIFIC GAS
"TRANS. CO. .
EASTPORT, ID " " 3161 347 2240 8348 2.20 2.34 22.3
ATHOL, ID . " " 3182 346 2240 8532 2.20 2.21 22.3
STARBUCK, WA " " 3352 339 2240 8357 2.20 2.21 22.3
WALLULA, WA~ " " 3415 337 2240 4511 2.20 4.06 22.3
WALLULA, WA " " -3415 337 2240 6859 2.20 2.67 22.3
KENT, OR " " 3161 347 2240 8226 2.20 2.30 22.3
KENT, OR " " 3161 347 2240 8217 2.20 2.30.  22.3
BEND,- OR " "o 2992 355 2240 3013 2.20 6.41 22.3
BEND; OR S e 2992 355 2240 7840 2.20 2.46 22.3
CHEMULT, OR. " ‘ " 2949 357 22640 6535 2.20 2.99 22.3
CHEMULT, OR. " " 20949 357 - 2240 5046 ©2.20 3.87 22.3
COLUMBIA GULF
TRANS. CO. .
RAYNE, LA " S 3352 339 2240 - 8280 2.21 2.23 22.3
RAYNE, LA " " 3352 339 © 2240 240 2.21 76.5 22.3
RAYNE, LA " " 3352 339 2240 240 2.21 76.5 22.3 ~¢

*Bzsed on gas turbine operation at 80°F, 1000 ff altitude
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TABLE 3-11 (Cont'd.)

SITEZ COMPATIBILITY, GAS TURBINE SITES

RAND

*Based on gas turbine opgration

DIFFERENCE :
B/C I HEAT ~ FUEL A U.S. U.S. FUEL

PIPELINE CO. MANU- POWER¥ COST, RATE, DUTY. VALUE,, PAYOUT FUEL POTEN. SAVING,
& LOCATION FACTURER __ MODEL HP $/HP BTJ/MP-HR ‘- HRS/YR $/10% BTU  ¥RS. SAVING HP BPDE
PACIFIC GAS
TRANS. CO. :
ROSALIA, WA INGERSOLL~--JP-125 3076 351 2182 8375 2.20 2.25 22.3 544,500 3806

. RAND : A TO TO
IONE, WA " " 3146 . 348 2182 8559 2.20 2.18 22.3 804,500 5630
BONANZA, OR " " 2864 361 2182 8121 2.20 2.38 22.3 :
TEXAS GAS
“TRANS. CO. '
COVINGTON, P&WA/ GG3C-4 2935 358 2122 5420 1.01 7.54 19.5
™™ TP&M
PACIFIC GAS
& ELECTRIC 4
BURNEY, CA INGERSOLL- JP-125 2970 356 2182 7064 2.20 | 2.70 22.3 v v

at 80°F, 1C00 ft altitude
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. TABLE 3-11 (Cont'd.)

' SITE COMPATIBiLITYl GAS TURBINE SITES

 DIFFERENCE S
: 8/c - IN HEAT - FUEL : A u.s. U.S. FUEL -
PIPELINE CO.  MANU- POWER,* COST, RATE, DUTY, VALUE,, PAYOUT  FUEL  POTEN.  SAVING,
& LOCATION FACTURER _ MODEL ~ iP $/HP __BTU/HP-HR _ HRS/YR $/105 BTU. . YRS. _ SAVING  HP ' BPDE
TEXAS GAS
. TRANS. CO. , _ . : _ 4
GREENVILLE,  GENERAL  M3112R 2109 402 1198 6009 1.01 10.09  14.9 405,000 1770
MS ELECTRIC A : ' B - TO TO
LAKE CORMORANT, " St 2009 402 ¢ 1198 6406 1.0 9.47  14.9  \676,000/ 2350
MS ' ~ - - ,
JEFFERSONTOWN, " " 2209 402 1198 2367 1.01  .25.63  14.9
KY _ o
CREENVILLE, " " 1935 408 1308 5506 1.01 11.94  15.0
MS: : - |
LAKE CORMORANT, " " 1935 408 1308 7519 1.01 8.74  15.0
MS - A ~ -
PACIFIC GAS
& ELECTRIC : . ‘
BURNEY, cA =" " 1728 427 1317 8085 2.20 4.055 = 15.0
DELVAN, CA " " 1870 414 1317 8392 2.20 3.684 15.0
DELVAN, CA " " 1870 414 1317 -~ 8313 - 2,20 3.719  15.0
PACIFIC GAS ' "
TRANS. CO. , ' .
SANDPOINT, ID " M3912R 1799 420 1317 8488 2.20 3.8 15.0
ATHOL, ID " " 1781 422 1317 - 7463 2.20 " 4.58  15.0°
ROSALIA, WA " Lo 1799 420 1317 7656 2.20 4.22  15.0
STARBUCK, WA " o 1870 414 1317 7463 2.20 4.15  15.0
IONZ, OR " " 1834 417 1285 7788 2.20 3.93  15.0 ‘L ~ ‘L

*Based on gas turbine opeta;ion at.80°F, 1000 ft altitude



at 80°F and 1000 ft. The payback period on this engine is very high, about 7
years, but:it is primarily due to the low number of hours it was used per
year and the.factvtﬁat the value of the fuel on the Texas Gas Transmission
Company line is less than half of that on the other two lines shown. Bot-
toming this engine results in a fuel saving per unit of 19.5%. The final
group of engines shown in the table cqmprise the two models of General
Electric recuperated gés turbines. These engines save only approximately
15% of the fuel per unit because of their already low heat rate and have
payback periods that range from about 3.7 years to as high as 10 years.

The payback periods are primarily governed by the number of hours per year
that the pipeline useé the engines and by the value that is placed on the
fuel that is burned in these engines. lere again, note that the Texas Cas
Transmission Company sités have a fuel value which is less than halt of thé
value of that for the sites of the Pacific Gas and Eiectric Company, the
Pacific Gas Transmission Company and the Columbia Gulf Transmission Com-
pany sites and, therefore, they ha?e a much longer payback period. Because
the recuperated engines miss fhe 20% fuel saving per unit by a 1argé margin

they were dropped from further consideration.

.Based upon the desire to find sites on which the bottbming cycle'
could expect low payback periods the sites presented in Table 3-12 were
tentatively selected. The sites span two different gas turbine engines
and three pipeline companies. After the selections were méde the pipeline
companigs were contacted for approval of the selected sites. Columbia Gulf
Transmission Company was in agreement to utilize their best candidate site
at Rayne, LA for further study. However, Pécific Gas and Electrié Company ,
which is the parent company for Pacific Gas Transmission Company, proposed
alternate sites for'study which are shown as recommended selections on
Table 3-13. As can be seen the first two engines on Table 3-13 have a lower
number of hours of utilization than the same sites shown in Table 3-12.
However, on each of the two recommended sites there is anather gas turhine
which now is sharing the load. By pultiug a bLulluming cycle on the gas tur=
bine shown, the other gas turbine on each site Qill'not be needed and the

utilization will go up to approximately the values shown in Table 3-12.
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TABLE 3=12

TENTATIVE SELECTIONS, .GAS TURBINE SITES

DIFFERENCE i
IN HEAT FUEL % U.S. U.S. FUEL
PIPELINE CO. MANU- COST, RATE, DUTY, VALUE,, PAYOUT . FUEL POTEN. SAVINQ,
& LOCATION FACTURER  MODEL §/HP  BTU/HP-HR __HRS/YR _ §/100 BTU _ YRS. SAVING _HP BPDE .
.PACIFIC GAS TRANSMISSION CO.
1. IONE, OR INGERSOLL- JP-125 3146 348 2182 © 8559 2.20 2.18 22.3 544;200 -3?:26
D | ‘ 804,500 5630
PACIFIC GAS & ELECTRIC CO.
2. . GERBER, COOPER- RT-125 3436 336 2240 8261 2.20 2.21 22.3
“CA BESSEMER : < |
COLUMBIA GULF TRANSMISSION CO. ‘ oo l
3. RAYNE,  COOPER- RT-125 3352 339 8280 2.21" 2.23 . 22.3 Y

LA BESSEMER

2240
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.. RECOMMENDED SELECTIONS, GA3 TURBINE SITES -

~

TABLE 3-13

LA

BESSEMEE

- DIFFERENCE :

_ : B/C , IN HEAT - . FUEL % U.S. U.S. FUFL
PIPELINE CO.  MANU- POWER, £OST, = RATE, DUTY, “VALUE,,  PAYOUT FUEL POTEN. .  SAVING,
& LOCATION FACTURER __ MODEL HP $/up BIU/HP-HR __HRS/YR $/106 BTU __YRS. SAVING HP BPDE
PG&E

| 1. BURNEY, INGERSOLL- JP-125 2970 356 2182 7064 - 2.20 2.70 22.3 544,500 3806
CA RAND ‘ ‘ to ‘to
804,500 - 5630
PACIFIC GAS .
2. CHEMULT, COOPER- RT-125 2949 357 2240 - 6535 2.20 2.74 ©22.3
OR BESSEMEF.
COLUMBIA -
3. RAYNE, COOPER- RT-125 3352 339 2240 828) 2.21 2.04 22.3. + \
‘ )



3.6.2 RECIPROCATING ENGINE SITES

Shown in Table 3-14 are the engine characteristics of reciprocat-
ing engines on the sites avaiiaole from the pipeline companies committed
to this program, Shown in the table are the pipelines, site‘locations,
number of like unite, manufacturer of the reciprocating engines, model
‘numbers, type (turbocharged or naturally aspirated), horsepower rating;
and the heat rate. Also shown are the exhaust temperature and flow rates
of these engines. Except for the C-B.LSV-16 engines, these engines have |
eihaust temperatures and flow rates in'a narrow band. The power of the

~ bottoming cycles for‘these sites varies from 436 HP to 4362 HP.

» Shown in Table 3-15 are site compatlbllity calculation results

for the rec1procat1ng engine sites. (Because the bottoming cycle power is’
a small fraction of the engine rated power, the rated heat rate was used
as a flrst approx1mat10n to the throttled back heat rate. ) The cost in
dollars per horsepower varies w1dely among these engine sites because of
the varlatlon in the size of the bottomlng cycle equipment. In each in-
stance theAgroup of engines on a site that were: bottomed were all alike.
The reciprocating engines have a percentage fuel saving less tnan 20%
(7.2 to 14.3%)..Also the potential U.S.'norsepower to- be bottomed varies
quite widely among these sites. This was arriveo at in the following man-
ner. From the survey data the total amount of'reciprocating power on
sites with varions levels of reciproceting power'per site was known.
From these deta the number of sites could be determined which have a
certain amount of reciprocating power or more. Thus, for each level of
power bottomed on the available sites the total amount of power to be
‘bottomed in blocks of that levei was determined. ?rom these results

and the percentage fuel sawings per unit tne nationwide fuel saving

in BPDE was determined. The nationwide fuel saving, therefore, is

large for bottoming cycles with low power because a greater percent;

age of the total power can be bottomed than for the hlgh power bottoming
cycles. It should be noted that the domestic fuel sav1ng in BPDE for the
classes of englnes correspondlng to each of the rec1procat1ng sites ex-
cept one (Topock, CA) are larger than the values obtainable with any gas
turbine power block shown. In one instance the'reciprocating site-can

'pfoduce 5 times the BPDE reported for the best gas turbine block of power.
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TABLE 3-1£

ENGINZ CHARACTERISTICS, RECIPROCATING SITES

RATED HEAT : < EXH. - FLOW

7250 6850 C-B ‘ w330 sc 750 40.0

7250

. TOTAL " B/C
PIPELINE CO. NO. OF  POWER RATE, TEMP., RATE POWER, POWER
& LOCATION UNITS HP BTU/EP-ER MANUFACTURER MODEL TYPE Of PPS HP - HP
COLUMBIA,GULF TR. .

- COMPANY .
Alexandria, LA 4 3430 6420 Cc-B -1SV-16 sc 898 8.7 13720 1447
Corinth, MS 4 3430 6420 C-B LSV-16 | S¢ 898 8.7 13720 “ 1447
Inverness, MS 4 3430 6420 - C-B LSV-16 sC 898 8.7 13720 1447
Rayne, LA 7 2000 7500 C-B CMWA-8 SC 725" 10.56 14000 1781

PACIFIC GAS &
ELECTRIC CO.
Topock, CA 10 5500 6900  C-B CMW1OC  SC 725 18.1 35000 4362
llinkley, cA 1 3300 6900 : C-B CMW10 SC 725 - 18.1 3500 436
: 2 7250 6850 Cc-B " ¥330 SC . 750 40.0 14500 _ 2064
Kettleman, CA 8 2050 7500 Clark . EBAST sC 645 11.4 16400 1696
1 1032 -
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TABLE 3-14 (Cont'd.)

ENGINE CHARACTERISTICS, RECIPROCATING SITES

RATED . = HEAT EXH.  FLOW  TOTAL B/C
PIPELINE CO.  NO. OF  POWER RATE, TEMP.  RATE  POWER, . POWER
& LOCATION UNITS HP BTU/HP-HR __ MANUFACTURER _ MODEL _ TYPE __OF PPS HP HP
TEXAS GAS &
TRANS. COMPANY
Greenville, MS 4 2600 8310 Clark | HBATIO  SC 775 13.05 10400 1435
| 4 1550 8020 Clark HBATS sc . 775 7.92 6200 871
2 2000 7830 Clark TLAG sc 750 '8.33. 4000 430
;:ke Cormorant 4 2000 - 7830 Cc-B GMBSTF sc 575 10.5 8000 580
3 2000 7500 c-B GMWA-8  SC 725 10.5 . 6000 756
Covington, TN 5 -iéoo, 7740 Cc-B GMWGTF sc 575 8.9 75000 . 614
3 1500 © 7450 c-B © GMWAG sc 725 8.9 4500° 644
2 'zsoo 7310 C-B GMWALO  SC 725 12.5 5000, - 603
Jeffersontown, S 11500 7740 c-B oM6TE  Sc 575 8.89 - 7500 614
" 4 1500 7450  GMWAG sc . 725 6000 857

8.89



TABLE 3-1°%5

SITE COMPATIBILITY, EECIFROCATING SITES

) B/C :  HEAT FUEL PAY- % u.s. ' U.S. FUEL
PIPELINE CO. MANU- ~ POWER, COST RATE DUTY VALUE OUT FUEL POTEN SAVING
& LOCATION FACTURER MODEL HP $/HP BTU/HP-HR HRS/YR .$/10° BTU YRS SAVING HP 10 BPDE
COLUMBIA GULF
TR. COMPANY
Alexandria, LA  C-E LSV-1611) 1447 459 6420 4380 2.21 7.38 10.5 3.523 10233
Corinth, MS C-E LSV-16(1) 1447 459 6420 4380 2,21 7.38 10.5 3.523 10233
Inverness, MS  C-E LSV-16¢1) 1447 459 6420 4380 2.21 7.38 10.5 3.523 10233
o . ; | . :
g Rayne, LA C-R GCMWAS 1781 422 7500 7509 2.21 3.39  12.7 3.595 14754
PACIFIC GAS &
ELECTRIC CoO.
Topock, CA c-B SMW10C 4362 295 6900 £283 1.12 4,61 12.5 1.255 4664
Hinkley, CA c-B GMW10 436 741 6900 £283 1.12 11.6. . 12.5 5.974 22200
c-B W330 2064 398 6850 £283 1.12 6.26 14.2 3:723 15603
Kettleman, CA Clark HBAST 1696 430 7500 £283 1.22 - 6.19 10.3 2.91 9686

C-B w330 - 1032 525 6850 £283 1.12 8.26 14.2 5.037 21110



TABLE 3-15 (Cont'd.)

SITE COMPATIBILITY, RECIPROCATING SITES

B/C 'HEAT FUEL - PAY- - % ‘U.S.  U.S. FUEL

6€-€

PIPELINE CO. MANU- "~ POWER,  COST RATE "~ DUTY VALUE  OUT . FUEL POTEN. . SAVING
& LOCATION FACTURER ~ MODEL __HP __ $/HP _ BTU/HP-HR . HRS/YR ' $/10% BTU _ YRS SAVING HP 10 BEDE
TEXAS GAS TRANS.
COMPANY
‘Greenville,  MS  Clark HBAT10 1435 460 8310 - 6661 1.01 8.23 13.8 3.377 16686
Clark HBAT6 871 562 8020 6508 1.01  10.65 14.0 5.185 25085
Clark TLA6 430 745 7830 5485 1.01 ©17.15 10.7 6.094 22000
Lake Cormorant, C-B GMBSTF 580 . 661 7830 - 6291 1.01 13.3 7.2 4,924 11960
MS : _ - ,
c-B GMWAS 756 595 7500- 5631 1.01 - 13.95 12.6 5.018- 20432
Covington, TN - (C-B GMW6TF 614 646 7740 - 5460 1.01  15.15 8.2 S 5.211 14250
C-B . GMWAb 644 634 7450 6291 1.01 13.38  14.3  6.219 28547
C-B GMWAL0 603 651 7310 8283 1.01 10.66 12.1 6.91 26335
Jeffersontown, C-B  GMW6TE 614 646 7740 5990 1.00  13.81 8.2 . 5,211 14250
KY '

C-B - GMWAG 857 566 7450 6967 1.01 10.8 14.3 5.018 23035



Because there is so much reciprocating power to be bottomed the recipro-
cating engines were left in the final selections in spite of the fact that

the maximum fuel saving per unit is only 14.3%.

Shown in Tablé 3-16 is the methodology for selecting the recipro-
‘cating engine site. Because the reciprocating bottoming cycle systems are
low powered in many instances, have low utilization in others or low fuel
values on still others, the payback periods reported in Tabie 3-15 range
from 3.4 to 17.2‘yéars whereas the better gas turbine sites have payback
periods of as low as 2 years. In the selection of a demonstration site.
one could'Iook ahead 2 to 3 yeafs when the value of natural gas may in-
crease. In a still later time period as the higher value natural gas be-
comes mbre available, it results in an increase in hours of utilization.
In order to make a selection ahong the reciprocating sites a figure of
merit was used which was the sum of three rankings, with the lowest
value going to the best site. The first wés a ranking corresponding to
values in'the first payback period column of Table 3-16, computed with
a standard fuel Vaiue of $2.20/106
ponding to values in the second payback period column of Table 3-16, com-
puted with the standard fuel value ($2.20/106 BTU) and with a utilization
factor of 95% (8322 hrs/yr). The third was the ranking corresponding -to

the fuel savings in Table 3-16. Thus the payback period made two contri-

BTU. The second was a ranking corres-

butions to the figgre of merit and the fuel savings also made one.

The result of this rapking procedure was fur two types of Clark
engines on the Texas'GasvTrahsmission Corp. sitg at Greenville, MS to
receive the number one ranking. Arbitrérily the four HBAT;lO engines
were sglectéd because they had the lower payback periods of the two, and

" three timesvthé BPDE of the beét gas turbines. The final selection is
shown in Table 3-17 with the actual reported hrs/yr, the standard fuel
value of $2.20/10° BTU and the throttled-back heat rate.

3.7  RECOMMENDED SITE SELECTIONS

Shown in Table 3-18 is the way in which the four selected sites
relate to the contraétual site selection criteria. For selections 1 and .
2 the bottoming cycles will permit the shutting down of companion.gas
turbine units at each'site and thus increase utilization of the bottomed

unit. Selection 1 will have to be throttled back to 75% of the gas tur-
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TABLE 3-16

FINAL SELECTION, RECIPROCATING SITES

857 .  4.96 9 . 415

10

23035

PAYBACK
PAYBACK © AT $2.20/ . . ’
B/C AT $2.20/ 106 BTU U.S. FUEL FIGURE
PIPELINE CO.  MANU- POWER, 100 BTU & 8322 HRS/ SAVING " OF - :
& LOCATION ‘FACTURER MODEL HP : YRS. RANK ~ YRS. RANK BPDE " RANK MERIT RANK
TEXAS GAS
TRANS. CO. | . ‘
GREENVILLE, CLARK  HEATIO 1435 . 3.78 5 © 3,02 2 16686 9 16 1
MS i ‘ .
CLARK  HEAT6 871 - 4.89 7 -3.82 6 25085 3 16 1
CLARK TLA6 430  7.87 19 5.19 18 22000 6 43
LAKE CORMORANT, C- GMBSTF 580 6,11 11 4.61 15 11960 14 40
MS c-B GMWAS 756 6.40 14 4.33 12 20432 8 34
'COVINGTON, C-B GMW6TF 614 6.96 15 456 14 14250 12 41
= C-B. GMIAG 64k 6.14 12 464 16. 28547 1 29
C-B - GMWALO 603 ° 4.89 8 - 4.87 17 26335 2 27
JEFFERSONTOWN, C~B ' GMW6TF 614 6:3¢ 13 - 4.56. 13 14250 ‘13 39
e ' - GMWAG 4 23
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TABLE 3-16 (Cowm. 4.)

FINAL SELECTION, RECI?ROCATING SITES

PAYVBACK
’ . AT $2.20/
PAYBACK 12° BTU - : -
, , S B/C AT gz.zo/ & 8322 HRS/ U.S. FUEL FIGURE
PIPELINE CO. MANU-— FOWER, 10° BTU. ) YRS SAVING : OF
& LOCATION = FACTURER MODEL HE YRS. RANK TRS. PANK  BPDE RANK MERIT RANK
COLUMBIA GULF
TR. COMPANY
ALEXANDRIA, C-B LSV-16 1447 7.35 1€ 3.9 9 10233 17 - 42
LA T o ‘
'CORINTH, MS C-B LSV-16 1447 7.35 15 3.9 '8 10233 16 41
INVERNESS,  C-B LSV-16 1447 7.35 16 3.9 7 10233 15 40
MS | I A -
RAYNE, LA C-B. . GMWAS 1781 3.3 & 7 3.06 3 14754 - 11 . 18 2
PACIFIC GAS &
ELECTRIC 0O.
_TOPOCK, CA  C-B  GMW1OC 4362 2.35 s - 2.33 1 4664 19 21 3
HINKLEY, CA C-B GMW10 436 - 5.91 10 5.8 19 122200 5 34
: c-B w330 2064 3.19 3 3.17 5 15603 = 10 . 18
KETTLEMAN, CA CLARK HBAST 1696 3.15 . 2 3.15 4 9686 18 24
C-B w330 1032 4.21 3

4.18 11 21110 7 2



" TABLE 3-17

"FINAL SELECTIONS, RECIPROCATING SITES:

"~ ‘Pipeline Co. & Location
Manufacturer '

Model

- B/C Power, HP

Cost, $/ﬁP

Throttled-Back Heat Rate, BTU/HP-Hr
Dﬁty, Hrs/Yr .

' Fuel Value, $/10° BTU
Péyout, Yrs. ‘

% Fueél Saving

U.S. Potential, HP 10
U.S. Fuel Saving, BPDE.

6

3-43

Texas Gas, Creenville, MS
Clark

HBAT10.

1435

460

8671

6661

2.20

5.2

10.0
3.4
12100
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COMPARISON WITH CRITERT

ELECTRIC CO.

TRANS. CC.

TRANS. CO.

SITE SELECTION NO. 1 2 3 4

CRITERIA

1. TYPE OF PIPELINE _ GAS GAS GAS GAS

2. TYPE OF ENGINE SIMPLE CYC. GAS TURE. GAS TURB. SUPERCHG
MANUFACTURER & MODEL INGERSOLL- COOPER- COOPER- .CLARK
RAND BESSEMER BESSEMER
JP-125 RT-125 " RT-125 HBAT10

3.  SYSTEM OPERATING PARAMETER 7064 6535 8280 6661
AND DUTY CYCLE
(HOURS/YEAR in 1976)

4. SITE LOCATION BURNEY, CA CHEMULT, OR RAYNE, LA GREENVILLE, MS
NEARBY CITIES AND SACREMENTO PORTLAND NEW ORLEANS MEMPHIS
DISTANCE (MILES) 170 180 130 (135

EUGENE 90 BATON ROUGE  JACKSON
70 90

5.  POTENTIAL FOR COST SHARING YES YES YES YES

6.  SEVERITY OF PROBLEMS (DISRUPTIONS) NO PROBLEM NO PROBLEM NO PROBLEM NO PROBLEM

7. TIME FRFAME SITE AVAILABLE NO RESTEICTIONS———m—mmmmmmmmm e e e

8. POTENTIAL FOR USE OF RECOVEREL: HEAT NEED 75% OF NEED BOT. CYCLE MUST

POWER WITH ADDITIONAL POWER REPLACES THROTTLE
~ BOT. CYCLE POWER RECIP.ENGINES PRIME MOV

9.  PIPELINE COMPANY PACIFIC GAS & PACIFIC GAS COLUMBIA GULF TEXAS GAS

TRANS . CORP.



bine plus bottoming cycle power. More power is needed at site selection
2, therefore, full gas turbine plus bottoming cycle power will be used
. at this site. There are reciprocating units at site Selection 3 that
would be shut down and thus make possible using the gas turbine un-
throttled. Bottoming site Selection 4 will increase the utilization be-
cause these engines when bottomed would have the lowest heat rate at

the site.

3.8 FINAL SITE SELECTIONS

The work statement for the squect‘contract ofiginally called for
the Contractor to recommend four natural gas compressor stations as po-.
tential demonstration sites for the pipeline bottoming cycle. - The De- ‘
partment of Energy was then to select one site from the recommended sites.
The remainder of the program was to be carried out using the selected

site.

The recommended:sites included three from different pipelines at
which there were similar simple-cycle gas turbines having exhaust tem—'
peratures and flew rates in narrow ranges. -Bottoming these gas turbines
resulted in slightly exceeding the target value of 207% reduction in ﬁeat
rate when the prime movers were throttled so fhat there was no increase
in power at the site. A fourth pipeline also had such a gas turbine
which was not eriginally selected because of low annual utilization and
thus showed a high cost/benefit ratio. The gas turbines of these four.
sites fell into a group of gas turbines with a totel installed power of
between 554,000 and 804,000 HP, a large bleck of power providing a good

potential for near term implementation throdgh retrofitting.

It wae the DOE view that there would be a -definite added value in
fhe pfogram if several pipeline companies could be retained in the pro~-
grem and if the design problems for several gas turbines and several
sites could be factored into the study. As a result the contract was
changed to incorporate three pipeline companies, three sites, three dif-
ferent gas turbine prime movers, and three different ways to use the
bottoming cycle power, Information of interest for the three sites 15'

summarized in Table 3-19.
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TABLE 3-19

DESCRIPTION OF COMPRESSOR SITES

(1)

Company

Site Location

Nearby Airport

Distance (miles)

Gas Turbine To Be Bottomed

" Type
Rated Powerfz) HP
Heat Rate,(z) Btu/HP-Hr

Gas

Cas Turbine Manufacturer
Power Turbine Manufacturer
Exhaust Temp., °F

Flow Rate, lb/sec
Operating Time, 1976 hrs,
Compressor

Type

Manufacturer

Model

Other Cas Turbines

Type
Rated Power,(z) HP
Heat Rate,(2) Btu/HP-Hr

RéclprucaLlng Englnes

Rated-Power, HP
Heat Rate, Btu/HP-Hr

Bottoming Cycle Function

Ludad

Poweé3)
(1)
(2)
(3)

Alphabetical Order.
At 80°F, LUU0 Ft Altitude
Based on gas turbine operation at site conditions

Columbia Gulf
Transmission Co.

Rayne, LA
Lafayette, LA
16

Simple
12500
10060

Rolls Royce

Cooper Bessemer

. 735

158

‘8280

Centfifugal
Cooper Bessemer

RF2BB-30

"2 Each

Simple
12500
10060
7 Each

2000
8780

Pump Natural Gas

Gas Cuumptressul
in Parallel With
Reciprocating
Fngine Nriven
Compressors

5976 HP

3-46

Pacific Gas &
Electric Co.

Burney, CA
Redding, CA
60

Simple
12500
9800

. General Electric

Ingersoll-Rand
713

140

8085

Centrifugal
Ingersoll-Rand
CVvP-30

1 Each
Recuperated
9100

8750

Nuiue

Pump Natural Gas

Sawe (G&as
Compressor as
Driven by '
Rottomed Gas
Turbine

5397 HP

7740,

Texas Gas
Transmission Corp.

Covington, TN
Memphis, TN

.35

Simple

12500

10890

Pratt & Whitney .
Cooper Bessemer
700

153

5420
Centrifugal.
Cooper Bessemer

RF2B-24

None

5 Each, 3 Each; ¢ Each

1500,
7450,

2500
7310

1500,

Generate Electricity
for Sale to TVA

Generator

3694 KW



3.8.1 COLUMBIA GULF TRANSMISSION CO., RAYNE, LA SITE

At the Rayne site there are three Cooper-Bessemer RT-lZS gas tur--
bines, with Rolls Royce Avon .1533-76 gas generators. In addition there
are seven 2000 HP GMWA-8 Cooper-Bessemer reciprocating units, having a
heat rate of 8780 BTU/HP-hr and located on a éeparate pipeline., It is
planned that'the bottoming cycle will drive a compressor in parallel with
the réciprocating engines and some of the reciprocating engines will be
shut down. . Because of the high heat rate of the reciprocating engines

~the bottoming cycle will save substantial fuel.
3.8.2 PACIFIC GAS & ELECTRIC CO., BURNEY, CA

At the Burney site there is an Ingersoll-Rand JP-125 gas turbine
consisting of a General Electric Model 7-LM1500 GB 101, 7300 RPM gas
generator driving an Ingersoll-Rand 5000 RPM model HP-125 power turbine.

At the'same site there is a General Electric Model 3912R recuperated gas
turbine. There are no reciprocating engines at this site. The bottoming
cycle will increase the power of the IR JP-125 sufficiently that the re-
cuperated gas turbine can be shut down, increasing the utilization of the
bottomed gas turbine to nearly full time. The bottomed gas turbine will

have a heat rate that is substantially less than that of the recuperated

gas turbine,
3.8.3 TEXAS GAS TRANSMISSION CORP., COVINGTON, TN

At the Covington site there is a Pratt & Whitney GC3C—4.gas genera—
tor with a Cooper Bessemer power turbine. In addition, there are three
models of Cooper-Bessemer reciprocating engines (GMW-6TF; GMWA-6 and GMWA- -
10) for a total of ten engines. These reciprocating engines have heat
rates between 7310 and 7740 BTU/HP-hr which are very competitive with
the anticipated heat réte of the gas turbine with bottoming cycle. Thus,
replacing réciprocating engines with the bottomed gas turbine would not
save much, if any, fuel. In addition, the gas tufbine is underutilized

'because of its.high heat rate., At this site, therefore, it was decided
that the gas turbine bottoming cycle should beAusgd to drive an electric

generator and the power should be sold to the TVA.
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SECTION 4

PRELIMINARY SYSTEM DESIGN

4.1  INTRODUCTION

The purpose of this task is to develop preliminary designs of
bottoming cycle systems for sévefal sites that will»provide the basis for
assessments>of technical and economic feasibility. bata déveloped dhring
this task permitted estimates to be. made of the cost of fabricating and
installing bottoming cycle syétems on typical gas coﬁpressor sites, All

of the subsequent tasks will use information developed from the preliminary

designs.

The preliminary designs identified aspects of the bottoming cycle
equipment relative to the technical feasibility of such systems. These
designs incorporated environmental and safety regulations including
those for the specific sites. The preliminary designs also incorporated
operational reliability and maintenance requirements which were compatible
Qith the requirements for the existing prime movers. Boftoming cycle per-
formance was factored into an assessment'of the potential gas saving
in the industry. Any undeveloped technologies required to produce bot-

toming cycle equipment became apbarent during the preliminary design.

In this section the working fluid of the Rankine bottoming cycle
is diécussed and an optimized cycle is defined. The performance of the
bottoming cycle system at each of three sites 1is presented. The pre-~
liminary designs 6f system components such as turbines, vapor generators
and condensers are discussed along with the designs required to install -

the systems on three sites.

4,2 FLUID SELECTION

In selecting the working fluid for the Rankine botfoming cycle,
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five criteria were established to carry out the selection. The purpose

of using the bottoming cycle is to improve the performance of the installa-
tion ‘and so the amount that a given fluid contributes to the reduced heat
rate was taken as one important cfiterion. Since the working fluid must
be contained and must f£low through apparatus made of various materials,

.it was necessary to establish the cbmpatibility of the fluid with the
ordinary materials of construction for Rankine cycles. Most of the or-
ganic compounds that are usable in the Rankine bottoming cycles have upper
temperature levels at which the fluids breakdown into other components

and therefore are no longer stable. These breakdown temperatures must be

" higher than the maximum. fluid temperature expected in the Rankine bottom-

ing cycle in order . to assure that the working fluid will operate in the
same way throughout the life of the Rankine bottbming cycle., Two other
aspects of the fluid selection are the safety requirements and the toxic-

- ity of the fluids to personnel that are bperating'the pipeline systems. .

Shown in Table 4-1 are a number of fluids which wére studied by
Miller in Reference 11 as possible Rankine cyéle working fluids. All
these fluids are of the organic type with thé exception of water. Shown
in the last column of thé table are Rankine boftbming cycle efficiency
levels attainable with the various fluids using a turbiné_inlet tempera-
ture of 450°F, a condensing temperature of 150°F, and turbine efficiency
of 75% and regenerator effectiveness of 802. As would be expected
water has a much lower efficiency in this type of a system than the other
organic fluids used; that ié the primary reason for using organic
compounds as the working fluids in bottoming cyclés which have very limited
waste heat temperature levels, It was necessary to limit the fluids that .
were investigated in this study by using the criteria that were stated
above. Benzene was immediately rejécned'because it has been shown to be
carcinogenic. Toluene, which shows a relatively high cycle efficiency,
was not ruled out even though it has a certain level of flammability.
Hexafluorobenzene, which is noqflammable, was also considered to be a
potential working fluid for systems of this fype.‘Flutex PP3 is nonflam-
mable and has a relatively good cycle efficiency, bul Lherwodynamic data
"over the range of temperatﬁres and pressurés required for a Rankine bottom-
ing cycle were not available and so it was ruled out. Pyridine, -although

flammable, producés a rather high cycle efficiency and was not immediately
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TABLE 4-1

MAXTMUM USE TEMPERATURE RANKINGS .
OF CANDIDATE WORKING FLUIDS

Use Temp,, °F ________ _ Fluids

_ e — » Cycle*

- Max., Min, 'No. = ) _Name =~ . . Safety Eff. %
1050 32 1 Water " Nonflammable 8.7
800 42 . 5  Benzene | : Flammable 20.0
750  -139 3. Toluene . " Flammable 120.8

750 - 41 6 Hexafluorobenzene - .Nonflnmmable 18.9 5

700 - 67 10 - Flutex PP3 | Nonflammable  17.9
670 - 43 9  Pyridine ©Flammable . 20.9
630 ' -50 4  Chlorobenzene " Flamable  21.3
625 11 2,2,2-Trifluoroethanol . Ignitable 17.4
500 -37 .7  Thiophene - Flammable 20.3
450 =255 2 Isobutane " Flammable - ~13.8

300 © -31 8 . Freon 113 ' Nonflammable  16.0

Turbine inlet temp. : 450 F condensing temp. : 150°F turbine efficiency'
75%, regenerator efficiency' 80%. ,



ruled out as a working fluid. Chlorobenzene was ?uled out because it not
only has a low maximum use temperature of 630°F, but it is also flammable.
Trifluoroethanol (Fluorinol), has about ﬁhe same maximum use temperature but
-1t is only ignitable with difficulty. When the source of ignitionvis taken
away the flame readily gdes out. For that reason, and because this fluid
is used in two other Department of Energy developed Rankine sysfems, it was
not ruled dut. The remaining fluids, thiophene, isobutane, and Freon 113
were all ruled out of the study because the maximum use temperatures of
these fluids are too close to the desired turbine inlet temperature in the
system (500°F). The actual organic fluids which Qere studied in this pro-
gram are four; namely, toluene, fluorinol-50, RC-2 and RC-1. Toluene is
~a Qery prevalent hydrocarbon, made more prevalent by the fact that ben-
zene has been taken off the market for certain uses because U£ its careci-
nogenic -qualities. -Fluorinol-50 is 50 molar percent of 2,2,2-trifluoro-
ethanol and 50 molar percent of'wéter. RC-1 is a 60 percent mole fraction
of pentafluorobenzene and a 404percent mole fraccion of hexafluorobenzene.

RC-2 is a 65 percent mole fraction of H, O and a 35 percent mole fraction

2 .
of methyl pyridine. These last two working fluids were recommended by

Miller in Reference 12 as the optimum working fluids for automotive Rankine

cycles.

Shown iﬁ Table 4-2 are some comparative thermodynamic perfdrmapce
data on the four fluids studied in this program as regards cycle effi-
ciency, ultimatc horsepower and fluid conditions. The net bottoming cycle
horsepowef excludes the power required to drive the air cooled condenser
fans, the boiler feed pump and other accessories required to operate the
Rankine Cycle. As can be seen the largest bottoming cycle net horsepower
. was obtained with toluene and is closely followed by RC-2 and RC-1 and
finally ¥luorinol-50. The values of the exhaust temperaturcs-from the vapor
generator are shown in the last column and the indicatione are that the
RC-1 obtaina the largest amount of heal L[rum the exhaust otack but 16 pena-

lized by the fact that a large amount of power 1s required to drive the

liquid feed pump compared to some of the other fluids. It should be noted

that these cycles, although not all of them are optimized, have  a pcrfurm~
ance différence of about 5%. This small a difference does not constitute a
basis for selection among working fluids. Indeed the preliminary selectlon

. . 4
of these four fluids has reduced the significance of performance as a criterior
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TABLE 4-2

PERFORMANCE COMPARISON OF CYCLES WITH VARIOUS WORKING FLUIDS

A . Exhaust
Turbine  Inlet A . Net Bottoming Feed Pump Temperature
Conditions Cycle Efficiency Cycle Horsepower = . Horsepower °F
Toluene 270 psia/S00°F . .1986 | 5067 © 147 276
F-50 400 psia/S00°F 'A.1875 o ' 4796 : 111 275
RC-2 270 psia/500°F .1919 , - 5002 76 - 267
RC-1 600 psia/500°F .1704 4923 - ' - 437 220

These cvcles were not optimized and performance difference is about 5%.



and the selection must be made on the basis of other important factors.

A further evaluation of these fluids is shown in Table 4-3, Per-
formance from the previous table is repeated here but in addition ma-
terials compatibility, thermal stability tempeatures, safety, toxicity,
and costs per unit weight are also recorded. With regard to materials
compatibility, toluene has no known compatibility problems. Fluorinol-50
is quite compatible with conventional containmenf materials except that
corrosion has been expérienced when air and an antiwear additive were
present. RC=2 was found to be incompatible with SAE 4130 steel boiler
tubing matcriul;-and with aluminum in Reference 12 by Millcr ct al, NC 1
was tested for 1000 hours in 4130 steel, which 1s a low alloy steel, with
no difficulties and this laboratory fluid is therefore considered to be
compatible with containment materials but certainly further materials
testing should be carried out before it is committed in the design of a
Rankine bottoming cycle. In regard to thermal stability temperature, the
one with the lowest value is Fluorinol-50 closely followed by RC-2; RC-1
and toluene have stability temperatures of 750°F or above. Only one of
the fluids is nornflammable, RC-1l. Fluorinol-50 is classed as ignitible
rather than designated as flammable. When the source of ignition is re-
moved the flame goes out. Toluene and RC-2 are flammable which must be
taken into account in the use of the fluid in systems of this type. Most
of the flammability data can be found in Reference 12. From the stand-
point of toxicity a standard has been recommended for toluene which would
permit a 100 ppm concentration of toluene in air based on a time weighted
average with a maximum of 200, RC-2 is-about as toxic.as Toluene.
Fluorinol-50 has a récommended time weighted average concentration of
only 5 ppm. The least toxic of the four fluids studied is RC-1. The
costs of these fluids are important, especially for the laboratory type
fluids such as RC-1. ‘The cost of the charge of tluid tor a bottoming

cycle system is a significant portion of the system costs for RC-1,

More information.on the toxicity of these four fluids is presented
in Table 4-4., 1In this table an attempt was made to rank the fluids accord-
ing to theirAtoxicity, from any source that was available which provided
toxicity measurements. The same tests were not run on all four fluids

and the data came from several sources as can be seen by the notes at
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TABLE 4-3

FLUID EVALUATION

Toluene F-50 RC-2 RC-1
Performance 5067 HP 4796 HP 5002 HP . 4923 HP -
Materials Compatibility good good in absenceNA incompatible with good

' of air Al or steel" tested in 4130
steel
Thermal Sta>ility . 700°F > 625°F > 670°F . > 700°F
Safety flammable ignitable ignitable‘ nonflammable
Toxicity = 100 ppm TWA toxic comparable to least toxic
200 ppm max. toluene

Cost $/1b. 0.10 7 now 0.50 30 now

<-3 future

< 5 future



TABLE 4-4

TOXICITY RANKING (descending order)

~orl mus LD50 . 1h1* rac 1.c50 “1h1”" rar 16 1o
F S0%% 432 wgfig PV 897 ppm/en(14) i ‘

* Toluene - A - 4000 ppm/4H ‘13)
RC-2% 916 mg/ke™® 8000 ppm/an(1?) 5435 ppm/4nL3)
RC-1 - 6000 ppm/ 414 B

- 16000 ppm/4u‘1?)- -
Freon 22 - | - 250000 ppm /413

* orl = oral

mus = mouse
. ihl = inhalation

** Data for 2,2,2 trifluoroethanol and 2 methylpyridine were converted to
F-50 and RC-2 concentrations.

*** Numbers in parentheses indicate references from Section 11.



the bottom of the table. However, a comparison can be made between F-50
and RC-2-1n oral tests with mice where the lethal dose for 50% of the
population was 432 milligrams per kilogram for F-50 and 916 milligrams
per kllogram for RC-2. Further comparisons betwecen fluids are given by
considering the second column in which inhalation in rats was studied and
the results are shown of concentrations for which 507% of the'pdpulation
survived. If we take the two values that came from Reference 14 we see
‘the F-50 has 897 ppm in 6 hours whereas the RC-1 has 6000 ppm in 4 houré
so certainly RC-1 is less toxic from this standpoint than the F-50. Now,
if one looks at the data from Reference 12 we see that RC-2 has 8000‘ppm
for 4 hours whereas RC-1 has 16,000 ppm for 4 hours. For inhalation by
rats, column 3, the lowest published leﬁhal concentration for toluene is
4000 ppm-in 4 hours compared with 5435 ppm for 4 hours for RC-2. Freon 22

.'is'very much less toxic than ény of these fluids. .

To summarize, the following reasons are set forth for the selec-
tion of toluene for the design studies in this program. First oanll,

toluene gives more bottoming cvcle power from the same waste heat stack

than any of the other fluids. Toluene is a very common solvent used in
paints and inks, is handled every day by many people, sometimes in large
quantities, is very well documented and the precautions that need to be
taken are well understood. Although other fluids could provide about the
same system performance as Toluene with suitable system changes and would
have only a small effect on the program, Toluene is'theAworking fluid of
a DOE-supported organic Rankine system development’and will thus get con-
siderable developmental attention. Toluene has to be handled 1iké other
flammable liquids but is shipped in many types of containers without any
particular precautions. However, it has to be used in ventilated areas
which are éway from excessive heat and ignition sources. There 1s some
toxicity associated with the toluene if the concentration is too high. As
indicated above, the standard has been suggested at the level of 100 ppm
for an 8 hour day and AQ hour week with a ceiling of 200 ppm. Toluene is
nonreactive with ordinary metallic containment materials and has a thermal

stability temperature of 700°F(15?

4,3 CYCLE OPTIMIZATION

Having selected the working fluid as toluene, the next step in
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the program'waé to carry out a cost optimization of the bottoming cycle

in order to select the working conditions which would be most economical.
Shown in Figure'd—l is a schematic diagram of the pipeline boﬁtoming cycle.
At the lower left can be éeen a gas turbine with a free power turbine |
which drives the natural gas compressor. The exhaust gas from the power
turbine is ducted to a vapor generator in which toluene is heated and
vaporized and sent to a vapor turbine. The turbine drives a load through

a gear box. In the case of the three sites selected ‘the load can be a
generator, a small centrifugal compressor, or it could be the same large
compressor driven by the gas turbine. After the toluene leaves the vapor
tnrbine it can be passed through a regenerator so that some of the super-
heat can be iemoved and thus added to the organic workinglflnid as a 1iquid
on its way to the vapor generator. After passing through the regenerator
the toluene vapor is sent to the condenser where it is liquefied and
dumped into a surge tank. Thé‘boiler feed pump is supplied with toluene
liquid from the surge tank which. is pumped through the regenerator into

- -the vapor generator completing the circuit of the toluene through the

Rankine bottoming cycle system. The controls are described in Section 4.5.4.

A number of méjor design decisions and assumptions were arrived at
to make it possible to carry out the design and optimization of fhe Rankine
bottoming cycles in this study. First of all; all the prime movers are
simple cycle'airnraft derivative gas turbines with free power turbines
and as a consequence'of this selection the exhaust gas flow rate 1s in a
range from 147 to 168 lbs/sec and the exhaust temperature at rated condi-
tions is between 700-740°F. - Since ‘the fuel for the gas turbines to be
bottomed is natural gas, which burns cleanly and has negligible sulfur
in it, it was decided that fouling»nf the heat exchénger with unburned -
hydrocarbons or corrosion of the Beat exchanger~suffaces from the con-
densing of sulphuric acid should not be corisidered in the design. Inas-
much as toluene was selected as the working fluid, the design must take
into account the fact that the fluid is flammable and that certaln minimal
health precautions are necessary. The material compatlbility wau congidered
to be no problgm and the fact that the stability temperature was around
750°F, which is just slightly higher than the exhaust gas temperaturc from
the gas turbines, it was felt that with proper control the stability Jimit

would not be exceeded for toluene as the working fluid.
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Cooling towers were not considered for the pipeline bottoming cycle
design for a number of reasons. Mailntenance requirements for ccoling _
towers are difficult., Rust and corrosion seem to take place‘in hard-to-
inspect regions. By the time a rust spot is found so much damage has
occurred that a major expense is required for rebuilding the cooiing tower,
Cooling towers generate a;bfine from the salt residue formed ‘in the evap-
oratioﬁ of the water, The brine must be disposed of in an environmen-
"tally acceptable manner periodically. Cooling towers require a.water
supply; however, many compressor sites are without adequate water, The
makeup water for a cooling tower must be treated; this requires a knowledg-
able person at each site where one is operated, adding to the operating
cost The aggregate of these costs associated with a wet cooling tower
are not Justlfled in the size needed for the bottoming cycle of .the size
under study (5000 -6000 HP).

In carrying out the selection study for the 51tes, it was necessary

. to make certain calculatlons with regard to the anticipated saving of fuel
and a simplified optimization was carried out to determine the value of
certain design variables giving the most cost effective.system;/ The re-
sult of that optimization wss the establishing of a reference cycle which
was used during part of the preliminary design. Shown in Table 4-5 are

the pressufe drops that were used in the various parts of the feference
cycle to obtain this peffc;mance and also the other assigned values that
were used in the analysisl The turbine efficiency was based on a conceptual
‘seven stage axial turbine design described in Section 4.5:13 A turbine de-
sign computer program, with loss calCulations.based 5h the Ainley and Ma-
thieson method, was used to esfimate'turbine efficiency.Shown in Figure 4-2
is the refe;ence pipeline_bottoming cycle with the energy transferred values
shown on the figure. In excess of 52 million BTU/hr is transferred in the ‘
'vapor-generatdr and in excess of 39 million BTU/hr is rejected by the condens-'
er. -The load recelves 4890 HP including the losses in the gearbox; a total of
97 kilowatts are required to drive the feed pump, and 259-kilowat£é'are
required to drive the fans for the condenser. The regenerator transfers
nearly 6 million BTU/hr to the roluene liquid on lts way to the vapor
gcnerator Shown in Figure 4-3 is the same schematlc dlagram showing the
pressures and the temperature of 700°F which is’ reduced to 333°F in a

vapor geneéerator. It shows the turbine inlet temperature and pressure
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TABLE 4-5

* ASSIGNED VALUES FOR THE REFERENCE CYCLE

Working Fluid: Toluene
Ambient Air Temperature = 68°F
Fan Power Required = 27 qf'the total rejection

: Regenefator Effecti%enesé ' 0.50

Turbine Efficiency ' 0.86

Pump Efficiency 0.70

Gearbox Efficiency . ' 0.98

“Electric Motor Efficiency 0.90'

Pressure Drops 2 AP/P* 6P, psi
Vapor Generator : 0.0815 24,0
Regenerator (Hot Siae) 0.0275 0.095
Regenerator (Cold Side) 0.0121 3.6
Condenser - ‘ 0.0202 0.068
Vapor Gén.‘to Turbine 0.0025 : 0,675
Turbine to Regenerator 0.015 0.052
Condenser to Pump’ - 0.0015 0.005
Pump to Regenerator = : 0,0005 0.15

*

“The pressure drop, AP,'across a specific component is normalized
'with respect to the pressure upstream of that component,
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to be 500°F and 270 psia, respectively. For this cycle an ambientAair
temperature of 68°F was used and this ﬁemperature rises to 98°F as the
cooling air passes through the air cooled condenser. The air cooled con-
denser operates down to a pressure of 3.28 psi and with 5°F of subcooling
the temperature of tﬁe liquid toluene going to the surge tank is 145°F.
The flow leaves the vapor turbine at 311°F and is desuperheated in the
regenerator and the air cooled condenser down to a value of 150°F. Shown
in Table 4-6 are the ﬁarticulars of the toluene reference cycle discussed

above,

The reference cycle was utilized in the preliminary design to make
the initial sizing of the.Rankine bottoming cycle components for the pur-
pase of cost estimation. The components for the near uptimﬁ@ design were
supplied to the pipeline companies in order that they might make installa~
tion studies of the bottoming cycle in their respeptivé sites. In parallel
~with this efforf by the pipeline companies, the Rankine_Bottominé cycle
cost optimization was carried out. In the optimization process there ‘
were five variables which had to be determined. These are the turbine -
inlet temperature, the turbine inlet preésure, the condensing femperature,
the recuperator efféctiveness, and the pinch point temperature difference,
The pinch pqint temﬁerature difference is the minimum differéhce in tem-
perature between the exhaust gas flowing through the vapor generator and

the Qaporizing fluid which is in the tubes of the vapor generator.

In the determination of the optimum cyéle the costs were estimated
‘for the reference cycle described above. Then these costs were used‘as
* a starting point to generafe cost algorithms for each of the major com-
.ponents in the system. These algorithms gave systematic and realistic va-
riations of the compcnent costs as the five prime variables mentioned above

were varied over théir ranges. Shown in Table 4-7 are the cost algorithms

for the vapor generator, the vapor turbine, the vapor condenser, the feed
pump, controls and instrumentation, auxiliary equipment and the equipment
skid. The equipment skid contains the surge tank, the feed pump,‘the

regenerator, if there is one, and auxiliary equipment.

Shown in the following series of figures are the variations in the

cost per unit horsepower of the various Rankine bottoming cycle systems
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TABLE 4-f

TOLUENE REFERENCE CYCLE DATA

Turbine Inlet Pressure
Satu:ation Temperature
Turbine Inlet Temperature -
Condensing Temperature

Toluene Flow Rate

Heat Added to Working Fluid
Heat Transferred in Regenerator

. Heat Rejected by WO;king Fluid

Parasitic Poﬁer Requirements
(Motor Efficiency, 0.9)
‘Pump
Fan

vataL

" Turbine Power
Net Power to Load-

(Gearbox Efficiency, 0.98)

4-17

97 KWe
259 KWe

356 KWe

4990 Hp
4890 HP

- 5.8 x 10
39,7 x 10° BTU/hr

270 psia
495°F

500°F

150°F

200,000 1b/hr
52.1 x 10® BTU/NE

6 BTU/hr
6
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TABLE 4~7

COST ALGORITHMS FOR THE BOTTOMING CYCLE CCOMPONENTS

Comrponent Component Cost Explanation
: o — :
1. Vapor Generator CVG = a AHT +bV +d cC= Cost,-$ '
' AHI = Vapor Generator Heat Transfer
. Area, £t2 '
) ¥V =-Heat Exchanger Volume, ft3
_ B a,> = Constants
R v - . - . . = :
2. Vapor Turbine ‘ "CTurb a+b (HPT)- HPT‘ Turbine Horsepower, HP
, a,> = Constants
3. Condenser CCond = a+b AHT AHT Condenser Heat Transfer Area, ft
- ‘ : A ‘a,-= Constants )
b
Feed Pump CPump = a (HPP) | ' ‘HPE. =_Pumpl Horgepower, HP
a,t = Constants
5. Comntrols and Instrumentation Coont = _ a = Constant
6. Auxiliary Equipment CAx Eq = a (HPT)b_ ~HP_ = Turbine Horsepower, HP
- ) a,b = Constants )
7. Equipment Skid Corid = [CTurb * Coump + Ccont * Cax.Eq



as the prime variables are changed through the usable range;‘ These costs

are normalized by di&iding by the eost'per unit horsepower of the ref-

erence cycle. Also shown in some of these figures is the variation of

vthe horsepower output of the bottoming cycles as a function of the prime

‘ variables. Shown in Figuiee4i4 is the veriation of the Rankine bottoming
>cyc1e cost per unit horsépower as a function of the-furbine inlet pres—

sure at inlet temperatures of 600°F. The other conditions at which the

Rankine cycles were opereted are in&icated iﬁ the face of the figure.

This figuvre indicates that as the turbine inletApreésure increases the

cost pef‘unit power decreeses and the lowest cost per>unit powef occurs

at the saturation pressure. Shown in Figure 4-5 is a similar plof in which
the turBine inlet temperature is varied at constant inlet pressufe. Here

again the indications are that the lowest cost per unitehorsepower is

obtained at the saturafion conditions, Shown in Figure 4-6 is the varia-

tion in the gross power of the bottoming cycle as a function of the tur-

- bine inlet pressure at an inlet temperature of 600°F indicating that the

gross power is highest at the saturation pressure. Shown in Figure 4-7 is ‘
the variatioﬁ of the bottoming cycle horsepower with the varietion in

turbine iﬁlet temperature at a constant pféSsure and again the highest . %
horsepower 1s obtained af the saturation temperature. It is frequently
advantageous to use waste heaf from the expander to preheat the vapotA _
generator feed in a recuberatof (also referred to herein as a regenerator). A
In this application, however,~this process intrinsically feduces the

amount of heat that can be extracted from the gas turbine exhaust and

hence 1limits the contribution of the primary heat source to the bottoming

cycle power, For that reason,the recuperator was explored over a range of

values of effectivehess (zero refers to no receperator). Shown 1in Figure 4-8

is the variation in the cost per unit power with recuperator effective-

ness. It can be seen that the cost per unit power gradually decreases as

the effectiveness approaches zero. The hersepower generated by the bottom-

ing cycle is plotted against recuperator effectiveness in Figure 4-9. Here

it can be 'seen that the minimum horsepower is reached at around 0.5 ef-
fectiveness and that the power,increases slightly as the recuperator

effectiveness drops to a value of zero. The reason that the use of no

recuperator is shown to'be adﬁantageou& in these figures 1is that with

natural gas as the fuel no limitation on ‘the minfimum stack tempsrature
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| from the vapor generator is necessary to prevent the condensing of sul-
furic acid., Thus, a larger amount of heat can be taken out of the stack
if no recuperator 1s used.' The reason for this is that the recuperator
increases the temperature of the.boiler‘feed liquid thefebyAlimiting the

amounit of heat which can be extracted from the stack gas as discussed

above.

Shown in Figure 4+10 is the variation in cost per unit power of the
bottoming cycle against saturation conditions ;ypified by various tem-
pefatures for two values of recuperator effectiveness. - First of all, the
cost'pef unit power curves are very flat with‘temperature'minimizingkin
the neighborhood of 500°F. Also it can be seen that the cost(per unit
horsepower is significantly lower al a recuperator effectivencsc of zero
compared‘to airecuperetor effectiveness.of 0.5. Shown in the next fig-
fure, Figure 4-11, is the variation of bottoming cycle hersepower with tur-
bine inlet temperature; Here the bottoming cycle &ithout a recuperator
produces a higher bottoming cycle power for most of the values of tp;bine
inlet temperature shown. Shown in Figure 4-12 is the variation in the cost -
per unit as a function of tﬁe condensing temperature., Values are shown

for two conditions of recuperator effectiveness. For the 0.5 recuperator

effectiveness the minimum point on the curve 1is around 125°F. However,
for zero effectiveness the value is very close to 150°F, It can be seen
that the two optimum values are very close together. Shown in Figure 4~13

. is the variation of horsepower with the same set of conditions in&icating'
that as condensing temperature decreases the horsepower increases. How-

- ever, it is apparent from the previous curve as the.condensing tempera=-
ture becomes lower with the same outside air femperature obviously more
condenser surface is required to obtain the condenser temperature de-
sired. Three points, case 20, 24 and 9 are shown on this curve. On the

' previous curve point 24 had the lowest cost per horsepowef, ppiﬁt 20 was
the next lowest. Shown in Figure 4-14 is the variation in cost per unit
horsepower against pinch point temperature difference. The pinch ‘point
temperature difference is the minimum difference in temperature between
the exhaust gas'flowing through the vapor generator and the vaporizing
fluid which is in the tubes of the vapor generator., It can be seen on
the figure that for the effectiveness of 0.5 and zero, the.optimum pinch

point temperature difference is approximately 50°F. The recuperator ef-
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fectiveness of zero produces the lowest cost per-horsepower. Fiéufe 4-15
shows the variation of botﬁoming cycle horsepower with pinch point tem-
perature difference, the curves for zero and O.S'effectivenéss being
approximately linear and increasing as would be expected‘as_the pinch -

point temperature approaches zero..

Shown in Table 4-8 are the data for the three points designated in
some of the previous figures, Cases 9, 20 and 24, Case 9 is the ref-

‘erence case which was used to make the first sizing of componenté and to .
determine an estimate of the cost of the bottoming cjcle. Case 20 is one -
in which a recuperator effectiveness of 0.5 was.utilized and Case 24 is
a case where zero was utilized. It can be seen by the 1aét row of fig-
- ures that the lowest cost per unit horsepower relative to the reference
4case occurs for Case 24 which is one that has zero effectiveness of the
~ recuperartor, No recuperator was included in the final 6ptimization be-
cause of the results shown in Table 4-8, The selected configuration not
only minimizes the $/HP but is-simpler and has fewer components, 'Shown
in Table "4-9 afe the data obtained for the optimized bottoming cycle, that
is for the bottoming cycle associated with Case 24, The duties of the
- vapor generator and the condenser are shown as well as the outputs and
tﬁe specific parasitic power requirements. The net power to ldad is
5142 HP which 1is 5% larger than the HP assumed in the reference cycle.
Shown in Figure 4-16 is thé schematic diagram of the bottoming cycle with
the pertinent data for the optimized cycle appearing on the figure.

4.4 SITE PERFORMANCE RESULTS

After having selected the optimum bottoming cycle as was just de-
scribed,the design variables which came out of that optimiéétidnAwere
applied to bottoming cycles for all three sites that ére being studied.
Shown in Table 4-10 are the site conditions for each of the three sites.
Shown in the. table are the gas turhines utilized, the flow rate, exhaust
temperature, output and heat rate‘of the gas turbines shown., These data
were determined for the average annual temperature at the weather sta-

tions nearest to the sites. "It should be noted that because of the altitude,
‘ the Burney, CA site has the lowest mass flow rate and this has an effect

on the amount of energy that can be conserved with a bottoming cycle.
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TABLE 4-8 -

COMPARISON OF THE REFERENCE DESIGN CASE WITH THE TWO
- NEAF. OPTIMIM CASES FOR RECUPERATOR EFFECTIVENESS (&)

Case ¢ ‘ Case 20

(Reference Case)

Turbine Inlet Tempe-ature, °F . 500

Turbine Inlet Pressure, psia - T 270
Recuperator Effectiveness _ e 0.5
Condenser Tenperatu:e,k°F . ‘ . 150
Pinch Point Temperazure Difference, °F ' .54
. Vapor Generator Stack Temperaturé,»°F( : 'v 333
Turbine Exit Temperature, °F ' _ 311
Condenser Inlet Temperature, °F- I 229
Gross Power, Horsepower ’ £991
Cost Per Unit Power Relative £o the ‘ : 1.0

Reference Case 9

500
270

0.5

125
57
327
290
207
5440
.980

Case 24

500
270
0.0
150
48
274
310
310

5247

.966



TABLE 4-9

TOLUENE BOTTOMING CYCLE CHOSEN AFTER COST OPTIMIZATION

Turbine Inlet Pressure
.Safqration.Temperature
Turbine Inlet Temperature

Condensing Temperature
Toluene Flow Rate

" Heat Added to Working Fluid

- Heat Rejected by Working Fluid

Parasitic Power Requireméntsv
(Métor Efficiency, 0.9)
4 ~ "Pump
" Fan

Total

Turbine Power

Net Power to Load

(Gearbox'Effiéiency,‘0.98)

270 psia

495°F

500°F
150°F

209,000 1b/hr

60.6 x 106 BTU/hr
6

47.55 x 10 BTU/hr

100 KWe
310 KWe
410 KWe

5247 HP
. 5142 HP
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TABLE 4-~10

DATA ON THE PIPELINE SITE CONDITIONS

- Exhaust . .

: , " Avg. Temp./ Flow Rate Temp. Output Heat Rate
Pipeline Site Gas Turbine Altitude- lbs/sec °F HP BTU/HP hr
Rayne, LA RR76G/CB125 68°F/Sea Level 164 727 13622 19935
Columbia Gulf (Rolls Royce/

. Cooper Bessemer)

Covington, TN  P&W GG3C-4 62°F/Sea Level 165 1700 13835 10567
Texas Gas - (Pratt & Whitney)
Burmey, CA LM1500/1IR125 569F/3200 Feet 147 713 13170 9394
PG&E '

(General Electric)



By the time the optimization was complete and performance for the
various sites was to be calculated, the pipeline companies were able to
provide eﬁough information about the site installations that pressure
drop characteristics could be determined for each site. These values are
shown in Table 4-11 and indicate the variation in pressure drops in the
systems for the three sites being studied. These pressure dfop values
were incorporated into the calculation of site performance. Shown in
Table 4-12 are the performance values for each of the three sites in terms

of bottoming cycle power to the load which includes the gearbox except for

the case for Burney where there was no gearbox. The gas turbine power in
Table 4-12 includes the effect of the gas turbine exhaust pressure drop
shown in Table 4-11. Shown also are the combined power of the system with
the gas turbine, the combined heat rate of the system, and the required
electrical power needed to drive the fans and the pump. It can be seen that
the bottoming cycle power varied between a little over 6000 HP down to al-

most 5400 HP at the higher altitude site of Burney.

4.5 SYSTEMS DESIGN

The bottoming cycle system was designed to have three major subsystems.
The first is the vapor generator, the second is the air codled condenser, and
the third is the equipmént skid which has on it the turbine, the feed pump,
the surge tank, and the auxiliary équipment and, in the case of the reference
cycle, regenerators. In the design of bottoming cycle apparatus the minimum
health and safety protection requirements for the system based upon toluene
as the working fluid muét be observed in order to provide the proper fire
protection, The first of these requirements is that the vapor generator
be located 50 feet from all other structures. In addition emergency re-
lief venting for the vapor generator and condenser should be provided.
A water spray system should be provided for the vapor generator and sup-
ports from the ground up to 10 feet above the toluene line. This system
should both be automatic and manual in operation. A'CO2 extingulshing
system to protect the core of the vapor generator should be provided.
All electrical wiring installed on the apparatus should be of the type
for use in a Class I, Division 2 locatibn,Aand this should apply inside
all of the bottoming cycle apparétus, within 5 feet of the vapor generator,
and within 25 feet from all bottoﬁing cycle apparatus from grade level up

to 3 feet in height. In addition an interlock to shut off the heat source
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TABLE 4-11

CYCLE PRESSURE DROPS FOR THE SPECIFIC SITES -

Rayne, LA Covington, TN Burney, CA

Gas Turbine Exhaust,>inéhes .. 5.3 - 7.0 5.3

of water
_ Vapor Generator to.Turbine, psi 2.53 4 9.38 5.1
Turbine to Condenser, psi 0.062 0.055 0.03§
Condenser, psi o 0.11 0.11 ' Q.ll
‘Condenser to Pump, psi . | 0.415 . 0.199 7 >0.501
Pump fo Vapor Generator, psi . 0.772 2,94 1.1
Vapor Generator, psi . 50,6 '. | 50.6. - 50.6
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"TABLE 4-12

CYCLE PERFORMANCE DATA FOR THE SPECIFIC SITES

Gas Turbine® _ B/C Power Combined  Comtined Required Heat Rateb
2ower B/C Power (to loacd) Power Hzat Rate Electrical Improvement
Site HP HP (gross) ngear = .98 HP BTU/HP hr Power, kWe’ %
Rayne, LA 13434 6098 5976 19410 6973 538 27.8.
Covington, TH 13587 5€14 5502 19089 . - 7659 - 500 25.9
Burney, CA 12972 5397 5397 18369 6735 476 26.5

a . ) g :
Values reduced for vapor generator back fpressure

b
_ Includes an allowance for electriczl power



should be provided in the event  that the power to the condenser fans 1s in;
terrupted. As regardé piping, valves, fittings, an& relief valves these should
be in accordance with the American Society of Mechanical. Engineers Code for
pressure vessels and the American National Standards Institute power piping

code B-31.1. An emergency trench-type drain to a safe location should be pro-

vided for flammable leakage and for the fire protection water. A con-
'trolled area should be established within a 50 foot radius of bottomiﬁg
cycle apparatus with limited access, '"'Restricted Area' signs and "No
Smoking" signs. In addition provisions should be made for stack seﬁsors
which would automatically activate the water‘spray systems, the CO2 sys-
tem, shut off the heat source and dump the toluene to a safe location
following procedurés recommended by the National Fire Protection Agency
(NFPA). Shown in Table 4-13 are the safety and environmental codes whiph

are applicable to the bottoming cycle apparatus.
4.,5.1 TURBINES

Initially radial inflow turbines were considered for the toluene
bottomihg cycle; however, because of the low acoustic velocity in organic
working fluids, a single stagé radial inflowlturbine for the engine work
the turbine must perform will result in superéonic velocities approaching
the rotating blade., This can be‘avoided by a multistage axial flow de-
sign. Therefore a seven stage axial flow machine was designed for this
apﬁlication. Shown in ‘Table 4-14»are.the deéign data for the seven stage
axial flow turbine., Shown are the pitch line wheel speeds, the enthalpy
drops in each stage, the loading parameters at the hﬁb, the length of the
buckets, the tip diameter of the blade, the'root centrifugal stresses,
the metal temﬁeratures, and the ratio of'the annulus area of‘any-stége
divided by the annulus area of the‘previous stage. The turbine 1s de-
signed with many stagés mainly because of the rapid variation of the an-
nulus area required to pass the toluene flow especially at the low pres-
SUres.. Usually one would keep the ratio of the annulus areas within 1-1/2
for good.design. However, in this insténce it was necéssary to exceed
that value in the rear stages while it was not possible to obtain that
value in the front stages. Blade heights for the turbine vary from 0.69
inch in the first stage to over 6 inches in the last stage. The rootcen-
trifugal stfesses are relatively lbw and the temperatufés of the blades

are lower than the high pressure stages of a stream turbine, for example. This
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TABLE 4-~13 -

SAFETY AND ENVIRONMENTAL CODES

APPLICABLE TO THE PIPELINE BOTTOMING CYCLE

Vapor Gene:rator

.Pressure. Vessels

Piping

Heat Exchangers

Electrical

Handling Working Fluid

(a)
(b)
(v
(d)

AsMES® Boiler Code

" ASME Unfired Pressure Vessel Code

Sec. VIII, Div. 1

b)

ANSI( B31.1 Power Piping Code

TEMA (€

National Electrical Code
Class I, Div., 2, GpD

NFPA(d)30, Flammable and Com-
bustible Liquid Code

American Society of Mechanical Engineers

American National Standards Institute

Tube Exchanger Manufacturers Association -

National Fire Protection Agency
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TABLE 4=-14

TURBINEADESIGN'DATA

Stage tip diameter, in.

Stg.. AHP’ ft/sec Ah, Btu/lb gJA‘h/Up | L, in._' DT’ in, Orer psi Tm,'°F An/An-1
1 350 6.1 1.25 .69 16,73 870 490 .

2 360 7.1 1.37 - .85 17.35 . 1105 475 1,274
3 375 8.1 ‘ 1.44 1.15 . 18.34 - © 1555 455 1.405
4 395 '9.1 1.46 - 1.70. "19.8 2410 - 435 - 1.552
5 420 10,2 1.45 2,47 .- 21,72 - 3740 - 413 - 1.552
6 450 11,2 1.38. 4,04 24.66 6540 386  1.75

7 500 12.2 11,22 6.45 29.37 11620 . 361 - 1.78
_ . _Definitions _
Up Pitch line wheel épeed, ft/sec LI Root centrifugal stress, psi -
-Ah Enthalpy drop, Btu/lb o Tm Metal temperature, °F .
gJth Kinetic energy ratio An Annulus area ratio
G2 ‘ _ An-1
p
L Blade height, in.’
D



means that the conventional steam turbine materials can be utilized. Shown
in Figure 4-~17 is a cross section of the turbine for the bottoming cycle.
The vapor enters through a scroll from the left and discharges through a
double exit on the right. The turbine is shown supported on pivoted pad
bearings and uses toluene working fluid as the lubricant since toluene

is a good solvent for lubricating oil. Also shown are floéting ring seals
isolating the flow path from bearing areas in the turbine, These seals
contain two close running clearance rings between which toluene liquid is
injected in order té effect the seals, Additional features of the turbine
include a so0lid rotor which has blades attached'tq the wheels by dove-
tails. Bucket éovers are uscd in order to improve the effiéiency ot all
stages and to prcvent destructive vibrationfof the blading in the latter
stages. The thrust bearing is located. at the high pressure end so the
small blade/height stages will be closely controlled within their running
positions. Labyrinth seals that isolate the various stages are designed
to have a low radius from the center of the machine thus reducing the flow
area in a clearance space and, therefore the flow that leaks through. In
order to increase the efficiency of the turbine, an exit diffuser has been
utilized which recovers some of the static pressure drop that was neces-
sary to get the flow through the latter stages of the machine. The wheels
and blades of the turbine are specified to be made of B5F5 wrought steel

alloy and the casing and stators of 2-1/4 Cr-Mo alloy steel,
4.5.2 VAPUR GENERATORS

Several bottoming cycle machines that are beiﬁg deyeloped by the
'Department of Energy utilize various types of vapor generators. The three
most common types are the natural circulation boiler, the forced circula=
tion boiler and the once~through boiler. For the toluene bottoming cycle
it was.decidedlto utilize the benefits'of a once—thfough design. The
once-through desigd eliminates the drum and geparators and the natural
circulation circuifs. It can be used below and.abové the critical pres?
sure of the fluid that is being used. It costs less because no circu-
lating pumps or vapor drums are required, and it tends to reduce the

"number of places that leakage of the working fluid could occur. Shown
.in Figure 4-18 is a temperature heat flow plot for the vapor generﬁtor.‘

The upper line shows the variation of gas turbine exhaust gas tempera—
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Figure 4-17. Toluene Vapor Turbine for Pipeline Bottoming
Cycle (GE-AEP) :
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ture as it leaves the turbine and proceeds through the vapor generator.
The lower toluene line starts from the condensing condition of 145°F,

goes through the preheating section and then changes over to the evapora-
‘tive section and finally a small amount of superheat is shown at the ex-
treme right, It is necessary that a minimum temperature difference be
maintained between these two lines in order that the log mean tempefature
- difference between the combustion gas and the toluene be large enough.
Shown in Table 4-15 are tHe parameters which define the heat exchanger
geometry. This vapor generator is a multipass cross-counterflow design
with tubes that have disc fins and a shell and tube heat exchanger. The
dimensions for the tubing are shown in the tablé. Shown in Figure 4-19

is the vapor generator tube geometry. As can be seen there are two headers,
one at the top and one at the bottom. Toluene comes in at the top and .
leaves as vapor at tﬁe bottom. The exhaust gas flows vertically upward
through the tube bank. With‘this type of design, in which both headers
are on the same sidé, differential thermal expansion between the tubes

and their attachments to the tube bundle frame can be minimized. Shown

in the upper right hand corner of the diagram is the geometry of the tubing
and the spacing pattern that was chosen for this design. Shown in Table
4-16 is a comparison of'the designs for vapor generators that will be re-
quired at the three different sites which are in consideration on this
program., Near the top of the table is shown the duty in BTU per hour re-
quiréd of each of the vapor generators for the three sites. Also shown
are the values of‘the exhaust gas inlet temperatﬁre to the vapor genera-
tor because of the existeﬁce of the three different gas turbines at the
three sites and different ambient temperatures which were assumed for the
tﬁree sites. The gas flow rates also vary for the gas turbines because
one of the units, namely the one at Burney, CA, is designed for 3200 feet
whereas the other two are at sea levei. The toluene inlet and exit tem-
peratures'are approximately equal for each of these threeAdesigns. The
heat transfer area varies from 57,800 to 61,900 sq. ft. The pressure
drops on the shell side are within the range from 3.6 to 4.14 inches of
water. A screen is provided upstream of the tube bundle in order to help
distribute the combustion gas over the entire face of the vapor generator.
Because of the use of a once-through design substantial orifice pressure
drops in the liquid end of the tubing are provided to maintain parallel

cﬁannel'stability in the operativn of the vapor generator. A sketch is
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TABLE 4-15

HEAT . EXCHANGER GEOMETRY

TYPE: Multipass Cross-counterflow; Tubes With
Disc Fins. Shell and Tube

Tube‘Diamgter (inch) l;5
Tube Wall Thickness (inch) I 0,083
iransverbe Pitchx(inch) - 4,125
Longitudinal Pitch (inch) 4.125
.Fin Outer Diameter (inch) ' . 2,75
Fin fhickness (inch) | " 0.08
No. of Finé/Inch' : © 6
Length of the Tube (feet) - 15
Width of the IX (feet) 10
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TABLE 4-16

COMPARISON OF THE TOLUENE BOTTOMING CYCLE VAPOR GENERATOR DESIGNS FOR THE THREE SITES

Duty (Btu/Hr)
Exhaust Gas

Inlet Temperature. (°F)
Outlet Temperature (°F)
Mass Flow Rate (lbs/sec)

Toluene
Inlet Temperature (°P
Outlét Temperature(°F)
Mass Flow Rate (lbs/hr)
Height of the HX (feet)
Number of Passes
Number of Tubes Across

Heat Transfer Area (ftz)

Shell Side Pressuze Drop (inch water)

~Screen Pressure Drop (inch water)

Tube-Side Pressure Drop {psi)

Orifice Pressure Lrop (psi)

Rayne, LA ’

7.061 x 10’

727
263.4
164

148.9 -
500 -
243,619
" 9.625
28
29
57,774 °
-4.06
0.5
2-.0

34.2

Covington, TN

' 6.4974 x 10

7

700
276
165

149
£01.3
224,190
9.625
28
29

57,774

4.14 -

0.5

19.0

34.2

Burney, CA
6.240 x 107

713
256
147

149
1 500.7 -
215,290
10.3
30
29
61,900
3.6
0.5
17.5

34.2



shown in Figure 4-20 of the vapor generator and indicates the way in which
it willlbe constructed., In addition the height of the heat exchanger which
is diffefentnfor the different designs is tabulated in the lower right
- corner.. The other two dimensions, the finned tube length and the length

of the heat exchanger, are the same for all three designs. Shown in Table
4-17 are variations in the‘vanor generator design that come about thrqugh
the use of alternate fluide, Fluorinol-SO, RC-1 and RC—Z.' These designs
all apply to the'Covington gas turbine cdndifions for comparison. It canA
be seen that heat transfer surface areas vary from 61,900 down to 53,790
ftz. Shown in Figure 4-21 is the sketch of the vapor generator in which
. the height of the tube bundle is shown for each of the four working fluids
at the Covington, TN site of the Texas Gas Transm1351on Corp. Shown in
Figure 4-22 is an installation drawing of the vapor generator showing the
exhaust gas entering tne vapor generator at the bottom of the stack at

the top. Outside dimensions of the vapor generator are shown in this draw-
ing. Also shown are the 1liquid manifold in at the top and the vapor mani-

fold out at the bottom of the vapor generator.

In addition to'ﬁhe apparatus depicted in the foregoing dfaninge; tne
fqlloﬁing apparatus is required for the vapor generator. First of all there
must be a diverter valve which will permit diverting the exheust gas around
the vapor generator when the bottoming eycle apparatus is not operational.
In addition the vapor generator must have access &oors for maintenance.
These should be on the ends of the vapor generator so that access ean.be had
to the tube bends. CO2 fire extinguishing nozzles are to be located inside
the vapor generator so that in the event of a toluene leak the CO2 exeln—
gu1sh1ng system located near ‘the vapor~generator can provide CO2 to extin-
guish the fire. In addition a water spray system must be provided as indi-
cated above tu spray the vapor generator and its structure from the ground
to ten feet above .the tube bundle. A trench and drainage system tbva safe
location arranged so that the toluene could not soak into the ground will be
used to drain off the warking fluid and the flre protection water following
the procedures recommended by the National Fire Protection Association. And
finally, since the toluene vapor pressure is higher than the ambient air
bressure, there will be safety vents and interlocks on the vapor generator
control in the event of an overpressure situation. An interloek will alsq
‘be used to actuate the diverter yalve in the event the cooling air failed

to flow through the condenser.
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TABLE 4-17

- VAPOR GENERATOR DESIGNS WITH OTHER ORGANIC FLUIDS
' (FOR_COVINGTON, TN SITE)

N

Fluid (Operating Pressure)

Fluorinol-50 (400 psi) . RC-1 (600 psi) RC-2 (270 psi)

€S-y

Duty (Btu/Hr) 6.5127 x 10’ : 7.3578 x 100 6.6377 x 10’
Exhaust Gas

Inlet Temperature (°F) 700 700 700

Outlet Temperature (°F) 275 219.9 266.9

Mass Flow Rate (lbs/sec) 165 165 165
Organic Fluid

Inlet Temperature (°F) 148 151.9 146.9

Outlet Temperature (°F) ~500.9 504.9 500

Mass Flow Rate (lbs/hr) 173,050 530,670 126,440
Height of the HX (feet) 10.3  9.28 9.97
Number of Passes 30 27 -29
Number of'Tubes Across 29 29 - 29
Heat Transfer Area (ft2) 61,900 53,790 59,837
Shell-Side Pressuré.Drob'(inch water) 4.94 3.6l 4.6
Screen Pressure Drob (iﬁch water) 6.5 0.5 0.5
Tube-Side Pressure Drop (psi) 15.8 12.3 44,5
Orifice Pressure Drop (psi) 32.4 32.4 32.4
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The vapor generator will_be made of the following materials, The
boiler tubes and fins would be SA 178A, the tube subports would be A36,
the headers would be SA 108B, and the casing would be low carbon steel,

4.5.3 CONDENSER

The condenser would be of the air cooled type made of a number of
modules of similar design. Shown in Figure 4-23 is a plot of the tempera-
ture of working fluid and the cooling air versus the amount of heat re-
jected by -the céndenser. From the figure it can be seen that a large
amount of superheat has to be removed by the condenser because of the
fact that no regenerator was used in the system. Shown in Table 4-18
are the geometrical deLails.of the tubing for the air cooled condenser.
The condenser has a single pass on the working fluid side, the tubes are
finned and aluminum tins are placed on steel tubes. Each unit hao a
forced draft fan to circulate the cooling air and one can either use a
variable pitch fan and fixed speed motor or a two speed motor and fixed
pitch of fan to supply differéntamountsof air flow to the pondenéer.
Shown in Figure 4~24 is a drawing of the tube bundle geometry showing the

proportions of the tube, fin and the spacing.

An air cooled heat exchanger was sized for each of the compressor
sites and in Table 4-19 is shown the results of that sizing. The duty for
each'of the three condensers is shown at the top of the tabie. All the
pertinent conditions of tha working fluid and the cooling air are also
shown. It can be seen that the heat transfer area is'largest for the
Rayne site and smallest for the Burney site. The estimated fan horse-
power is also shown ip the table, All three sites reduire tén units in
parallel, each with a.slightly different unit length. Shown in Table 4-20
is a comparison of the condensers for the Covington site calculated for
three other fluids, Fluorinoi-50, RC-l and RC-2, The RC~1 requires the
most heat transfer area, over 195,000 ftz, and Fluorinol-50 requires the
least heat transfer area approximately 130,000 ftz. Because of this
variation in the heat transfer area, the Fluorinol condenser can be made
up of 8 units instead of 10 1like the other flulds. Shown in Figure 4-25
is a plan view of the condenser. In this drawing are tables which show

the dimension A on the dxawing for each fluid and for each site. Also
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TABLE 4-18

AIR-COOLED CONDENSER TUBE-GEOMETRY -DETAILS

TYPE: Singlé-Pass, Finned—TuBe Units. Aluminum Fins
| on Steel Tubes. : | |
Multiple Units Arraﬁged 1ﬁ Parallel
Each Unit Required Fan fér Fo;ced-Draff Circulation
. AVP or Two Speed Motors are Used as-Drivers

- Tube Diaﬁeters.(inch) A 1.25
Wall Thickness (inch) ‘. - 0.06
Number of Layers SR 3
Triangular Pitch (inch) _ 2.625
Fin Outer Diameter (inch) : - 2.5
No. of Fins Per Inch 12
No. af Tuhea Per Tnit 164

Width of the Unit (feet) S 12
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COMPARISON OF‘AIR;COOLED CONDENSZR DESIGNS FOR THE THREE SITES FOR TOLUENE CYCLE

TABLE 4-19

Site.
Duty (Btu/Hr)
Toluene

Inlet Temperature (°F)
- Outlet Temperature (°F)
Condensing Temparature (°F)

Flow Rate (lbs/ar)
Air

Inlet Temperature (°F)
Outlet Temperature (°F)
Flow Rate (lbs/hr}

Face Velocity (Et;hin}

Heat Transfer Arez (ftz)

Length oZ the Unit (feet:

No. Of Units in Perallel

Fan Horsepower, hp

Rayae, LA

5.548 x 10

310.4
145.0
150.0
243,610

9G

125.4

6.53 x 106

816G

184,837
17.5
10

241

7

Covington, TN

5.1052 =

. 319,

1)

145.0
153.0

224,193

169,735

12.

10

300

10

35

7

Burney, CA

4.901 x 10

310.2

145.

150.0

215,290

90

125.

5.77 x
922

162,957

11.

10

303

10

85

7
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COMPARISON OF THE AIR—COOLED CONDENSER DESIGNS WITH OTHER FLUIDS

TABLE 4~20

(FOR COVINGTON TN SITE)

Working Fluids .

Duty (Btu/Hr)

Fluid.

" Inlet Temperature (°F)
Outlet Temperatd:e (°F)
Condensing Temperagure (6F)

- Flow Rate (1lbs/hr)

Air

Inlet Temperature (°F)
Outlet Temperature (°F)

Face Veiocity (ft/min)
Flow Rate (1lbs/hr)

Heat Transfer Area (ftz)'
Length of the Unit (feet)
No. of Units in Paréllel

Fan Horsepower, hp

"Fluorinol—SO

7

RC-1
5.19 x 10 5.985 x 10
200.6 275.7
145 145- -
150 150"
173,050 530,670
90 90
125.4 125.4
1226 940 ¢
6.11 x 10° 7.045 x 10
129,700 195,590
. 11.8 14.2
8 . 10
506 314

RC-2

5.259 x 107

196
145
150
126,440

90
125.4

1047 ’6
6.19 x 10

' 154,140
11.2

10
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the number of units required for each design are shown. Shown in Fig-

ure 4-26 are three views of a single fan unit. Each unit stands on a
frame above the ground and is provi&ed with a motor beneath the heat ex~
changer to drive the fan. The materials to be used in the air-cooled
condenser are as follows: SA214 for the tubes, alﬁminum for the fins, and
SA515 for the box and special cover. The condenser for the Covington |

site is estimated to weigh 121,840 pounds.
4.5.4 CONTROLS

Shown in Figure 4-27 is a. schematic diagram of the bottoming cycle
showing the several controls which are necessary for its oberation. Atl
the left an exhaust gas diverter valve is shown to bypass the vapor genera-
tor when the bottoming cycle»is not to be operational. There is a tur- _
bine flow control valve betﬁeen the vapor generator and the vapor turbine.
This fldw control valve will also act as a stop valve in an emergency
situation for the turbine., Shown in the figdre are pump and turbing by-
pass valves, Instrumentation will be provided to read the pressure and
temperature of toluene vapor coming from the vapor generator. Also, a
reading of the speed of the vapor turbine shaft will be made., The bottom-
ing cycle will be slaved to the prime mover. When the pressure reading
at the exit from the vapor generator is too ‘low, ﬁhe pump bypass valve
will be actuated to correct the pressure error. The tﬁrbine flow con-
trol valve responds to the temperature of the vapor éenerator outlet,

The turbine flow control valve assures that the temperature of the toluene
does not exceed a limit of slightly above 550°F. When this temperature
begins to rise above 500°F the turbiﬁe flow control valve opens to allow
more flow through the vapor generator to absorb the energy: Ihis re-
duces the temperature at the exit of the vapor generator. In the event
of an overspeed reading on the vapor turbine shaft the turbine flow con-
trol will be closed and the turbine bypasé valve will open so that the
flow from the vapor generator goes directly to the air-cooled condenser.
These two actions keep the vapor turbine from running away in the case

of a sheared shaft or in the case of an alternator being driven and the
breakers being tripped. After the turbine bypass valve has opened allow-
ing the vapor to go directly to the condenser the control system actuates

the exhaust gas diverter valve and diverts the flow around the vapor
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generator. At this point there is no energy going into the bottoming

V cycle and the turbine will stop. The control then sets all of the'valves
in correct position for startup. . For the case in which the bottoming
cycle drives tne generator, as for the Texas CGas Site In Covington, TN,
controls will be added to permit the bottoming cycle turbine to respond
to the process of synchronizing the generator with a line which it is

going to feed.
4.5.5 OTHER COMPONENTS

Other system components for the most part will be commercially avail-
able cquipment. Spccificatione covering theec componente indicating the
tluid type (toluene), pre3saures, tcmpcraturca, flew ratco, cte.y dictated by
the system cycle design will be necessary }’ ‘ie area of piping, experience
gained by the refineries in the design and o Jation of toluene production
plants ‘will be utilized. Welded type joints would be‘used wherever possible
through out the toluene vapor or liquid~pining system. Where mechanical
joints ofvthe flange type are required a Flexitallic (i.e., spiral metal and
asBestqs) or Grafoil gasket is recommended. Grafoil as manufactured by Union
Carbide Corp. would also.be utilized for valve stem packing glands.' Approx-—
imately 9 million pounds of toluene are produced in the USA each year. With
‘proper design specifications and adequate quaiity control of manufacturing
and installation, no major problems are ant1c1pated with system components

transporting this fluid.
4,5.6 INSTALLATION OF THE BOTTOMING CYCLE ON THE COMPRESSOR SITES

.gShown in Figure 4-28 is the concept of the bottcming cycle appara-
Atus for the three sites that have been selected for this design. Shown
on the right hand side of the drawing are the vapor generator connected
by an exhaust duct to ‘the turbine at the 1ower .part of the figure, the
‘equipment skid which is to the left of the vapor generator and the air
cooled condenser. Dimensions are shown on this drawing of a typical in-
stallation. The air-cooled condenser is abprbximately 60 feet long and
45 feet wide, The vapor generator is approximately 18 ft x 10 ft, And
the equipment skid is approximately 18 ft long and 12-1/2 ft wide. Shown
in the cross section AA are’the exhaust duct for the gas turbine verti-

cally above the turbine and a horizontal exhaust duct leading to the
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base of the vapor generator. The equipmeht skid is shown to fhe left

of the vapor generator. In this design a recuperator was incorporated.
Shown in Figure 4-29 is a typical installation of the vapor genératdr and
the exhaust duct connecting the turbine exhaust hood to the vapor genera-.
tor. Shown beneath the vapor generator is the diverter valve which when
in the closed position allows the exhaust gases to go through the silen-
cer and out through a stack. However when this valve is open the ex--

haust gas flow turns a corner upward and goes through the vapor genera-

tor.

4.5.7  COLUMBIA GULF TRANSMISSION COMPANY INSTALLATION

Shown in Table 4-21 are descriptive information concerning the
Rayne site of the Columbia Gulf Transmissioh Company. Shown in Figure
4-30 is a plan view of the installation at this site. On the left is
shown the centerline of the gas turbine; the éxhaust hood is shown de-
1ivering exhaust gas to the rigﬁt. The vapor generator is between the
exhaust hood of the turbine and the stack. Above the vapor generator is
shown the equipment skid and connecting the equipment skid to .the air;
cooled condenser on the right are the 36-inch-diameter pipes. The gas com-
pressor which is put in parallel with tﬁe recilprocating compressors. at.the
site is shown to the. right of the equipmgntlskid and directly below the

36-inch-diameter ducts connecting the equipment skid to the bank of condensers.
4.5.8 PACIFIC GAS AND ELECTRIC COMPANY INSTALLATION

Shown in Table 4-22 is descriptive material cpncerniﬁg the Burney
Site of the Pacific Gas and Electric Company system. Shown in Figure
4-31 is a plan view of the bottpming cycle installed on the Burncy site,
The gas compressor existing at the Burney site now is located directly
to the right of the gas generator and turbine hood shown at the upper
left hand part of this figure. This comﬁressor Has an axial inlet and a
- side outlet., In the present installation, however, the bottoming cycle
drives the same compressor as the gas turbine drives. So a new Ingersoll-
Rand gas compressor having a side inlet, a side outlet and a shaft at each
end has to replace the exiéting compressor. The piping change can be seen
~ where the gas piﬁe comes down the compressor centérline and has 3 elbows

to take the gas to the side inlet, In this particular desigﬁ, the bottom-
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TABLE 4<21

DESCRIPTION OF RAYNE, LA SITE

'Pipeline'Company
Nearby Airport
Distance (Miles)
Annual Average Temperature ° F)
Gas Turbine To Be Bottomed
Type ‘
Site Power (HP) ‘
Site Heat Rate (BTU/HP-Hr)
Gas Turbine.Manufacturer :
Power Turbine Manufacturer
Exhaust Temperature (°F)
Flow Rate (1b/sec)
Gas Compressor
 Type-
Madufacturer
.Model
' Other Gas Turbines
Type
Rated Power (HP)
Rated Heat Rate (BTU/HP-Hr)
Reciprocating Engines
Rated Power (HP)
Heat Rate (BTU/HP-Hr)
Bottolng Cycle Load
'Compressor in Parallel to Reciprocating
Bottoming Cycle Power (HP)
Electrical Load (KWe)
Combined Heat Rate (BTU/HP-Hr)

C4-71

Columbia Gulf '
Lafayette, LA

16
- 68

Simple
13622

9935

Rolls ﬁoyCe
Cooper Bessemer
727

164

iCentrifugal

Cooper-Bessemer

RF2BB-30

"2 Each

Simple
12500
10060
7 Each
2000
8780

Compressors

5976

538
6972
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TABLE 4-22

DESCRIPTION OF BURNEY, CA SITE

Pipeline Company . . Pacific Gas & Electric
Nearby Airport .- | o Redding, CA

Distance (Miles) ‘ 6Q

Annual Average Temperature (°F) 56

Gas Turbine To Be Bottomed

Type : Simple
Site Power (HP) 13170
Site Heat Rate (BTU/HP-Hr) 9394
Gas Turbine Manufacturer . General Electric
Power Turbine Manufacturer . Ingérsqll Rand
Ekhaust Temperature (°F) | 713
Flow Rate (1b/sec) i&j

Gas Compressor
Type ; ‘Centrifugal
Manufacturer ‘ Ingersoll Rand
Model CvP-30

Other, Gas Turbines RS .1 Each
.Type ) N Recuperated
Rated Power (HP): . - . 9100 ‘
Rated Heat Rate (BTU/HP-Hr) ' 8750

. Reciprocating Engines None

Rated Power (HP) A . -
Heat Rate (BTU/HP?Hr) -
Bottoming Cycle Load

Same Compressor as Gas Turbine

Bottoming Cycle Power, (HP) 5397
Electrical Load (KWe) 476

Combined Heat Rate (BTU/HP-Hr) 6735
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ing cycle turbine.was removed from the equipment skid and placedvin the -
.compressor building{ An evacuated cover.is put over the vapor-turbine

"so that any leakage of thelﬁorking fluid can be drewn out by the exhaustg
fens.” The equipment skid is shown adjacent to the condensers -near the
right hand side of theAsketch. Shown in the’lower right hand corner of
‘the'sketch are existing gas coolers used to take the heat out of the
‘natural gas after it hes.gOne:through the conpressor. In'this oesign the’
gas turbine exhaust duct runs horizontally away'fromAthe power_turbine
and turns a right angle up into the vapor generator. Beiow the vapor

" generator in the sketch the silencer and exhaust stack, which can be
utilized in the event that the bottoming cycle is not operational,~cangbe
seen, In‘this instance, a clutch is provided after the vapor turbine in
‘order to declntch the vapor turbine . from the compressor snould the bottom-
ing cycle be'inoperative. Shown in Figure 4~32 is a cross.section ofithe
installation. Here the location of the‘ekpander skidAis snown‘and the
ioCation of the equinment skid is:aiso shown, fAlso the new gas compressor
with the Side inlets and'outiets'can be seen. Shown to the left is th.
vapor generator sitting above the exhaust duct which comes out horizon-
'tally from the compressor house. The building that the' gas turbine, com-.
pressor and vapor turbine are housed. in is also shown, In addition a
purge duct can be seen placed over the vapor'turbine so that ali the
leakage from the bottoming cycle is carried’ away. Shown on the:right are.

the ‘condensers with their fans and motors,
4:5.9 TEXAS GAS TRANSMISSION CORPORATION INSTALLATION

:errtinent factors about . the Covington, TN Site are shown on Table
4-23, Shown in Figurc 4—33 is a plan view-of the pipeline bottoming cycle
installed in the Covington, TN site of the .Texas Gas Transmission Corp.
The existing facility is shown in the upper left hand corner. Extending
- downward from the compressor building in the figure is the exhaust duct
1eading to the vapor. generator. This has been. placed 50 feet away from
the compressor building for safety. Shown in the bottom portion of the
figure is a new building to house the equipment skid and the control room
and directly to-the rignt of this building are shown the air-cooled con-
‘densers. Shown in Figure 4-34 is a cross section throngh the compressor
building at the power turbine showing the exhaust duct 1eading to the

plenum and silencers above the turbine and extending out to the right to
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TABLE 4-23

DESCRIPTION OF COVINGTON, TN SITE

Pipeline Company
Site Location
Nearby Airport
Distance (Miles)
Annual Average Temperature (°F)
Gas Turbine To Be Bottomed
Type
Sife Power'(HP):' ‘
Site'Heat.Rape (BTU/HP-Hr)
Gas'TurBine Manufacturer
Power Turbine Manufacturer
Exhaust Temperature (°F)
Flow Rate (1b/sec)
Gas Compressor
Type
Manufacturer
Model
Other Gas Turbines
Type ‘
' Ratea Power (HP) ~
Rated Heat Rate (BTU/HP-Hr)
. Reciprocating Engines
" ‘Rated Power (HP)
' Heat Rate (BTU/HP-Hr)
Bottoming Cycle Load

Geﬁerator -~ Sell Power to TVA

Bottoming Cycle Power (HP)
Electrical Load (KWe)
Combincd Heat Rate (BTU/HD-lr)
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Texas Gas.

Covington, TN

‘Memphis, TN

35
62

Simple

13835

10567

?ratt & Whitﬁey
CoOper.Bessémer
700,

165

Centrifugal
Cooper Bessemer
RF2B-24

None

5 Each 3 Each

1500 1500
7740 7450
5502
500
7659

2 Each
2500
7310
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-

'the.vapor generator. 'The diverter valve is shown at the junction4of the
vertical and horizontal pipes. This valve is used to select whether the
“exhaust gas flows through the silencer in the normal way or goes through
the vapor generator to operate the‘bottoming cycle, As can be seen from -
the drawing, the roof of the compressor bﬁilding must be raised sybstan—
tially in order to accommodate the diverter valve above the exhaust power
turbine. Shown in Figure 4-35 is a cross sectiop at 90°ltd the previous
drawing showing the vapor generator, the equipment skid and the condenser
| with its fan motors. Since at:this site electricity will be generated,
the electric generator is shown to the left of the gearbox into which the
turbine is made to drive. Also shown on the equipment skid are the surge

tank, the feed pump, the turbine and the recuperators.
4.6  CONCLUSIONS

‘ The following summarizes some of the facts that have come out of
‘the design of the bottoming cycle and the installation of the bottoming
cycle on thé several sites. There are a number of working fluids which
. provide comparable performance but:no one fluid has all of the following

" characteristics:

Good Thermodynamic‘Characteristics
Low Toxicity

Nonflammability

Luw Cust ‘

Good Materials Compatibility

" All three sites can get more than 257 reduction iﬁ heat rate which is
significantly more than the original tafget value of 20%. There are no
insurmountable component design problems to solve before the bottoming
‘cycle can be designed. Reasonable installation designs were found for

the three types of power utilization, hamely pumping gas with a small
additional ¢ompressor, pumﬁing gas by adding more power to the main com-
pressor and generating electricity for sale to the grid. Bottoming cycles
‘and their installations ére feasible, Cafeful study is required, however,

.to minimize the installation cost.,
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'SECTION 5

ECONOMIC ASSESSMENT

5.1 INTRODUCTION

The preliminarj system design reported in the previous section was
for optimized valués of the prime'system variables. In this section is
presented the economic evaluation of the thrée sites fo; which preliminary
installation designs were carried out. The economic evaluations are pre—
sented for pipeiineAbottoming cycles composed of gdmmercially available
components. ' The costs associated with bringing the bottoming cycle to a
commercially available state were not included in the costs showﬁ. It
should be pointed out that the economic analyses in this section do not

apply to the demonstration hardware or installation.

The analyses were conducted from the viewpoint of the pipeline com-
pany so that an evaluation could be made of the potential for commeréiali—
zation by means of industry funding. The economic evaluation Qtilized
industry investment return standards as provided by capital investment-
_opportunities considering both risk and :eturn; The value of energy saved’
and any other benefits were applied based upon the preliminary design.
Sensitivity analysfslof the effects on the economics of the.cost of fuel
being utilized by the compressor statioh, capital cost, invesfment tax
credit, return, depreciation, debt cost, escalatién rates'and discount

rates were carried out.

In the economic assessment a figure of merit is first established
- and then economic analysis techniques were discussed. The bottoming cycle

apparatus and installation cost for the three sites are next discussed.

The economic worth and attractiveness of each of the three sites is pre¥
sented using the aforementioned analysis techniques. The effects of po-

tential institutional changeé are explored resulting in some recommenda-
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tions. The energy consumption during bottoming cycle manufacture and in-

stallation is also presented. .

5.2 'ECONOMIC FTGURE OF MERLT

In order to optimize the Rankine Bottoming cycle (RBC),1it was necessary
to determine what economic figure of merit would be most useful. A study
was made of the several ways in which a bottoming cycle could be used.

These can be grouped into four classes:

‘1., Run prime mover at full power and use. the RBC poﬁer to aug-
ment it. (More work for the same fuel,)

2. ‘Throttle back the prime mover to provide the original total
power, (The same work. for less fuel.) '

3. " Shut down iess efficient units on the same site to maintain
fhe same station power. (The same work for less fuel,)

4, Generate electricity with the RBC power. (Extra valuable

enérgy‘for same fuel.)

After considerable thought, it begame apparent that the correct
figure of merit for financial optimization is the specific present worth
cost* of the RBC, in dollars per horsepower. This parameter can be used
to optimize a cycle for a particular site or overall system. It is subject
to certain limi;ations,,however; For Cases 1 and 4 above, it is com-
pletely correct, since all the new power can be used. For these cases,
the best RBC is the one thch adds pbwer at the lowest cost. Typi- _
‘cally, the curve of dollars per horsepower Qersus amount of power added
.will have a minimum. At less added power, the fixed costs predominate,
and at the highest added power, the law of diminishiné returns increases
the specific cost per horsepower. For Cases Z/Qﬁd 3, the gituation is
more complex, It becomes obvious that'the overall Specific Fuél Congump-
tion of the combination of prime movers, RBC, and throttled or shutdown
units must provide an improved SFC for the entire package. 1If it does

not, and several cases studied did not, in fact, show improvement, the

* The present worth cost of the RBC is defined as the original installed
cost, plus the present worth of O & M costs and replacement of major
components~ ‘ :
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RBC is not economic no matter how cheap it is. If the combination is’
better, then the specific dollars per horsepowervis the correct RBC finan-
‘cial figure of merit, Based on this analysis, it was recommended and ac-

cepted for use in the cycle optimization.

5.3 ECONOMIC ANALYSIS TECHNIQUES

The key problem in ;he economic analysis of the pipeline bottoming
cycle is to eVéluate it from the viewpoint of the pipeline owner. Since
the piﬁeline companies are almost all regulated, either by the Federal
Energy Regulatdry Commission .(FERC) or thé State Public Utility:Commission
(PUC), any evaluation must include the éffect of this regulation. In the
initial phases of this contract, a study was made of a previously de-~
veloped financial projection model whicﬁ permits the simulatiog of pipe~ .
line compény regulations over a period of many years using FERC rules as
well as appropriate tax laws, -A sample prdbiem was set up, analyzed, and
the results sent to the team's participating pipelines. Based on their
review and recommendations, a simpler method, using the incremental cost
of services concept, was selected and used for the remainder of this study.‘

Both these methods are described below.

5.5.1 FINANCIAL PROJECTION MODEL FOR REGULATED PIPELINES

The Systems, Science and Software (S3) Company has prepared, under
ERDA contract E(04-03)-1171, a financial projection model for regulated
pipeline companies (Reference 16). This computer code permits the eco-
nomic éimulation of a pipeline company over a period of many years. The
complete financial description of the company can be simulated, including
the debt-to-equity ratio, reinvestment strategies, tax optiohs, deprecia-
tion options, effects of FERC regulétions, dividend.payment decisions,

and escalation options.

By modeling the effect of energy conservation techniques with the
S3 computer code, it is possibie to find the optimum strategies for in-
vestment as well as finding those.circumstances which affect the use of

energy conservation techniques.

In order to assess the usefulness of this computer code, General

Electric has set up a fictional pipeline company, based on data from FERC



annual reports (Reference 17)., The results of the study of a fictional
pipeline company are presented in Appehdix A and were sent to the partici-
.pating pipeline companies for their approval of the methodology used in

the economic assessment of the bottoming cycle equipment installation.

The comments received from the three pipeline companies all in-
dicated that they felt that this method was basically too cumbersome, and
not the way they would assess the potential purchase of bottoming cycle
equipment. Althbugh some of the companies use financial pfbjection models
for large capital additions, such as a major new pipeline, thé size of
the RBC investment was perceived as too small to warrant this complex
modeling. The pipeline companies prefer to use the same méthod they
normally use to justify their rates to the FERC when changes in equip~
ment are made in the normal course of business. This method, the "In-
cremental Cost of Service" method, is also used, in part, to inform cus-
tomers of necessary rate changes. Hence, the incrementalicost of service
method was recommended by all as the preferred way to analyze the effect

of the bottoming cycle on company economics,
5.3.2 INCREMENTAL COST OF SERVICE METHOD

‘'The incremental cost of scrvice method is a relatively simple way
to analyze capital investment decisions, It is essentially a buildup of
total! annunal increméntal costs associated with an individual propusal
using rate regulations presciibcd by the Federal Energy Regulatory Com-
mission, Since the customers of a gas pipeline company are com-
mitted to repaying the investment in pipeline facilities, in the form of -
the rates they pay, they are very interested in the net change in these
rares raused by an additional investment made by the pipeline, their’
supplier. The incremental cost of service, in addition toybging the most
important tool used for assessing the merits of new investments, is also
the format used to convey this rate effect to the FERCUC staff fer approval

and to the company's customers.

The pipeline companies use this method because in addition to be-
ing required by FERC, it more nearly reflects the methods used to select
investments; and more easily shows the immediate rate changé effects to

pipeline customers,
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Key assumptions in this calculation are: first, no change in the
company's capital structure occurs as a result of the investment, This
means that the same rate of debt-to-equity is used in the calculation as
the company presently has. Second, the new investment must earn the FERC
approved returns on its own base. This rate is also based on the present
company equity and debt structure., Third, all costs and credits are in-
cluded in the same way as they would be in a formal rate calculation based
" on the company's entire financial structure. In particular, the rate base
:is defined as the original cost of the added equipment less average book

depreciation and with some smaller corrections.

The "equation' of cost of service for RBC equipment is that the
savings, either in fuel not burned or sale of electricity, must be balanced
by the costs which the RBC must bear. Table 5-1 shows these elements. The
key point is that if thé savings of gas or revenue of electricity eqﬁals
the cost of service, the same profit is earned for the company and the

gas price to the customer does not increase.

A small computer code was written to perform this cost of service
calculation.  (see Table 5-1) In addition to the first year calculatiqn,.the
future can be predicted, using inflation and escalation on key éarameters such
as fuel cost. .Table 5-2 shows a ten-year projection for Columbia Gulf with
introduction of equipment in 1987. The return required decreases after
the first year since the investment is depreciated, and the rate base in-
cludes the original investment less depreciation, Operating and main-
tenance expenses increase with inflation. Property tax was assumed con-
stant. State and Federal Income Taxes decrease with the lower return.

The fuel savings is subtracted from the true cost of service, which is
not the normal way of presenting this type of calculation. Hence the
tabulation "cost of service" is actually the difference between the ac-
tual cost of service and the savings or- revenue received. A positive-
value here means that the cost of service is greater than the savings
while a negative value means that the savings are greater than thé cost
of service. Typically, the first year cost of service is the highest.
This computer code also performs a present worth cost of service éal-

culation, the bottom line showing the levelized annualized cost over

years,
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TABLE 5-1

MAJOR . ELEMENTS IN‘COSTYOF SERVICE.CALCULAIION

- COST OF SERVICE EQUALS SUM OF FOLLOWING ELEMENTS

DESCRIPTION

COMMENTS

Return on Rate Base

Tax Due to Deferred
Taxes

¥

Operating anc Main-
tenance Expenses

Depreciaﬁion
Property Tax

Federal TaxA

Allowec RCI Times Rate Base

Small Cost Based oﬁ Deferred °
Taxes :

Includes Normal Cost for Oper-
ations, Repairs, Electricity,
Major Parts Replacement, and
Insurance

Straight-Line for Book Purposes .
10% of Installed Cost

Tax on Taxable Income Per Fedaral

Tax Rules
State Tax State Income Tax
® For Rankine Bottoming Cycle, tke cost-of -service o

is balanced by the fuel saving cr revenue from

sale of electricity.

e If the savings or revenue is less than the cost- °

cf-service, the customer must pay more for gas.

Rate Base is Original Cost of RBC
Less Averaze Book Depreciation Plus
Miscellaneous Small Corrections Per
FERC rules. '

vDifference.in Tax Depreciations and
Financial Depreciation Leads to an
.Early Cash Flow Which can Earn Money

for Company.

Based on Estimate for Individual Case.

' Rate Negotiated with FERC.

" 48% Rate Used, as Well‘ as Accelerated
Depreciation _ ‘ :

10% of Federal Téx‘

If the savings or revenue is greater than the
cost-of-service, the customer may get a rate

reduction.

In all cases, the company earns its allowed

rate of return.
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TABLE 5-2

SAMPLE COST-OF-SERVICE CALCULATION
CALUMBIA GULF - 1987 =AVG. FUEL 2RICES -10% FUSL ESCALATIN 91720719

CAST AF SERVICE
( THAJSANDS “F DALLARS)

19937 1958 1989 . - 199D 1991 1992
RETURN - 635, . 583, . S34. - 48y, 447, 408,
FAX QUE T9 DEF. [AX U e 14, 13. 22. - 24.
A & M EXFENSES ‘ 37, 254, 2745, 2913, 322. 343,
.FYEL SAVINGS 1792, 1983, . 2275. 25543, 2320, 3102.
JEPRECIATIAN 338, 338. 333. 334, 333, 338.
DAAPERTY TAX 0. Al. . 51, 51. Al 51,
FENDERAL INCAME TAX : 319, 339, 302. 269, 23y, 211,
STATE [NCAME TAX ) 39, 34, 3n. 21. - 24, 21.
TATAL CAST = SERVICE -124, -3585, =719, =10682.. ~135]. <1594 .
PHESENT AJRTA FACT4AR. (.09)) 1.0000 0.,9174  D.8417  9,1722  D.1034 - 0.5499
CUMULATIVE PAF ' 1.7900 1.0074  2.7591  "3.5313  4.2397.  4.4897
PNF CAST BF SERVICE , -, 24, =335, . =605, =827, 963, -1Iv9.
JUM PWF CAS -i25, -460., -1065. - ~188%. 2354, -3753.

ANUJALTZED €4S ; -125. -240. -385. -534. =513, -308.

Assumptions: Escalated Capital Cost of Equipment in 1987 $6,139,87C
Fuel Saved . - 406,000 MCF/year
Fuel Price $4,32/MCF in 1987

1993

37'.
24,
376.

3412,
333,

Isj.
19,
~-2033.

D.5943
5.4859

-1215.
-51613.
-942,

1974

335,
25.
435,
37-3.
332,
51.
152,
15.
-24)39.

S 0.5470

65.0330
-1313.,
-J435.
=101/75,

1995

313,
24.
433,
4123,

3313,

31
149,
14,
-28173,

7.5719
4.5343
1419,
-1394%,
-12913.

0.4/
5.9
-] 4¢

=93¢
-3,



‘A number of pipeline companies observed that.they would require
“an investment in this type of conservation equipment to have a savings
or revenue equal or greater than the cost of service in the first year
of operation. This investment "hurdle" is a result of not wishing to
have their customers pay for the equipment, especially for first-of-a-
kind units., In-addition, since the cost of service decreases in suc-
ceeding years and the savings tend to increase, it is a safe course of
action. "This requirement is a very stringent condition., Other companies
stated that they would not insist on this condition, but would look at
the overall profitability over the life of the equipment. Since both
types of calculations are made by this computer code, it serves for both

Lypes ot é&valuarion,

This code is\flexible, and contains provisions for tax credits,
although under present FERC rules, the investment tax credit is not in-

cluded in the calculations, but passes through to the company.

In summary, the incremental cost of service calculations were used

]for the balance of the economic assessment.

5.4 BOTTOMING CYCLE APPARATUS COST

The bottoming cycle, shown schematically in Figure 5-1, re- ,
covers energy from the waste heat of the poﬁer turbine in the vapor gen-
erator by heating the liquid toluene to superheated vapor. The vapor
expands through a turbine,generating power to drive the load through a
~gearbox, The heat is rejected in the air-cooled condenser and the liquid
is dumpe& into alsurge tank. The boiler feed pump 1is supplied'with the
liquid toluene from the surge -tank which is pumped to the vapor generator
completing the cyéle. The cost of the buottumlug vycle eyuipment consists
of the cost of the vapor generator, the turbine, the condenser, the feed
pump, controls and inatrumentation, auxiliary equipment and the equipment
skid assembly. The equipment skid also contalns the surge tank, the feed

- pump and any other auxiliary equipment,

The cost optimization of the bottoming cycle was. done through the
system design optimization described in Section 4. This optimization used

component cost algorithms to enable the variations of cost with the en-
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gineering.variables to be determined. The cost algorithms applied to mature

components, that is, components after they are made available commercially.

After the site-specific designs were completed, the cost of each

component was determined for each site., The component cost algorithms

were also adjusted to reflect quotations received from vendors where availa-
ble. Table 5-3 shows the cost of the bottoming cycle components for each

site used in the economic analyses.

Subsequent to completion of these analyses, vendor component cost
estimates became available for components which were lacking before. These
estimates were scaled according to component size to provide.a check on the
values in lable 5-3. Since in Table 5-3 the cbmponent costs are meant to
retlect the expected economic benefits of production manufacture, the lower
of a group of estimates for a given component were used to approx1mate pro-
duqtlon-level,costc. (In the demonotration program plan in Scction 10 the
higher of a group of estimates for a given component. were used to approxi-
mate first-of-a-kind component costs.) The new estimates would increase
the totél component costs in Table 5-3 about 297%. As a result of this
increase in component costs the installed costs would be increased by

about 18%.

5.5  INSTALLATION COSTS

As discussed in Section 3, three sites were selected for the in-
stallation of the bottoming cycle, on three different pipeline companies,
Since the installation costs vary from site to si§e and are major ele-

" ments in the total cost of the system these estimates had fo be reviewed
very critically. A general cost methodology was developed to evaluate
these costs realistically. Initially the bottoming cycle installation
costs were prepared by the pipeline companieé. Thege costys were added
to_the costs of the RBC components arrived at through cost algorithms

to arrive at thc figurés for the overall costs for each site. At this

point, the costs for the three site designs were reviewed for consilstency.

W.T. Wallace, consultant, was employed to prepare independent installation
coet cstimatcs for each site whqée estimates were checked againsc pipeline
‘companies cosﬁs to. arrive at the final values used for thé economic analysis.
'The installation costs are presented in Table 5-4. The specific reasons

for the differences among these estimates are discussed below.
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TABLE 5-3

BOTTOMING CYCLE EQUIPMENT COSTS
(In Thousands of Dollars)

Y Site Columbia Gulf : Texas Gas
‘ Trans, PG&E ~ Trans. Corp.
No.| Component . : Rayne, LA Burney, CA Covington, TN
1 Vapor-Generator . 184 . 184 : 184
2 Condenser : ' 'v402 ' " 388 433
3 | Turbine = - 622 | 589 , 600
4 | Auxiliary Equip- : 85 R 79 . 80
ment * ,
5 Feed Pump 18 | 17 ) 17
6 Controls 25 25 . 25
7 | Equipment Skid 55 ' 52 53
. Assembly : ' '
8 Diverter Valve 70 70 ' 70
Total A 1461 1404 1462

* Evacuation, Fill & Drain and Fire Protection Systems



SITE SPECIFIC INSTALLATION COST ESTIMATES

TABLE 5-4

(In Thousands of Dollars)

Texas Gas

. Site Columtia Gulf|Pacific Gas &

Cost Trans, Co. Electric Co.* Trans. Corp.
Item| Element Rayne, LA. Burney, CA Covington, TN
1 Field Equipment

Compressor" 320 700 -

Induction Gen- - - 264

erator, Trans-

former Switch-

gear & Wiring’

Transmission Line - - 132
II | Installation Labor

Installation Engr., 70 . 90 100

Site Construction 797 696 730

Field Supv.. of 50 .65 85

Contractor

Startup and Checkout 20 20 20
III | Overhead ' ‘

G&A Costs 61 506 112

Interest During 145 155 151

Conetr. _

Contingency 146 182 *152

Total 1609 2414 1746

*
Gas Pumping Option,
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5.5.1 COLUMBIA GULF TRANSMISSION COMPANY INSTALLATION

In the Columbia Gulf installation the bottoming cycle was to drive .
a separate compressor Omn a. separate pipeliﬂe from the one the prime mover
to be bottomed was on. Interaction between the existing system and the RBC

system was at a minimum. The low installation cost reflects this.

5.5:2 PACIFIC GAS AND ELECTRIC COMPANY INSTALLATION

The gas pumping system selected for the Burney site required the
replacement of an existing compressor with a larger unit with shafts on
both sides so that the RBC and prime movers could both drive the same
compressor. This new compressor would cost $700,000, sighificantly higher
tharr the cost of the separate compressor used at the Columbia Gulf site,
In addition, PG&E accounting practices appeared to add significantly more
burden to the overall plant, although it is probable that the added cost

is simply caused by the more difficult installation,and accounted for in

a'different fashion.

PG&E also estimated the cost of the installation of an elecﬁrical
generator for use with the RBC unit. This would cost $332,000 less than
the gas pumping option, for a site installation cost of $2,082,000.

5.5.3 TEXAS GAS TRANSMISSION INSTALLATION

The Texas Cas Transmission Corp. installation was based upon the
generation of electricity., The installation included the required genera-

tor as well as a 63,000-volt transmission line to the TVA grid.

5.6  TOTAL CAPITAL COSTS

Shown in Table. 5-5 is a summary of the installed éosts of bottoming

" cycles on the three selected sites. The "bottoming cycle" costs refer to
mature product costs for the bottoming cycle components after they have‘
become commercially available. It is seen that these costs range between
$240-$260 per horsepower. The "field equipment' costs refer to the apparatus
which makes up the load for the bottoming eycle. The "Insrallation labor™
cost -refers to all labor costs required for the installation Including
engineering, construction, field supervision, startup and check out.

The "burden" values refer to indifect costs for installation computed as the

individual pipeline companies compute these coste. The "total" cost values
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TABLE 5-5

COST BREAKDOWN OF BOTTOMING -CYCLE INSTALLATION

Bottoming Field |Installation
Company/Site Cycle Equipment Labor _Burden Total
Cbiumbia Gulf [$1,462,000 $320,000 $937,000 {$352,000 |$3,071,000
At ($240/HP)
Rayne, LA
Pacific Gas & $1,406,000 | $700,000 $871,000 $843,000 $3,820,000
Electric ($260/HP) » '
At '
Burney, CA
Texas Gas $1,463,000 | $396,000 $93S,000 1 $415,000 | $3,209,000
Transmission ($261/HP)
At '
Covington, TN
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do not contain any non-recurring costs in bringing the bottoming cycle to
commercialization. 'The installed cost of the demonstration bottoming cycle
on any site will have non-recurring costs as well as more expensive com-

ponent costs.

5.7 ENERGY CONSUMPTION DURING- MANUFACTURE AND INSTALLATION

The life cycle energy costs of the pipeline bottoming cycle system
were estimated in dfder to determine Qhat portion of the system's total
energy output was fequired to build the system, The resuits of the analy-
sis indicate that about 0,54% of the total energy output of the pipeline A
botﬁoming cycle,. over its design life, is required to produce and install

the hardware from the raw materials.

A detailed energy breakdown is shown for  the vapor generator in
Figure 5-2. Since nonmetallic components, with the exception of the con-
crete foundations, constitute a negligible fraction of the vapor genera-
tor weight, their energy requirements have been neglected. This is aléo

true for the analysis of the system as a whole,

" The energy used for mining of the raw materials, according to Ref-
erence 18, accounts for about 10, 54, and 2 percent of the energy required
to produce raw steel, copper, and cement,respectiveiy. The energy re-
quired to produce aluminum ore has not been taken into acéount since most
of the aluminum in the U.S. that is made from ore is made from imported
ore. For this analysié all the materials are assumed to have been de-
rived directly from the raw materials. In reality,approximately 507% of
all raw metal produced 1is produced from scrap and thefefore requires less
energy. This means that the values shown in Figure 5-2 for the mining

and production of raw steéel are probably high.

It was further assumed that 1,6 tons of iron ore were mined for
every ton of steel produced. This is somewhat arbitrary since the amount
of ore mined per ton of product is quite variable, depending on the quality

of the ore,

Transportation estimates are also rather arbitrary since generally
a number of different methods and routes could be used. Transportation -

ehergies are based on 0.2 kWh/ton-mile for railroad transport and 0.75 kWh/



7/~ MINING OF IRON ORE i
50,300 kW
(7.20%)

R. R. TRANSPORT 10,800 kW (1.54%)

SMELTING AND REFINING
380,000 kWh
(54.4%)

R. R. TRANSPORT 700 kWh (0.10%)

STRUCTURAL MILL
100 kWh )
(0.01%)

R.R. TRANSPORT 200 kWh (0.03%)

{(FROM STRUCTURAL MiL.L)

Figure 5-2.

PLATE MILL SHEET MILL
" 600 kWh 3100 kWh
(0.09%) (0.44%)

" TRUCK TRANSPORT 10,200 kWh (1.46%)

FACTORY
123,000 kWh
(17.6%)

(FROM FACTORY)

_ R. R. TRANSPORT 4100 kWh (0.59%)

(2.65%)

FINISHED VAPOR GENERATOR

TOTAL REQUIRED ENERGY — m,ooo' kWh
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TUBE MILL
800 kWh
(0.11%)

———
SITE WORK
17,800 kWh

MINING OF CEMENT
2000 kWM
(0.28%)

TRUCK TRANSPORT
200 kWh (0.03%)

‘MANUFACTUR
OF CEMENT

(FROM CEMENT FACTORY)

TRUéK TRANSPORT 1700 kWh (0.24%

Vapor Generator Energy Consumption,



ton-mile for truck from Reference 19. Generally an allowance of 50 or

100 miles is made between manufacturing operations and a 500 mile aliow-

ance is made for the transport of iron ore.

" Transportation constitutes only a relatively small portion'of the
total energy requirements, about 4%, Thus one could multiply the trans-

portation energies several times and not seriously affect the results.

By far the largest portion of the energy requirement for the vapor
generator and for the Bottoming cycle as a'ﬁhole is used in smelting and
refining. Based on Referénce 18, the énergy<requi;ements, except for
aluminum, iﬁcluding mining for stéel; aluminﬁm, copper;‘and,cemeht are
5830 kWh/ton, 51,500 kWh/ton, 32,800 kWh/ton, and 2200 kWh/ton,respectively.
.These numbers ére avefages'that depend on ﬁhe amount of scrap added, the
particular process used, and the general quélify of the equipment. There
are also large discrepancies between references. The values used have

an average accuracy of around 507%.

The estimates shown in Figure 5-2 for mill work were based on Ref--

erence 20, however, their accuracy is difficult to estimate.

--The estimate for factory assembly and manufacturing in Figure 5-2
is based upon the assumption that the industry average‘consumptibﬁ of

energy is about 20 kWh/man-hour or about 0.667 kWh/($ of product).

i
' Site installation energy requirements Wefe determined by assuming -
| that 200 HP woﬁld be continuously dissipated on the site while construc-~
tion was in progress; the entire bottoming cycle‘apparétus would require
 about 14 weeks to install and the vapor generator would require abouﬁ '

" three weeks,

Table 5-6 bresents the totals for the entire bottoming cycle ap-
paratus. In all,177 tons of éteel, 19 tons of aluminum, 0.23 tons of
copper, and 400.tons of concrete are assumed to be needed per unit. In
Table 5-6, except for concrete, the mining energies are included in the
energies for ingot production. The iron ore has been assuied to be trans-
-ported 500 miles by rail. bAll energies were determined in the same manner

as for the vapor generator,

At the Rayne site the bottoming éycle produces 5600 HP and has‘a'
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TABLE 5-6

TOTAL ENERGY REQUIRED FOR BOTTOMING CYCLE

Energy Required, MWh

Element. Steel Aluﬁinum Copper Concret%

1. Mining (In 3) - - 18
2. Transport of Ore 28 - - 2
3. Ingot Production 1,030 984 ‘8 848
4; Mill Work . 11 1 — —
9. .Transport to Factbr# 13 _— v ==
L 11,082 985 8 868

Total to 5 2,943
6. Component Manﬁkacture - 933
7. Transport to Site 50
8. Site Work 85

Total Energy Requirement 4,0iO'MWh




design life of 20 years. The results of the aﬁalysis are tabulated be-

low:

Total Energy Requirement 4096 MWh

Site B,C. Turbine Power 4,18 MW
Energy Payback Period - 40 Days

% of B.C. Lifetime 0,54

' This is typical of the other sites under consideration. The re- .
sults indicate that the errors in the analysis are of little importance
because the total energy requirement is insignificant compared to the

~ energy saved by the bottoming cycle throughouﬁ its life,

5.8  ECONOMIC WORTH AND ATTRACTIVENESS
5.8.1 ASSUMPTTONS

‘ The economic attractiveness of retrofitting the Rankine bottoming
¢ycle power plant equipment to the gas turbines‘lécated on the pipeline
pumping stations is shown by analyzing the rétufn on capital‘investment
bylthe incremental cost of service approach, The incremental cost of
.sérVice approach was suggested by the participating pipeline companies
~1in tﬁe bottoming cycle study program as the most representativg cost

analysis approach for assessing the merits of new investments,

The main assumptions made in the economic analeis are that (1)
there will be no change in the financial structure of the companies,
(2) new equipment earns present retﬁrn on its own rate base, (3) all
costs and credifs will be included .as they would be in rate base cal-
culations, (4)'advantages of accelerated depreciation procgdurés can be
taken, (5) the.fuel éostAgscalations and changes in prices can be pro-
jected to the best of the present knowledge and are used in the present
analysis and (6) the rate of return on the rate base can he he1d non-

stant.

The,pipéline companies provided the General Eleétric‘Combany with the
information required to make the economic assessment study. It Included

-the values for the overall rate of return on rate base, the FERC allowed
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book depfeciation rate, the doublé:declining balance tax depreciation'fate,and

the operating and maintenance expenses for the particular site in question.

The projected réte of return on the investment suggested by the
pipeline companies is based on the average cost of capital. The éompanies
have available to them a pool of capital funds, both debt and equity, for
investmentfin various projects and each has a different value for the
average cost of capital invested. The fate of return values that have

~ been provided to General Electric Company are the weighted average values

for the cost of éapital invested in the pipeline,

In the cost of service analysis, depreciation is taken using a
straight-line method which assumes a constant annual depreclation over
the luvesLmeﬁt life, 1In tho calculation nf inrnme taxes, accelegéted
depreciation methods are allowed and result in a lower tax in the earlier
years of a project. In the analyoioc performed in this study, the double-

declining balance method was used for tax purposes only,

Although investment tax credits are allowed for bottoming cycle
equipment, the law does not permit them to be included in‘the'cost of
service calculations. At present, this crediﬁ passes directly to the‘
company. If it were included in the cost of service, no benefit
would accrue to the company, and hence the investment incentive purpose
would be defeated.  The cost of servicé would, however, be lower. This
matter is discussed in Section 5,9.1 in more detail. Some state Public

Utility Commissions do require its inclusion.

The federal income taxes are computed as 487% of the taxable in=
come and state taxes are assumed to be 10% of the Federal Income taxes

" in the calculations,
5.R.2 PROJECTED FUEL COSTS

According to the most recent Federal law, natural gas is basically
categorized as either "new' gas or the "old" gas. According to the de-
tails ot the bill published in Sept. 28, 1978 Wall Street Journal, ths
new gas would include any new onshore gas produced 2.5 miles away from,

or 1000 fee; deeper than, an existing well or from a reservoir that has
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not produced in cbﬁmerciai'quantities; Acébrding to the legislation, the
ceiling price of new gas will rise to $1.99 a thﬁusand cubic feet immediately
after passage of the law from $1.50, the then current price. Through April
20, 1981, this ceiling will climb annually by the rate of inflation plué

3.7 percentage points.: Thereafter, it will increase by thé inflation rate
plus‘4.2 percentage points, until decontrol occurred. The price controls

on the new gas will be removed January 1, 1985.

The legislation also included a complicated provision for'incre-
mental pricing‘&esigned to have large iﬁdustrial users bear most of the
burden of higher prices until controls are removed. The aim is to ease
- the impact on homes, schools and hospitalsland also to forée industrial
users to convert to other forms of energy. It is in effect for new gas,

special high-cost gas and liquified natural gas imports.

In addition, there have been many predictions,as in References 21
and 22,0f the fuel costs depeﬁding on the various escalation rates for
the inflation. The report on the "old" and "new" quantity projections of
the natural_gas by Arthur D. Little Inc. have been converted into the |
percentage projections and have been plotted vs. the years in Figufe 5-3.
Inflatioh rates of 6—10%lhave been assumed and the price of the natural
gas for each categbry has been evaluated according to the present law.
Thén, the ‘average price of the combined gas (old and new) for each year
in quesfion has been estimated on the weighted average'ofAthe new and old
gas prices. The projected éosts have been plotted as in Figure 5-4 and

compare welllwith other estimates.

In the cost of service calculations of the pipeline bottoming cycle,
both the average* and the new gas prices have been used to calculate the
dollars saved resulting from the fuel savings. As can be seen later in
the following sections, the fuel prices have a great impact on the re-

turn on the investments.

* ,
Present FERC rules require the use of average gas prices.
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5.8.3 COLUMBIA GULF TRANSMISSION COMPANY - RAYNE, LA SITE

The site specifications have been presented earlier in Section 4.
The bottoming cycle produces 5976 HP in shaft horsepower from the exhaust
of the 12500 Hf Rolls-Royce gas turbine, Some of the existing reeipro—
4cating engines will be shut off to maintain the constant pumping station
power and the necessary power will be supplemented by the generated power
from the Rankine bottoming cycle., It is assdmed that all the bottoming
cycle power can be used. The fuel savings over what would have been re-
quired by the shutdown reciprocating units are estimated to be 52.5 x 106
:BTU/hr (SO 700 ft /hr) The electrical costs at the eéstimated 1979 rates
of "22 mills/kw—hr for running-the fans for the air—cooled'cpndenser and
the pump are estimated to be $94,700 per year in addition to the oﬁerat-
ing and maintenance costs of the compressor pumping station at $38,400
per year. The total capital costs for the installation of the new equip—

ment is $3,071,470 as was shown in Section 5.6.

The Colimhia Gnlf Transmissinn Company is regulated by thae FERC
as an interstate pipeline, The investment criteria used by the company '
Ais the break-even first year cost of service. The break-even cost of
service is the value of the worth'of fuel savings when it is equal to the
"cost incurred by the pipeiine eompany in providing the gas with the new
investment in the additional equipment. As the fuel prices escaiate, the
fuel savings worth in dollars amount increases and the cost of service
also escalates at the inflation rates, but at a lower rate than the fuel’
prices. It then makes sense to make calculations to look for the break-
even first year cost of service for installations of the bottoming cycle
equipment'for varieus years starting 1979. It is also important to recog-
nize that the calculations made very far into the future will have iiﬁited
usefulness due to uncertainties involved, The basis for the break-even
first year cost of service, though a very stringent criteria for an ece—
nomic assessment of any project, is due to the fact that since'profits
are generated for the future automatically, there is no necessigy to alarm

the consumer with rate increase in inflated future costs,

This represents an industrial rate, the actual commercial rate at Rayne
is 29 mills/kW hr,

5-24



'The capital costs of Table 5-5 and the O&M costs were escalated with
the inflation rates of 4-8% and the discount rate of 9% was used in the pre-
sent vaiue calculations performed in 1978. ' The stralght -line deprec1at10n
rate of 5.5% for the book depreciatlon and a life of 17.5 years for Double
Declining balance tax depreciation were included in the calculations. The
amortization factor of 3.7% was used over a debt pefiod of 30 years to cal-

culate the debt cost. Escalation factors of 6—10%'wete used on the fuel costs.

Figure 5-5 based'upoh the data of Table 5-5 shows the first year cost
of service and savings due to the bottoming cycle by the incremental cost cf
service method for various years df‘installationf: The figure'indicates
for the site at Rayne, LA and meets'the investment criteria by early 1980's
using '"new" fuel prices. Also shown is the cost of service calculations
.using the average fuel prices based on the percentages of two categories
of gas in service as required by present law. Average fuel prices are
more nearly applicable to this site at present. As the old gas becomes
depieted and the new gaS«comeseinto sexvice, the investment b~comes attrac-
tive-in the mid 1980's as shown by the figure. If the installed costs of
Table 5-5 are increased 18% the bottoming cycle, based upon average fuel

Prices becomes viable in 1988 for 10% escalation and 1991 for 67 escalation.

The cost of service for 10 years of operation annualized for 5 and
10 years are computed by the present value method and results are. presented
in Figure 5-6.for comparison with the first year cost of service shown in
Figure 5-5. The eonomic gains due to the iﬁstallation of bottoming.cycles
_appear to be more attractive for the 5- and 10-year cost of serviceAcriteria.
~If the installed costs are Increased 187 similar reductions in the viability

' &ate as shown by the comparisons of Figures 5-5 and 5-6 will apply.

The computer program was used to study the effect of change in acy
of the input carameters on. the first year cost—of;service. Each parameter
was changed by + 107 of its value in the base case and the change in the
first-year cost—of- -service from its initial value was calculated. The
results of the sensitivity ana1y81s are shown in Figqre 5-7 which indicates
that cost of gas and the capital cost are two strong factors which influence
the determination of the cost-of-service. Any improvement in bringing down
the'capital cost of the bottoming cycle equipment is going to bring down

the cost-of-service, thus improving the economic gains further. The rise
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in fuel prices makes the bottoming cycle installation more attractive due to
the increase in' the worth of the fuel savings. Figure 5-7 was used in esti-
mating the effect of an 187 increase in installed cost for the first year

cost-of-service results.
5.8.4 TEXAS GAS TRANSMISSION CORPORATION - COVINGTON, TN SITE

The details of the site at Covington, TN were;given in Section 4.
There are a number of very gfficient reciprocating engines. at the siﬁe
and they will have to.be shutdown to maintain the station power if the
existing nominal 12000 HP Pratt & Whitney engine is to be bottomed. The
bottoming cycle gross electrical output is 3692 kwe and requires 500 kwe

for the fans and the pumps.

, The capital cost of the bottoming cycle equipment used in this
analysis is $3,209,430. It needs 36,500 ft3/hr extra fuel to pump the
gas with the gas turbine and to geﬁerate electricity using the bottoming
cycle. This extra fuel represents the difference between what the re-
cibrocating'engines would use to pump gas, and what the less efficient

" turbine requires when it is.used. The present electriéity cost ié as-
sumed to be 19-ﬁills/kwehr. Thé site requires $43,000/yeara as operating

and maintenance expense.

The first year cost of service calculationsb weré made aséuming that
the gas turbine would operate 8000 hours in a year. Figure 5-8 shows the
results wherein cost of gas is plotted vs., value of generated electricity.
For the operation to be profitable, the price of the natural gas has to
be less than $1.45/1000 cu..ft. if the electricity is generated at 50 mills/
kW-hr. As the fuel prices climb, the break-even would occur in the cost
of service only if the generated electficity also increases proportionately.
Although Figure 5-8 appears to show that the unfavorable result of this
analys;s is primarily due to a low ratio of electricity price to gas price,
another'important reason is that this. site has efficient reciprocating

COmpressors énd does not need all the pumping power available. If all the

a .
This value assumes that no full-time manned operation would be required
after successful commercialization. '

b . . .

In commenting on this final report, Texas Gas Transmission Corp. stated
that .a longer period of time would be used for economic assessment. A change
to a longer period would not materially affect the results reported here.
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power could be used to pump gas and the bottoming cycle power were used to
génerate electricity, the installétion would be profitable, on a first yéar'
basis, with electric prices approximately 25 mills/kW hr, and lower when
multiple years are included. Since 25 mills/kW hr is not unreasonable,

the bottoming cycle would be marginally attractive under these conditions.

5.8.5 PACIFIC GAS & ELECTRIC COMPANY - BURNEY, CA SITE

The details of the Burney, CA site of ﬁhe Pacific Gas & Electric
Company were given earlier in Section 4, There are two gas turbines on
ﬁhis particular site and one of the 12500 HP Géneral Electric gas tur-
bines wés selected for bottoming. The bottoming cycle generated 5397
horsepower from the waste heat of the gas turbine. The second gas tur-
bine at the station will be shutdown with the installation of the bottom-
ing cycle equipment to maintain the station pumping power. At the site
tﬁe following economic inputs were estimated with the use of the bottom-
ing cycle: fuel savings, 43 x 106 Btu/hr (41,600 ft3/hr); elecfricity
costs to meet parasitics, $57,000/yr; O&M expenses, $43,400/yr; and the

iﬁStalled bottoming cycle capital cost of $3,820,650,

The same procedure as described in earlier sections to compute the
cost of service is adopted in arriving aﬁ the break-even point for the in-
sfallation of the bottoming cycle equipmeﬁt,‘including the use of the bottoming
cycle installed costs from Table 5-5. The projections are made for both

' and "average' gas prices taking into consideration a range of

the 'new’
6-10% escalation in fuel prices. The analysis is done with and without
the tax credits. The indications from Figure 5-9 are that, with the use
of the new gas prices in the analysis and with the allowed 107 tax credit,
the bottoming cycle looks economically viable right now. 'However, as the
number of vears over which the cost of service is calculated increases,

as shown in Figure 5-10, tﬁe advantage of the tax credit becomes smaller.
The ecbnomic gains, however, are still increasing due to increase in the
fuel prices. The 'mew'" fuel price range is more nearly applicable to the
Burney, CA site at the present time. If the installed costs of the bot-
toming cycle in Table 5-5 are increased 187 the first year cost-of-service
investment criteria would predict that the investment based upon the "new"
fuel price range becomes viable in 1984 for 10% escalation and in 1985 for

6% escalation compared to being viable now as shown in Figure 5-9. If
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longer cost-of-service periods were accepted as the criterion, as in Figure
5-10, the investment would be viable somewhat‘later-for a five-year cost-of-
service criterion and considerably earlier than stated aBove for a ten-year
cosc;o[-servige criteria. The Paéific Gas & Electric Company is controlled
by the Public Utility Commission (PUC) in California. PUC requires that tax
credits be included in the cost-of-service. The company has 15 year profit-
ability as the investment criterion which is by no means as severe and strin-
gent a criterion as the first-year break-even cost-of-service. Hence, the
economic gains due to the installation of the Rankine bottoming cycle look
attractive as shown in Figure 5-11 with the "average'" fuel prices and 15

~ years profitability used. Even at the lower level of infiation, the bot-
tohing cycle is profitéble now based upbn the 15 year profitability criteria,
A check was made for the case of increasing the installed bottoming cyrle
costs 18%. .lt_was concluded that for even the 6% inflation condition in
Figure 5-11 substantial cost savings could be made in 1979. Thus. even with
an 187 increase in installed bottoming cycle costs the béttoming cycle is

" viable at the present.time under the conditions of Figure 5-11.

'Another case was considered for the Burney éite which corresponds
more closely with'prevailing conditions. For this case the Burney site
was assumed to be operated at 75% power, to have around—the—block site
attendance, to have available 45 mils/KWh electricity and to be pumping
"new gas'". It was found that this combination of inputs resulted in a

somewhat better investment potential than.that shown in Figure 5-11.

IFlpure 5-12 ahowo the sensitivity analysis as indicated Lur Lhe
Rayne, LA site (Fig. 5-7). The capital cost and price of gas are the
parameters affecting the cost-of-service the most. The results shown
in Figure 5-12 were used to determine the effect of an 187 increase.

.in installed costs on the reSults shown in Figure 5-9.

The Pacific Caé and Electric Company hag performed an cconomlic
analysis of the use of the bottoming cycie to generatc.clcctrickty. The
analysis was based on the economic life of 15 years beginning in 1980 as
the first year of operation. Th2 new electrical output was 25,000,000 kW-
hr/year which required the cost of electricity generation to bhe 28.5 mills/
kW-hr in 1980 for break-even. The company expects revenues greater than |

28.5 mills/kW-hr and hence, the use of this option is attractive ecoﬁomical]y,
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Further, the capital cost required for the generation of electricity is
less than that required for pumping gas, primarily because of the $700,000 ‘

cost of replacing the present gas compressor shown in Table 5-5.
5.8.6 SUMMARY OF RESULTS

The results of this analysis show that some applications of the bot-
toming cycle to pipelines are economic now. In the near future, other
applicétibns become ‘attractive. With changes in regulations the attractive-
ness increases. However, for some other applications, it is doubtful if

the RBC will ever be attractive.

For the Rayne, LA site under Federal Energy Regulatory Commission
rules, using "average'" fuel prices, and including an 18% increase in in-
stalled costs, the bottoming cycle investment will be viable in the years
1988 and 1991, respectively, depending upon whether a lOZlor a 67 rate of
inflation is used. For a five-year cost-of-service criterion the invest-
ment will be viable in the mid 1980's and for a ten-year cost-of-service
criterion in the early 1980's. For the'Burney, CA site under California
Public Utility Commission rules, using a 10% inflation rate, and including
an 18% increase in installed cost the bottoming cycle investment with the-
allOwgd 10% tax credit is now viable. 1If FERC rules are changed to recog-
nize that fuel saved is logically equivalenf to "new' gas the use of the
bottoming cycle will be economical two to‘three years earlier for FERC reg-

ulated companies.

The combination of FERC rules, a location in territory served by the
Tennessee Valley Authority with inexpensive electricty, and surplus pumpinyg
power avilable makes the generation of electricity at Texas Gas Transmission's
Covington, TN site unattractive. However, in California, under different
conditions, electric generation is highly attractive. Obviously, the econ-

omics of electrical generation is highly site dependent.

9.9 EFFECT OF POTENTIAL INSTITUTIONAL CHANGES

In addition to being subject to the normal business and tax laws,
whether a pipeline operates under Federal or State regulations also has

a strong effect on the perceived desirability of new investments. The
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Aeffécts of changing some regulations which appear to impact the selec-
tion of the Rankine bottoming cycle are discussed below and in Reference
23,

5.9.1 TAX CREDIT POLICY

Under present tax law, pipeline companies receivé a tax credit on
new construction for gas transmission, Under the law, this credit can not
be used tb reduce the rate, but must either be deferred or flowed through
to the owners. This set of rules was taken from Reference 24 and was
~"intended to ensure that the tax money saved would be used for capital
investment rather than for the benefit of currenf customers, -and to pre-
vent loss of tax revenues that would result from reduced utility rates
_and reduced taxable iﬁcome".] From the standpoint of justifying the in-
stallation of RBC equipment, this means that tax credits do not impact
the cost of,service calculation. Although changing these .rules would
make the first yéar cost of service more favorable, it would be less
favorable to the company, who would now have to reduce rates to the éusto—

mer.

It is clear that if a RBC investment is not acceptable from a first-
year cost of service without the tax credit being included,lit is actually
less acceptable to the company if, by its inclusion in the rate calcula-
tion, the first year cost of service becomes favorable. In summary, the
company gets the téx credit in any_caée, but loses some of it if included

in the rate calculation.

For intrastate utilities, regulated by a state Public Utility
Commission, the situation is potentially different,. Reference 24 des~
cribés a recent U.,S. Supreme Court decision which allows a state PUC to
force a cohpany to include the tax credit in its rate calculation, while
the IRS continues to state that, to receive the credit at all, the utili-
ties must not pass the tax credit onto the customer. Obviously some

change will occur here, but what will happen and when is unclear,

The only obvivus change which might encourage the introduction of

RBC gquipmént would be an additional tax credit for energy conservation



'devices. The credit could be split between the company and the customer
so that an incentive would exist. The‘potential benefit to the country

- would have to be balanced against the loss of tax revenue.
'5.9.2 FURL VALUE POLICY

Under present ;egulations,'the cost of gas used for pumping is the
éverage price. This includes gas from older cohtfagté as Qell as gas from
new wells or from liquefied natural gas. Wheﬁ an economié assessment is-
made, this low price tends to make it difficult to iustify the iarge capi-

tal investments required for RBC systems used for séving fuel.

Logically, gas saved through conservation methods should be valued
as the most expensive gas purchased. If this change in the rules were
implemented, the incentive to use all sorts of energy conserving equip-
ment,. including the RBC, would be much greatér. Note that electrical
generafion is not a gas saying procedure, but more akin to a cogenefa—
tion process, and thus does not necessarily benefit from increased gas

prices.
5.9.3 OTHER REGULATORY POLICIES

There are a number of other regulatory policies which need a more
thorough examination. These include the effect of allowing faster tax
deﬁreciation (a form of tax éredit) and possibly some sort of low cost
loan or guarantee from the government. for conservétion equipment. Most
of these schemes have already been examined by DOE for other prdgrams

such as cogeneration (Reference 25).
'5.9.4 COMPETING INVESTMENTS

In discussions wifh pipeline.companies, it.became clear that one
problem in gaining acceptance of the RBC system will be competition from
other potential investments. The pipeline companies do'not have uﬁlimited
resources. At the moment, their major concern appears to be acquiring new
sources of gas. As a "new" source of gas, the ﬁBC has a modest potential,
compared to the oﬁening of a new gas field, the acquisition of 1liquid

natural gas (LNG) from overseas, or getting gas from Mexico or Canada.



This concern of the pipeline companies means that the profitability
of the RBC is a necessary but not sufficient condition for making. this
type of investment, Unfortunately, this is-a difficult problem to quan-
tify. Becauserf a chronic balance-of-payments deficit, it is in the
national interest to encourage conservation of domestic gas rather than
import foreign gas or LNG. This is not necessarily perceived as being
the best option by pipeline companies, Thus, a competition may exist
for‘funds between an investment in conservation equipment and an invest-

ment which, dollar for'dollar, will produce more gas for sale.

5,9,5 RECOMMENDED CHANGES

Since one of the overall recommendations of thié study is that a
further study be made of the impact of government regulatofy effects on

potential market commercialization, the discussion here Qill'be limited

and tentative.

First, the application.of inveétment tax éredits for energy conserva-
tion devices should be modified, with thé objective of using:this tool to
encourage investment in conservation. A balance between increased rates to
the customer, tax loss to the government, and incentive to the company must

be achieved, while stimulating energy conservation.

Second, the use of a [irst-year cost-of-service criteria should be

recxamined. A posgibly less restrictive view nf rate ralrulations for con-
servation equipmént should be encouraged, say a three to five year period,

rather than a single year*.

Third, the fuel price used for conservation equipment should be
raised to a higher value than the present "average" value.

last, there is a need far inutalling unnesded haorsepower at a cow—
pressor station for fuel conservation purposes. This is not currently allow-

able under FERC regulations.

*Comments from participating pipeline- companies indicate that the/ have
already relaxed this requirement. :
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From an economié-viewpoiht, commercialization requires that the
pipeline companies‘perceive that the bottomiﬁg cycle is an attractive
~investment which can compete with other invéstments for their limited
resources. Similarly, the manufacturer of bottoming cycle equipment
must perceive that a market exists before he will invest in the necessary"

development and production facilities,

In the regulatéd environment in which most pipeline c..panies operate,
it appears that present government regulations, in some instances, deter '
investment. It is recommended that a study of the impact of government

regulatory effects on the potential market commercialization be made.

Since the capital cost is one of the most significant factors in

" cost effectivenéss, a study of potential cost reductions shduid be made.

5.10. CONCLUSIONS

Figure 5-13 summarizes the conclusions of this assessment in pic~-
torial fashion. ‘These coriclusions are discussed below, and validated by

.the work described in the remainder of this report.

'@ Differences in application are crucial to market penetration.

-~ 1In this study, three different sites were used, and the
additional powér.generated by the bottoming cyclé was used
either to pump gas or to generate electricity., It was
fdpnd.that there was a strongfsifeAand energy use depend-

ence on prdfifability.

e Econoﬁics are highly sensitive to application-dependent system

costs and the worth of fuel savings.

- Fdr the retrofit applications étudfed, site-specific in-
stallation costs, which are application dependent, showed

significant impact on economics.

-- Depending on the mode of station operation and other
factors, e.g., cost of fuel, the amount and worth of

fuel savings were highly variable.

!
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-— The economics of all appligations‘studied were highly de-<
pendent on the projected cost of natural gas, as well as

the rules used to allocate gas costs to pumping use.

e Bottoming cycles are a competitive investment alternative for

certain applicationms.

-~ Some of the applications are economically. viable now, or -

in the very near future,

-- With some changes in ;egulations, more applications will

be economic.

e Commercialization requires an.in—depth evaluation of the market

of interest.

-- The future size of the market requires an evaluation of

those potential sites which .can be economic.

For each of the three sites studied, different conclusions con-

cerning the economic worth of the bottoming cycle were reached.
5.10.1 COLUMBIA GULF TRANSMISSION CO., RAYNE, LA SITE

With fuel valued at average gas pricgs and a ten-year cost-of-service
investment criterion, the Rayne Site will be economiq in the eafly 1980's
if available gas supplies permit all the Rankine cycle power to be used for
pumping. With escalating gas'priCes, this site and application will be even.

more attractive in the future.

'5.10.2 PACIFIC GAS AND ELECTRIC CO., BURNEY, CA SITE

Either pﬁmping gas or generating électricity appears economically
attractive at this site. The combination of State PUC regulations, rela-
tively high gas prices, and a relatively long time period for recovery

of capital costs all make this site favorable.
5.10,3 TEXAS GAS TRANSMiSSION CORP., COVINGTON, TN SITE

The use of the Rankine bottoming cycle power to generate electric—~

ity at this site did not appear favorable, The combination of low sta-
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tion throughput, highly efficient reciprocating compressors on this site,
and a location in a relatively low-cost electficity.area all make this
option unfavorable. Unless all the compressors, both turbine and re-
ciprocating,:on this site are required for -pumping, this does nét appear

to be a good application for the bottoming cycle.
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SECTION 6

ENVIRONMENTAL AND SAFETY ASSESSMENT

6.1 INTRODUCTION

The reason for an environmental and safety assessment is to iden-
btify potential changes to‘the environment that may be brought about due
to a specific. activity and determine the impact these changes will have
on the environment and, subsequently,.mankind. The specific activity of -
interest is the application of an organic Rankine Bottoming cyqle to a
gas pipeline compressor station to conserve energy. The bottoming cycle
system is a closed cycle which takes heat from a waste sdurce, converts
iﬁ to shaft power, and rejects the remainder of the heat to the atmos-
phere. It'has'negligible effect on the environment when operating proper-
ly. The cycle can be-operated utilizing a variety of working fluids, the
selection of which is determined frbm extensive studies béséd on toxicity,
safety, materials compatibility, performance, thermal stability and eco-
nomics. The optimum fluid would, of course, have all of the above charac-
teristics in the desirable ranges. The choice of toluene as the bottoming
éycle system working fluid represents a compromise among the desirable
characteristics since it is a flammable hydrocarbon and is. considered to
be somewhat toxic. Even though the bottoming cycle system is a closed sys-
tem, it must be assumed that a component or piping failure could release
some of the working fluid to the atmosphere. The extent of the failure,
methods employed foéor failure detection, emergency shutdown procedures, etc.,
would all have an effect on the amount of working fluid released to .the
atmosphere. The basic question, then, is whether the use of a flammable,'
somewhat toxic hydrocarbon fluid such as toluene in a closed bottoming
‘cycle system properly designed and operated, constitutes a risk to the
environment and mankind which is small in compérison with the benefit.
This assessment is an attempt to determine whether the system design is

capable of reducing all undesirable characteristics to tolerable levels.
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‘ In this section a preliminary analysis of the environmental and .
safety impacts of a bottoming cycle system are presented. The bottoming
cycle components and system design is reviewed for compatibillty with
Federal, State and Local Codes governing the seleCCed demonstration sites;
regulations and codes are examlned for possible confllcts and restrictions;
potential design and operational problems are discussed;and, finally, con-

clusions and recommendations are indicated.

6.2 ENVIRONMENTAL AND SAFETY IMPACTS

Under normal operating conditions the bottoming cycle system dis-
charges no contaminants to the environment. The system .does, Bowevér, add
a potentially greater risk to the environment and operating pérsonnel due
primarily to the use of a hazardous, somewhat toxic flgid; toluene, as the
working fluid. The use of toluene as the working‘fluid results in a gen-
erally negative response to the acteptaﬁce'of.the system from the stand-
point of safety. Toluene is a flamméble\hydrocarbon with a closed cup flash
point of 40°F and autoignition temperature of 997°F (Reference 26). It is
somewhat toxic and the proposed OSHAvoccupétional stan&ard is 100 ppm, time-
weighted average for an 8-hour day and a 40-hour week. Maximum acceptable
concentration is 200 ppm. It is one of the more common chemicals and is '
produced in-quantities of nine billion pounds per year. Large numbers of
workers are exposed to it daily without serious problems being reported.

A comparison of Toluene with natural gas is shown in lable 6-1.

Both hydrocarbon fluids can be classified as hazardous. The ex-
plosive limits in air for toluene vapors are élightly less than natural
gas. Autoignition temperatures are essentially the same. Since the vapor

density of toluene is greater than air it will tend to lay at ground

leyeL. A 32 kwe Toluene Rankine system is operatipg in spite of this
characteristic of Toluene at the Sandia Laboratories as part of a Solar

" lotal Energy SYstem'Test Facility. Natural gas, being lighter than 5ir,
rises and disperses into the atmosphere. As indicated in the comparison
table, fire extinguishing methods will be completely new to pumping station

personnel.

According to Reference 27, a gas turbine modified to Incorporate
a bottoming cycle will not be considered to be modified or reconstructed
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TABLE 6-1 .

COMPARISON OF CHARACTERISTICS OF TOLUENE WITH NATURAL GAS#

* Reference 26

Fluid ‘Toluene
Synonym .Methylbenzeneiv
Formula C¢HsCH,
‘Flash Point, Closed Cup '409F
- Open Cup 459F
Explosive Limits in Air - Lower 1.32 vol.
..~ Upper _ 7.0% vol.
Autoignition Tempefature 997°F '
Specific G:aviFy (H20'= 1.) .872
Vapor Density (Air = 1.0) - 3.14
Melting Point - -139°F
" Boiling Point 231°F
Water Solubility ' Insoluble
Suitable Extinguishing Agents Foam (or‘dry
' ‘ Chemical)
Hazard ‘B, D,'G, H
CODE
B - Hazardous in contact with oxidizing material
D - Hazardous when heated '
G -~ Explosive or highly combustible
H - May explode in fire
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Natural'Gas

" Methane, Marsh Gas

CH4

Gas

. Gas

5.3% vol.
13.9% vol.

999°F

0.554
-294°F
-259°F
0.05g/ml
Sﬁut Off

D, G, H



for the purpose of establishing whether it is a 'new" emission source
since the addition of the bottoming cycle does not increase the emissions.
Therefore, such a modified gas turbine will not come under the Standards

of Performance for New Stationary Sources - Gas Turbines.

6.3  SYSTEM COMPATIBILITY WITH REGULATIONS AND CODES

Table 6-2 indicates the bottoming cycle major components and Codes
and ¥ederal Regglations'which afe applicable to the design and‘operation of
the components and the.system in general. To ascertain if any particular
problems might'exist_with stéte.or local codes which might affect the
three selected demorstration sites, surveys were conducted by each of the
partner pipeline companies.and the results are as follows for each pipeline

company:

6.3.1 -TEXAS GAS TRANSMISSION CORP. - COVINGTON, TN SITE

e Tennessee Department of Economic and Community Development
may be consulted regarding existing codés and regulations
as they apply to system design

e Texas Cas Transmission Corp;.—,Environmental codes and'proqe—
dures section, sees no problems, no additional emissions

e State regulations would'not require licensed boiler operator.
Union might insist - ' '

e Insuring Agency-Hardford Steam Boiler knows of no.county or

local code that would take precedence over state regulations

e State regulations will require annual vaporizer.inspectioﬁ
6.3.2 COLUMBIA GULF TRANSMISSION CO. - RAYNE, LA SITE

e Compliance with "Louigiana Air Control Law'"

o Btate aud local laws extremely flexible
e Niturc of the law makes possible problems‘difficult to

foresce

e Columbia Gulf Transmission Co.'does not favor toluene wofking fluid



TABLE 6-2

SYSTEM COMPATIBILITY WITH EXISTING CODES AND FEDERAL REGdLATIONS

APPLICABLE REGULATIONS AND CODES

e VAPOR GENERATOR - Designed, constructed and tested per ASME

Boiler and Pressure Vessel Code, Section I
"®. CONDENSER - Designed, constructed and tested per ASME B011er
and Pressure Vessel Code, Section VIII

e SURGE/STORAGE TANK - Designed, constructed and tested per

ASME Boiler and Pressure Vessel Code, Section VIII
e PIPING - Designed, fabrication, erection and inspection per

ASME Power Piping Code, ANSI B31.1

e ELECTRICAL EQUIPMENT - Designed per. National Electric Code -
Class I, Division I , -

e FLUID HANDLING SYSTEMS - National Fire ProtectionAssociation'

Flammable and Combustible Liquid Code
e SAFETY SYSTEM & GENERAL OPERATION - Occupational Safety and

Health Administration Regulations; Environmental Protection

Agency Regulations



¢ Suggest further investigation of alternate fluids

'@ Full time licensed boiler operator may be required

¢ Annual ingpection of Vaporizér by state reqﬁired

e Update Air Control Commission Permit for exhaust emissions

at the Rayne Station

If a licensed boiler operator is mandated for a manned site, opera-
tional personnel would be trained to qualify. For unmanned sites if a vari-
ance could not be obtained this requirement would deter implementation of

bottoming cycle systems.
- 6.3.3 PACIFIC GAS & ELECTRIC CO. - BURNEY, CA SITE

® Certificaté of Convenience and Necessity (Ref. CAL PUC 1001)
¢ County may require environmental impacé reﬁort (EIR) for

60 KV transmissioﬁ line ' |
e County building and grading permits

e None of above present major problems to PG&E

.No regulations or codes were discovered which would place impracti-
cal or unbearable restrictions on‘the design, construction or operation~of
a bottoming cycle at any of the chosen demonstration sites. As can be seen
. from Section 6.3.2 Columbia Gulf Transmission Company is definitely negative
with regard to the use of toluene as the bottoming cycle working fluid. This
negative attitude is predicated primarily on the fear that regulatory agencies
might remove the product from the market, or impose exposSure limits so low

that they cannot economically be met.

6.4 DESICN AND OPERATIQONAL PROBLEMS

No major design or operational problems are foreseen; huwéver, exe-
tensive safety protection requirements for a toluene organic Rankine cycle‘
will be ncceocary. The inouring agenciec covering the pipeline company sta-
tion facilities will have a major influence on the design, construction and
operation of the bottoming cycle system. It is quite possible they will es-—
tablish the system protection requirements and these, of course, can vary
between sites and insurance agencies. -‘Any uncertainty in safety aspects

generally results in higher costs for the initial insuring of the facility.
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Table 6~3 outlines the minimum protection requirements of a:particu?
" lar insurancc company anticipated for a'toluene'organic Rankine‘cycle

system.

Air pollution control legislation, such as the "LOuisiana Air Con-
trol Law," defines specific methods for the storage of volatile organic "
"compounds, 1nc1ud1ng the. requirements for tank venting and vapor recovery
systems. This is, -of course, to keep the vapor released to the atmosphere
to a. minimum Seals: used on rotating machinery, etc., are subject to the
approval of the Technical Secretary of the Louisiana Air Control Commis~
51on. ,Abnormal vapor releases to the atmosphere (vapor generator safety
relief valve trip,. seal failures, etc.) must be reported to the Commission
;1mmediately and a written- report forwarded to the Commission withln seven
days of the occurrence. Repeated abnormal releases (failures,‘etc ). of
_vapor to the atmosphere can ‘result in a decision by the Commission to

shut down the offending facility
6.5 - CONCLUSIONS

Design and. operation of an organic'Rankine bottoming'cyclevsyStem ‘
for application to gas turbine powered gas compressors must be in accord-
ance with various Federal and State regulations and codes. Safety system
requirements will be dictated, to a large extent, by the.pipeline company'
insuring agency and will be largely dependent upon the system working
fluid properties. Normal operation of : the bottoming cycle system w1ll re-
sult in no pollutants being discharged to the atmosphere -and, therefore,
-have no adverse effects on the environment. The bottoming cycle will have

no adverse effects on the present em1331ons from the gas turbine supply-'

ing the primarv pnwnr

" During abnormal operation or in the event of a component failure
hydrocarbon,vapors-can be released to the atmosphere. In,Suchicircumstances
the hazards associated mith.the,toxicity and‘flammability‘of‘toluene must:
be measured against the safety systems mearit to neutralize them. In spite
of the safety'Systems proposedlthere'isfsome opposition to the use of .
toluene in the pipeline industry. Because the hazards exist National Insti-

. tution for Occupational Safety and,Health;(NIOéH), Environmental Protection

Agency (EPA), or some other governmental agency,‘may at some time preclude to



TABLE 6-3

TYPICAL MINIMUM PROTECTION REQUIREMENTS FOR
TOLUENE ORGANIC RANKINE CYCLE

Locate vapor generator 50 feet from gll other structﬁres
' Provide emergency relief venting for vapor generator and
condenser A ,

Install fixed water spray to protect vapor generator and
supports from ground up to 10 feet above toluene

-~ Automatic activapion
- Manual activation

Install CO, extinguishing system protecting core of vapor

' 2
generator

Install electric wiring and apparatus for use Iin Class I,

Division 2 location

- Inslde or on.all borroming c¢ycle apparatus

- Within 5 feet of vapor generator

- Within 25 feet horizontally from all bottoming
cycle apparatuc from grade level to J feet

Provide interlock to shutoff heat source for loss of
power to condenser fans
Provide in accordance with ASME Code for pressure vessels
and ANSI B-31

- Piping

- Valves

- Fittinge
- Relief Valves

Provide emergency trench-type drain to safe location for

- Flammable leakage
- Fire protection water

Establish controlled area within 50 feet radius of bottoming
cycle equipment

Limited access
- Restricted area signs
- No smoking signs

Provide vapor generator stack heat sensor for following

functions

- Activate water spray system
Activate COp System

- Shutoff heat source

- Dump toluene to safe location



use of toluene or some other organic working fluid for bottoming cycles,
thus rendering any installed apparatus.useless.: Therefore, it is recom-
-mended that DOE fund a program to evaluate the hazards of;toluéne and
other organic working fluids so that bottoming cycle apparatus can be
made safe and when installed not subject to subsequent. shut down because

the hazards were not evaluated in a timely manner. '
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SECTION 7

TECHNOLOGICAL FEASIBILITY

7.1 INTRODUCTION

The organic Rankine cycle is being developed in small sizes (600
to 800 HP) (References 28 and 29) by the Office of Coal Utilization of
DOE. Working fluids and design details vary'appréciably.émong these sys-
tems. In assessing the results of these and other studies that have been
conducted in the area of bottoming cycle technology, preliminary conclu-
sions have been reached that Rankine heat recovery cycles offer a cost
effective ﬁeané of achieving energy conservation. The intention of the
DOE Pipeline Bottoming Cycle Demonstration Program is to assess the po-
tential for widespread commercialization of bottoming cycle heat recovery
systems. This program will make use of existing as well-as advanéed tech-

nology resulting from current programs of other government and private

sources. Due to the small size of current developmental bottoming cycle
apparatus, the applicability of this technology must be reexamined for the

pipeline application where the size is of the order of 3000 HP - 6000 HP.

Because the exhaust gas temperatures of most gas turbines are below
1000°F organic working fluids are preferred. The reason for this is that
such wbrking fluids have substantially lower latent heats of vaporization
compared to water. This situation results in a reduction in the unavailable
energy_compared to steam because the vapor generator condition line (tem—.
perature versus heat input) lies close to the gas turbine exhaust gas condi-
tion line (temperature versus heat output). Organic working fluids are
diverse in numbers and properties. Each fluid has a certain level of toxic-
ity and flammability. Also each fluid has a temperature at which it is no
longer chemically stable. Finally certain working fluids or their products
of chemical breakdown can cause corrosion of the containment materials. It
is also possible for the containment materials to catalyze decomposition

of the working fluid in certain temperature ranges.
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The use of organic working fluids spawns new uncertainties in com-
ponent and system design. Althdugh the thermodynémic and transport pféper—
ties are generally available, thg effects of scale on heat exchangers and
" turbomachinery must be reckoned with. Also because of toxicity, flammability
or high cost the leakage of the working fluid from the containment must be
-eliminated or at least minimized. This imposes a stringent set of require-
ments upon the design of shaft seals, valve stems and flanged joints. It
also means that the containment joints made by welding or brazing must be
of a higher quality and inspected more thoroughly than similar such joints

for steam apparatus, where a certain level of make up is permissible.

It is then the purpose of this section of the report to establish
the degree of technological feasibiiity of thevboﬁtoming cycle when applied
to the conservation of the waste heat from gas turbines used to pump
natural gas in the nation's pipelines. Since the object of the DOE Pipeline
Bottoming Cycle Demonstration Program is to effect‘a fuel saving in the
pumping of natural gas, the feasibility of the bottoming cycle apparatus
must Be established before projections of fuel savings are made. Thg degree
of feésibility of the pipeline bottoming cycle will establish any research

and develqpmént efforts that are needed to commercialize this apparatus.

Based upon the results of the preiiminary design and the eﬁviron-
mental and safety assessment of that design a discussion of the technolog-
ical fcaeibility of building the demonstration system are presented. The
working tluid stability and. compatibility with component materials and the
adaptability of the bottoming cycle apparatus to the conventional pipeline
gas compressor prime movers are discussed. An assessment of the component
research and development currently being conducted on organic Rankine
cycles in both the pdblic and private sectors including a discussion of
the status and the expected date when the components will be available
are provided. The research and development work required for specific com-
ponents before the demonstration syétems can be built are also identified. .
This section includes a discussion of the availability of resource materi-
als required for the production of bottoming cycle systems. The avail-
ability of both the raw materials and the processed materials is compared

to the expected demand for bottoming cycle systems.
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The selected working fluid,toluene, is compared with other possi-
ble working fluids. These fluids include mixtures of trifluoroethanol and

water, methylpyridine and water and penta-hexafluorobenzene.

7.2 WORKING FLUID

The working fluid must have only an acceptable impact upon the
environment and safety. 1In addition it must be chemically stable up to a
temperature which will not be exceeded in the system and it must be com-

patible with the containment materials.

7.2.1 ENVIRONMENTAL IMPACT

The one aspect of the bottoming cycle system which causes some con-
cern regarding environmental impact is the choice of'toluene as the work-
ing fluid. Although it was known that toluene is flammable and toxic it was
chosen as the working fluid for several reasons. Toluene is stable to
700°F and is compatible with ordinary metallic containment materials.
Although toluene is toxic, it is one of the more common chemicals. Large
numbers of workers are exposed to it daily without setrious problems. Re-
cently, a bottoming cycie system with toluene as working fluid was tested

at Sandia Laboratory (Reference 30).

Because of the concern about toluene, the selection:of working
fluid was reconsidered. The fluids listed in Table 7-1 have been selected:
by others as-a result of their e§aluations. Fluorinol is 'a ‘working fluid
selecte& By the Thermo Electron Corporation for a bottoming cycle system
they are developing. The other two fluids, RCl and RC2, were selected by

“the Monsanto Research Corp. after a comprehensive study .to identify opti-

mum working fluids for automotive Rankine engines.

All of these fluids are toxic to some extent and their toxicity levels
are reproduced in Table 7-2, Most of the data on the toxicity levels '
were given in the NIOSH Reglstry of Toxic Effects (Reference 13) but some
values were taken from Reference 12 and Reference 14. It is difficult
to find comparable toxicity data for all the fluids S0 a comparative
procedure was used. The first column, which is the lethal oral dose

for 50 percent of the mice, indicates that Fluorinol is more toxic
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-F-50
Toluene
RC-2.
RC-1

Freon 22

TABLE 7-1 -
ADDITIONAL FLUIDS CONSIDERED
Fluorinol 50 ‘ 50 ﬁol% " 222 Trifluoroethanol
50 mol% Water
RC2* 35 mol% .2 Methylpyridine
65 mol% -. Water
RC1#* ' 60 mol% Penﬁafluorobenzene“
o ‘40 mol% Hexafluorobenzerne
* Reference 12
TAB -2

TOXICITY RANKING (DESCENDING ORDER)

orl mus LD50

ihl ra}mLCSO

432 mg/kg
916 mg/kg

897 ppm/6H

- 8000 ppm/4H
; - 6000 ppm/4H
16000 ppm/4H

‘1h]l rat LCjLo

4000 ppm/4H
5435 ppm/4H

250000 ppm/4H



than pyridine. The second'colomn, which is the lowest reported lethal con-
centration for inhalation.by rats, indicates that toluene and.pyridine ape
equally toxic. TheAfhird column, which is the lethal concentfation'for 50
percent of ratus by inhalation,vindlcatcs from Reference 14 that Flpbrinol
is more toxlc than RCIL and from Reference 12 that RC2 is more toxic than
RCl. . ‘ 4
.According to Reference 15 although toluene is listed 'in Suspected
Carcinogens, Reference 31, that does not automatically mean that it must
be avoided. In fact many substances which are common in everyday life
‘and are in nearly every household in the United States are so listed.
Listing occurs in two cireumstancee: (1) if ‘a substance has repofted _
neoplastigenic (tumor-forming) or carcinogenic effects or (2) if.a sub-
stance is merely of oncological (tumof study) interest. It should be
emphasized that no neoplastigenic nor earcinogeniC»effects areblisted
for\toluene, implying that toluene is listed merely'for oncological: in-
terest. Reactant grade toluene is'specified for the»proposedAsystem.
Such a grade of toluene contains less than 0.01% benzene, a carcinogen.“
" The Occupational Safety and Health Administration has promulgated an
8-hour time-weighted average exposure 11m1t of 1 ppm of benzene vapor. The
8- hour maximun allowable concentration of toluene corresponds to a concen-
tration of benzene of less than 0.0l ppm, a value that is 1% of the pro-
mulgated benzene standard. Therefore, toluene can be considered safe car-
c1nogen1cally if the’ 8—hour tlme—weighted—average concentration is kept be-

low lOO pPpPm, heference 15.

Shown_Ln Table 7-3 is a comparison of the four working fluids. The
performance is oiose'enough that it shouid not be the principal factor .
in the_fluid selection. Toluene and RCl appear to be most comoatible with
conventional containment materials. RC2 faiied.the-materials compatibility
test in the Monsanto evaluation;'and some problems have been repofted with
‘Flnorinol, althooéh Thermo Electron has been using this fluid for eeveral
years. All the fluids are stable to over 625°F and are therefore suitable
for this application. Toluene is the most flammable and RCl is the only one
that is nonflammable., Fluorinol and RC2 afe mixtures'of‘chemicals and
water and although they will burn in the presence of a flame they are not
considered as flammable as toluene. According to the ranking.in Table 7-2,
Fluorinol is most toxic, RCl is leasﬁ toxic, and toluene and RC2 are about
half as toxic as Fluorinol. From the last row, which compares fluid costs,

toluene and RC2 are inexpensive and RCl and Fluorinol are expensive.
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Performance

Materials Ccmpatibility

Thermal Statility
Safety

Toxicity

Cost $/1b,

TABLE 7-3

FLUID EVALUATTION

Toluene F-50
5067 HP . 4796 HP
gocd good in absence
of air
> 750°F > 625°F
"flammable ignitable
100 ppm TWA toxic
200 ppm max.
0.10 7. now

< 3, future

to toluene

9.50

RC-2 RC-1

5002 HP "4923 HP

~ incompatible good
‘with Al or tested in 4130
steel steel
> €70°F > 700°F
ignitable nonflammable
comrparable least toxic

30. now
< 5. future



7.2.2 SAFETY ASPECTS

A bottoming cycle is a system of conventional components, heat ex-
changers, pumps, turbine, valves, piping and controls. It takes heat from
a waste heat source, such as a gas turbine exhauét, converts some of it
into shaft power and rejects the rest of the heat to the atmospﬁere. Since
it is a closed cycle, it has negligible effect on the environment when it
is operating properly. However, in any mechanical system, there is alway§
the possibility of failure of some component. If there is a leak in the
heat exchanger tubes, turbine, or other system piping, some of the working
fluid will be discharged into the atmosphere until the system is shut down

and the fault corrected.

Toluene must be handled like other flammable liquids. Ventilated
areas are required away from excessive heat and ignition sources. How-
ever, it is felt that the safety hazards can be reduced to acceptable

levels by proper design practices and operating procedures.

Sundstrand was to place five Rankine cycle systems using toluene
in the field this year, including ﬁhree bottoming cycles for reciproéating
engines and two for industrial waste‘heat applicatibns.—lThe operating
experience with these units should be useful in the evaluation of possible
safety and environmental problems in using toluene as a Rankine system

working fluid.

Early in the study, water was considered aé a working‘fldid, but
toluene was selected because it could produce 22% more bottoming cycle
power ‘than steam for this appiication. Water is used as the bqttoming
cycle fluid in STAG plants, and several gas/steam combined cycles are

operating in pipeline applications.

The basic question is whether the implementation of the Rankine
bottoming cycle will have a significant adverse effect on the human en-
vironment, Although the working fluid is toxic and flammable, the bottom-
ing cycle is a closed system and with prdper design'and operating pro-
cedures the risk of an accidental spill should be small. The five Sundstrand
units being installed at various sites should provide a practical test of
‘ whethef toluene is an acceptable working fluid, The fact that they are

being installed is a_godd indication of their technological feasibility.
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7.2.3 THERMAL STABILITY

Toluene is thermally stable up to a temperature of 750°F. The thermal.

stability»temperatufes‘off;he other‘fluidS’cbnsidered are shown below:

Iolﬁene . "~ 750°F

N
Penta-hexafluorobenzene : 700°F
2 Methylpyridine ‘ 670°F .
‘Prifluoroethanol - : 625°F

For,foluenefthe thermal stability femperature is‘aboqt the same as or
higher than the exhaust temperature from the gas turbine (713-740°F).
The system controi.'must sense the Vaﬁof generator exit temperature and
actuate the turbine flow control valve so that ample flow is available
to preclude this temﬁerature from éver approéching,the thermal stability

limit. The thermalAstability temperatures for the remainder of the working

fluids are lower than toluene., The measured working'fluid temperature
at the exit of the Qépor generator for a GQO'KW,quorinolnwatér bottoming

cycle is 600°F,lonly'25 degrees lower than the stability temperature.
7.2.4 MATERIALS COMPATIBILITY

Toluene is not reactive with ordinary materials. S;nce it is an ex-
cellent solvent, there is a possiblevreactioﬁ with nonmetallics such as
insulation, plastiés, péint and asphalt. Penta—hexafluordbénzene is pre-
sumed to be compatible with containment materials; in'tésts reported in
Réference 12 it had no adverse effect upon 4130 steel, a low alloy prod-
uct, Fluorinol does not readily react with containmént.materiéls, how-~
ever, in the pieseﬁce of air it may be slightly corrosive. Additives
also can cauée the Fluorinol to be more corrosive. Methylpyridine is not

compatible with aluminum and steel.

7.3 ASSESSMENT OF CURRENT ORCANIC RANKINE CYGLE R&D

The Department of Energy (DOE) is currently sponsoring four Rankine
bottoming cycle system developments and there are others under private
development, tor example Solar Division of International Harvester. The

Ceneral Electric Company also has been involved with Rankine bottoming
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cycle systems for Steam and Gas Turbine (STAG) plants, total energy systems

and locomotive diesel engines.

The following discussion is directed toward a desctiption of the Rankine
bottoming cycle technology available for use in the program. The DOE
- sponsored Rankine bottoming cycle systems under development by Thermo
Electrdn Corporation, Mechanical Teehnology Incorporated and Sundstrand
are discussed aiong with a description of a private industry development

by The.wa Technology Incorporated and Solar Division of International

Harvester.
7:3.1 THERMO ELECTRON CORPORATION

DOE is supporting the demonstration of a combined diesel-organic
Rankine cycle power plant. The Organic Rankine Cycle System (ORCS), being .
deﬁeloped at Thermo Electron Corporation (TECO) will be installed on a
2500 KW diesel engine pomer plant at the New Emgland Electric System sub-’

"station in Lynn, Massachusetts, The ORCS willAprovide additional power

of 440 KW (590 HP),. an 18 percent increase. The demonstration phase of
the programwas scheduled to start durlng 1ate 1979 A schematic cycle

diagram is shown in Figure 7- l

The working fluid selected for this application is Fluorinol-85, a _
mixture of 85 mole percent trifluoroethanol and 15 mole percent water,

Thermo Electron has been testing organic Rankine cycle systems with

Fluorinol 85 and other fluorinated alcohols for six years, and has demon-
- strated thermal stability of the fluid with boiler outlet temperatufes to
600°F, compatibility with inexpensive materials of construction, and con-

flrmatlon of the thermodynamic and physical properties of the fluid

- The vapor generator is a once-through, 3 parallel pass, fotced con-
vection unit with tubes finned on the gas side. Once-through boilers ean'
‘have lower costs because.there are no drums, and the working fluid in-
‘ventory can be reduced. There is a potential problem of parallel chan-
nel flow instability but this can be handled by putting an orifice at
‘the entrance of each tube with.a pressure drop greater than the two-phase
pressure drop in the boiler tubes, The working fluid conditions at the

exit'of,the vapor generator are. 700 psia and 550°F,
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The turbine for this system is a six stage axial design with a de-
sign speed of>12,500 RPM and a predicted efficiency of 81 percent, Leakage
around the shaft is prevented with low speed double face seals and balance
preésurization of the sealing fluid. The gearbex is a commercially avail-

~ able gear reduction with a speed ratio of 3.47.

A regenerator is used to transfer some of the heat from the turbine
exhaust into the pressurized liquid before it enters the vapor generator.
This reduces the amount of heat to be rejected in the condenser, and also
reduces the heat added to the working fluid in the boiler and increases
the efficiency of the power conversion system. The regenerator also raises
the vapor generatur temperature at the.low temperature end to minimize
acid corcosion, The regenerator is of shell and tube construction with
stainless steel tubes and the shell is fabricated from low carbon steel.
To prevent leakage the tubes and returns are furnace brazed in a hydrogen

atmosphere. Weélded construction is specified for the shell.

The condenser is water cooled and is of shell and tube construction.
A horizontal baffle eeparates the desuperheating and condensing section
from the lower subcooling section. The water headers are made of low

carbon steel and the tubes and all other parts are of stainless steel.

The ORCS will drive an induction generator, which is essentially an’

1nductlon motor drlven ‘above synchronous speeds. When .the turbine pro-

- duces net power the generator elec;rical output will increase from zero
at 3600 RPM to full load at about 3630 RPM, Synchronizing equipment is

not required with an induction generator.

In addition to the combined diesel organic Rankine cycle power
plant for a municipal power plant Thermo Electron Corporation is under
DOE contract to develop a diesel organic Rankine compound engine for
long-haul trucks (Refefence‘32). The organic Rankine cycle system has
been installed in a Mack F-model sleeper cab. This required preparation
of the Rankine bottoming cycle subsystem for vehicle installation modifi-
cation of the first prototype truck and installation of bottoming cycle
subsystem into the truck. A single-vehicle test program was to be com-

pleted within 1979. This program was to include system functional check
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out tests, calibrated diesel engine tests with the organic bottoming‘
cycle subsystems bypassed, compound engine baseline system tests with
chassis-mounted dynamometer and road test checkout at Thermo Electron
Corporation. Included also in the single-vehicle test program are
functional checkout of chassis, driveability, braking and handling;
dynamometer testing; noise evaluation; and fuel economy evaluation

at Mack Truck.
7.3.2 MECHANICAL TECHNOLOGY INC.

DOE is also supporting the development of a steam/Freon binary cycle
by Mechanical Technology Inc. (MTI). The sysfem was installed in
the municipal power plant at Rockville Ccntre, New York in 1978 and will
uoe the exhauot hcat from one or both of two dlesel euglues, each rated

‘at 7675 BHP. The bottoming cycle provides 500 KW (670 HP).

The binary cycle is shown schematically in Figure 7-2. Diesel exhaust
gas at SéO°F is ducted into é low pressufe waste heat boiler. Steam
generated at 430°F and 40 psig is expanded in a single stage, radial in-
flow turbine and is exhausted at 1 psig. The low preséure steam vaporizes
Freon in a shell and tube vapor generator. The Freon vapor at 190°F and
75 psig is expanded through a second éingle—stage, radial inflow turbine
to a pressure of 2 psig. A single, integrated gearbox couples both tur-

bines to a conventional 1800 RPM synchronous generator.

The two fluids, steam and Frcon, are inexpensive, readily available,
nonflammab;e,: c0mpatible with most materials, and carry no "psychological"
barriers tb ready acceptance. Consideiation may have to be given the
effect of Freon leakage on the ozone layer should a large number‘of’
systems become operational. Otherwise Freon is highly acceptable since
it is widely used in domestic refrigerators and air conditioners. The
water-Freon binary cycle'has thermo~dynamic flexibility which allows.
this cycle to be applied to exhaust heat systems of 1000°F and higher
without the problem ofAfluid stability. The upper Freon loop in Figure
7-2 can be added to recover some of the low temperature heat in the

exhaust stack at the price of additional complexity.

Thevsteam generator unit is of extended surface, finned tube con-
struction. Forced circulation is utilized and the unit imposes a back

pressure of about four inches of water on the diesel exhaust manifold.
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The heat exchanger skid contains the steam condenser/Freon vaporizer
and the Freon condenser, The steam condenser receives slightly super-
‘heated steam turbine exhaust at the shell side flange. The tﬁbe side of
this exchanger comprises a forced circulation evaporator and vapor separa-
tor to provide saturated Freon at the separator discharge. The condenser

utilizes conventional refrigeration design practice and is water-cooled.

‘The radial inflow steam turbine operates at 42,200 RPM near optimum
specific speed and therefore good efficiency. - The steam turbine output
is speed reduced to 9540 RPM and combined at the Freon turbine output
shaft., The gearing allows both turbines to .be independently optimized at
maximum éerodynamic efficiency. Thefturbiﬁe rotors are mounted on oil
film bearings. The steam turbine has 5 shoe preloaded pivoted pad bearings

and the Freon turbine has 4-axial-groove bearings.
7.3.3 SUNDSTRAND CORPORATION

Another Rankine bottoming cycle system is being developed by Sundsttand
Corp. which .generates 600 KW (800 HP) using waste heat as the eﬁergy source.
Toluene is the working fluid for this bottoming cycle, and was selected
because of its good~thermodynamic properties and Sundstrand's experience
'with this fluid. The system is shown schematically in Figufe 7-=3. It con-
tains a Qaporizer, a turbine, two pumps, a regenerafor and a water cooled

condenser,

The vaporlzer is an existing heat recovery boiler design and uses
a centrifugal separator to remove 1iquid from the vapor stream at the
outlet of its natural circulation boiler. A small superheater is included
to provide control margin; the bulk of the;heét'transfer area is in the

preheater or economizer.

- The regenerator is of a low cost design meeting the American
Spciety of Mechanical Engineers Code but not requiring cleaning or the
ability to withstand phyéical damage because it is sealed into the eys—
tém. The condenser is also of low cost design and shares the same shell

with the regenerator and the hotwell.

The turbine is a single stage supersonic impulse design and runs at

10,100 RPM. It is supported by journal bearings that are lubricated by
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the working fluid. A double carbon face seal is used on the tufbine
shaft. The sealant fluid is liquid toluene., The feed pump is a two-
stage centrifugal design mounted on the turbine shaft. The'turbine was
selected because it is simple mechanically, inexpensive, and takes ad-
vantage of the noncondensing properties of the organic fluid by operating -
at a pressure ratio of 100 to 1. The disadvantage of this type of tur-
bine is that it 1s not particularly efficient.

The developmant unit has been checked out and initial performance
data have been obtained. The development unit has over 3800 hours of oper-
ation. As part of a field test program three units were to have been in-
stalled as hottoming cycle systems for dual fuel or diesel engines in mu-
nicipal power plants; two additional units were to have been installed in

industrial waste heat applications.

7.3.4 THERMA TECHNOLOGY INC.

Therma Technology Inc. offers Rankine bottoming cycle apparafus'to
the ﬁetroleum, chemical and natural gas industries. They have several
heat exchanger companies and working arrangements'with a system engineer-
ing company and a turboexpander éompany. They have designed a bottoming
system or power recovery package which uses either normal butane or pro-

pane as the working fluid.

Shown in Figure 7-4 is a schematic diagram of the power recovery sys-
"~ tem offered by Therma Tecﬁnology Inc, It consists of the same cuwpunents
seen in other Rankine bottoming cycles. The bot;oming cycle components
are claimed not to be new; all the components of the hydrocarbon system-
are claimed to have been prbveﬁ by years of experience., It is claimed
that the Western Division makes tube and shell heat exchangers similar

to the vapor generator. and the recuperator and that Happy Division makes
air-cooled heat exchangers like the condenser. These'heat'exchangers,

it is claimed, are made for the refinary, petrochemicalband gas trans-
mission industries., The radial inflow turbine Is clalwed to be similar .
to those provided by Mafi-Trench Corp. to the gas processing indusﬁry

in the middle 60's to reduce the pressure and temberature'of fluids with-~
out wastigg the energy. Several hundred units are claimed to be in

operatior,
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7.3.5. SOLAR DIVISION OF INTERNATIONAL HARVESTER

The Rankine bottoming system the SolarlDivision has been déveloping uses
a.two—pressﬁre level steam system rather than an organic Rankine system.
The two-pressure level system ameliorates one objection to steam,'namely,.
that because of the large latent heat of vaporization of water the condi-
tioﬁ~liﬁe for the steam in the vapor generator lies too far away:from the
exhaust gas condition line resulting in a large amount of unavailable energy.
The éecond objection to steam, namely, turbine efficiency values in the
range of 67 to 77% in the power range of 1900 to 4100 HP will be ameliorated
" by designing new high-pressure and low-pressure steam turbines for optimized

throttle conditions using the latest turbomachinery flow path design tech-
‘nology. The two turbines have different rotative speeds so as to oprimlze

each turbine design. The high-pressure turbine has'two_axial stages and

- the low-pressure, Six.

A bnce—through Vapor generator is used on the bottoming cycle to
eliminate the steam drum and level control. A once-through boiler re--
quifes very pure water. Solar intends to use stainleés steel for all
containment, reduce makeup to a minimum and use a pair of low cost de-
ionizing units interchangeably instead of a conventional high cost water
treatment system, To help reduce makeup water the performance of the

shaft seals on the turbine will be improved.

The condenser will be water cooled and have special features Lu avoid
contamination of the condensate. A double tube sheet will be used with
the tubing running through it. Thus, 1f there are leaks at the salt water

end the coolant will not leak outside the containment. Solar Division

expected to deliver the first units in 1980 for use on pipelines, of fshore
platforms, marine, and small electric utility base load applications (keter-

ence 33).

7.3.6 GENERAL ELECTRIC COMPANY

The General Electric Co. has developed a series of gas turbine/Rankine
cycle heat recovery systems commonly referred tu as combiﬁed cycles., General
Electric has chosen the acronym, STAG, (Steam And Gas turbhine) for this
combined cycle since steam has been the Rankine cycle working fluid. An
example of a simple-cycle_gas turbine combined with a steam turbine isg

shown schematically in Figure 7-5,GE STAC power systems are offered in
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three basic sizes: STAG lOO, 400, and 600. STAG systems offer excellent
heat rates and reliability with simple nonextraction steam turbines and
single low-pressure cycles. Bypass stacks are included to provide flexi-

bility and maximum heat recovery steam generator reliability,

The STAG cycle has the unique capability to operate at a greatly re-
duced load while sustaining excellent heat rate characteristics. The
STAG power systems' heat rate of 8100 Btu/KWhr can be maintained across
the load range. By varying the operation of each of the several generator
components, ;t is possible to operate over a wide load range with only .

minor changes in plant efficiency. This is shown by the dashed line on

the STAG 400 part load perfurmance curve shown in Figurc 7-6.

- The combined cycle has beeﬁ‘acéepted not only tor production of
eléct:icity, but also for applications suqh as natural gas pumping. Shown
in Figure 7-7 is a schematic diagram of the Secbnd unit inétalled at the
Ceredo, W. Virginia station of the Columbia Gas Transmission Corp. This
plant has a combined cycle efficiency of 35./% (Refetrence 32). Impiuve-
ﬁents are being made in gas turbine performance and recent calculations
indicate that a modern gas/steam combined cycle would have an efficiency
of ébout 40% (Reference 34). There have been over 50 STAG systems in-

stalled in electric utilities.

_ For applications with an exhaust gas temperature lower than 1000°F
some of the organic fluids are attractive as bottoming cycle working
fluids: A schematic diagram of a Rankine boﬁtoming ;ycle (RBC) is shown
in Figure 7-8 . The cycle includes a vapor generator or boiler, a turbine
or expander, a condenser, a .ump and possibly a regenerator, if the fluid
is superheaféd after the expansdion process. Except for the different
working fluid and smaller size, Rankine bottoming cycle systems are very

) %
similar to the STAG systems.

'Many of the desigu prohlems that havé been solved for steam are ap-
plicable to organic fluids., Mechanical.désign of the heat recovery boiler
and the condenser can be based on the technology developed for STAG plants.

" Although the fluid design of the turbine is different for organic wquing
fluids, the design principles are the same and the mechanical design of

bearings, shafts, disks and casings can all be based on éteam turbine

* General Electric Trademark; Steam and Gas Turbine
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experience. Any problems due to flammability or toxicity of the organ:ic

fluids can be minimized by good design practicés.

One of the organic Rankine systems developed by General Electric was
a total energy system and another was a low temperature Rankine system for
solar energy conversion, .The first provided electric power, heating and
alr conditioning for a motor home, It has an expander, condenser, pump,
auxiliary equipment and a fired boiler. It used pyridine water mixture
as ;he working fluid. The development of this organic Rankine system
included assembly and test of a preprototype, prototype and preproduc-
tion models, Production of this unit was curbed by the onset of the cur¥
rent world fuel situation. The schematic diagram for the low temperatﬁre
Rankine system is shown in Figure7-9 .It was built and tested driving
an air conditioﬁing system, After several thousand hours of test and
evaluation the system is still operating satisfactorily on sblar energy.
-This system was the forerunner of systems now in development to-run three

and ten ton air conditioning systems for use with solar collectors.

7.4 STATUS OF RANKINE BOTTOMING CYCLES

The tﬁree'bottoming cycles being developed under DOE contracts have
been discussed above and are summarized in Table 7=4. The power levels of
these systems, 600 to 800 HP, are much smaller than the 5000 HP systeﬁs
that. would be used to bottom pipeline gas'turbineé. Howevér the technology
is applicabie but needs to be scaled up to larger sizes. ~‘As shown in
Table -7-4, these three systems$ are to be operational in 1979, in demon-
stration tests that will be run.this year.

‘Some companies that serve the chemical and petroleum industries are
proposing fo use their technology in heat exchangers and radial inflow
expanders for bottoming cycle systems of the size required for pipeline
gas turbines, Petro-chemical plants use large hydrocarbon heat exchangers

for heating, cooling, evaporating and condensing. They use expansion tur-

tion. Butane .or propane is recommended by them as the working

fluid; a Bottoming cycle using these working fluids would produce
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TABLE 7-4

4DOE BOTTOMING CYCLE RESEARCH AND DEVELOPMENT

\

" Manufacturer

Working Fluid
Power, HP
Turbine Inlet Cond. psia/°F

Turbine
Boiler

Load
Seal Type

Available

Sundstrand
foluene
805 -
300/550

10,100 RPM
1 Stg. Supersonic

Natural Circulation

Generator

Double Face Seals

Field Test 1979

-Therme Electron

-Fluérinol 85

590
700/550

12,500 RPM
6 Stg. Axial -

Once-through
Forced Convection

Generator

Double Face Seals

. Demonstration 1979 .

MTI

v

Steam/Freon

670

'55/430 90/190

42,200 RPM /Radial

~radial 9540 RPM

Forced Circulation

Generator

Installaﬁion 1978



about -14% less power output than the toluene cycle, but some practical

advantages are claimed for it, such as smaller discharge pipe size.

It is also proposed by others that the bottoming cycle using pro-
pane of butane be operated supercritically using a once-through vapor
geﬁerator. The vapor generetor is a standard waste heat unit in use for
twenty years. .Similar units are used in the petro-chemical industry to

reclaim waste heat in a heater or vaporizer. The materials of construc-

tion are carbon steels.

The expanders for proﬁane or butane systems may have small enough pres-
sure ratios so that a single-stage radial inflow turbine will suffice.
Eff{iciencies are in the range of R0 tao 84% according to one manufaclLurer.
Similar turbines are used in the petro-chemical industry and are known
‘as turboexpanders or gas expanders (References 35 and 36). Such turbines
are used for the expansion of hydrocarbon fluids from higher pressures,
generating power from energy that would otherwise be wasted. An example
is chilling hydrocarbons, such as propylene from 125 psia and 100°F to 20
psia and -35 °F. Other examples 1nclude separation processes for ethane
and propane or methane end ethane. The turboexpander may also be used in
the liquefaction of natural gas. Seals have been produced for such tur-
bines using a sealant gas or liquid and the Learings arc oil lubricated.

A number of seal arrangements are shown -in Reference 37.

The ebLLmated eLLLc1cncy tor the p1pellue bottoming cycle (500U to
6000 HP) turbine is 86%. This represents the value expected when the Lut-
bineqbecomes a mature product in production. To assure this efficiency
i‘value the turbine will be subjected to a well=balanced aerodynamic design of
the blading constrained only by rotor stresses‘due to steady and vibratory
loads. The number or stages chosen will be‘adcqeato to permit mnderate
aerodynamir'1oa@ing on the blading, which 1s conducive to high efficiency,
and a rate of ananlns-arca growth commensnrate with moderate rates Of
diffusion on the blading. The blade chords selected in the front stages
will be adequate for close tolerances on blade profiles ;o’minimize-flow
separation and errors in flow incidence angles and to provide adequate
blade Reynolds numbers to minimize profile drag. Also considéred in blade-

chord selection will .be sufficiently high aspect ratios to limit secondary
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flow losses. In the last stages the ehords will be selected to provide
adequate section modulus to prevent excessive vibratory stress ;evels. Sur-
_face roughness will be controlled to minimize profile drag. The blade height
will be selected to minimize the turbine leaving loss within stress limita-
tions. Consideration nill be given to the use of an exit‘diffuset.to reduce
further the turbine leaving loss. The blading will be designed taking the
‘three dimensionality of the flow into account, resulting in twisted nozzle
- vanes and buckets throughout. In this way the incidence angles will be opti—
mum for all radial positions. The blading profiles will be generated using
two dimensional design methods, resulting in the minimization of diffusion
losses on the blading. Bucket covers will be used on all stages where the
resulting stresses permit to minimize tip clearance losseé.-Interstage A
seals will be placed at the minimum possible diameter and utiliae the beEt

tooth configuration to minimize'interstage leakage.

In oontrast the turbine selected for the bottoming cycle &emonstra—
tion will have an ‘efficiency of 77% so as to minimize the time and cost
assocxated w1th the demonstration program. It is felt that this level of
efficiency will be adequate to demonstrate the attractiveness of the pipe-
line bottoming cycle. This is true because the economics of the bottoming
cycle with a production turbine can be obtained by adjusting the results
. obtained for the demonstration turbine for ‘the correct efficiency and
cost of tne‘production version. As the matket develops the level of

the turbine.efficiency will rise, improving bottoming cycle output.

The~denonstration turbine will be adapted from available steam tur-
bine designs. This will shorten the design and fabrication time forAthe e
denonstration turbine and reduce the cost. Sueh a turbine will be adequate
for demonSLrating the technological feasibility of the bottoming cyele
system. In addition in approximately one year's running time all operational
problems can be identified and corrected. Data can also be complled on:
reliability and maintainability . of ‘the bottoming cycle system, Includlng

the turbine.

The recuperatof in a propane or butane bottoming cycle would be a
standard tube-in-shell heat exchanger made from carbon steel. The air
cooled condenser is similar to units‘now used to.cool natural gas after
compression. These could be supplied by a. number of domestic companies-

and made of carbon steels,
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7.5 REQUIRED RESEARCH AND DEVELOPMENT

No éomponent research and development is required before a pipeline
bottoming cycle demonstration can be accomplished. Design verification -
tests may betrequired on the beariﬁgs and seals. All heat exchanger com-
ponents can be pufchased from vendors as special designs of equipment

that they presently manufacture.

'Since no 5000 HP, SOOOF organic Rankine botfoming cycle for a gés
turbine has been built, the demonstration system will verify component
matching, establish 1ntegrated system performance and supply 1nformat10n

on operating problems, rellablllty and maintenance requlrements

7.6 ADAPTABILITY OF CONVENTIONAL CQUIPMENT TO BOTTOMING CYCLES

Most of the bottoming cycle components can be obtained from available
commercial sources. Energy‘UserS News lists 98 heat exchanger manu-
facturers, many of which could design and manufacture vapor génerators.
The same source lists 29 condenser manufacturers, of which many could
produce air-cooled condensers. Refinery eduipment suppliers sctuck uuwercus
models of hydrocarbon pumps. The pumps for the bottoming cycle Qiil have
to be providéd with cavitation protection. Toluene is .a petroleum de-

rivative which is produced commercially in large quantities.,

Turboexpanders for hydrocarbon fluids are available troi several
sources. Some manufacturers make radial inflow expanders with variable -
inlet vancs for Qse in the petruleum and chemical industriés and alsv
for low température propane power systems that extract power from geo=
thermal heat sources. The largest installed power is in the hydrocarbon
procesé industry where the expanders drive compressors. Both radial in-
flow machines and axial tlow expanders are made commercially in warious

sizes by more than one manufacturer.

7.7 ADAPTABILITY OF BOTTOMING CYCLES TO PIPELINE GAS TURBINES

The organic bottoming cycles are de31gned to match the available
levels of gas turbine exhaust gas temperatures. Previously in Table 4- 12
it was shown that heat rate impruvement values grcater than 25% are readily

attainable on simple cycle gas turbines. There are a variety of ways to use
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the additional power genérated by_the bottoming cycle. The'gas turbine can
be run at part load or smaller, less efficient prime movers can be shu;
down; in each case the pumping is done with less fuel consumption. Some
pilpelines are part of an electric utility system, in which case it may

be feasible to geherate electricity with the bottoming cycle. The ideal

case is when the pipeline wants to increase its pumping capacity; then

the bottoming cycle can provide additional pumping power with the same
fuel rate as before. Each installation requires a resolution of the

most advantageous way to use the additional power.

7.8 MATERIALS AVAILABILITY

The matefials that would be used for the bottoming cyclevcomponenté
are shown in Table 7-5, Very little high alloy steel is required and most
of these materials are readily available. In the event that the bottom-
ing cycle is generally applied to the pipeline industry it must be de-~
termined whether the raw materials needed for the bottoming cycles will"
constitute a drain on the available raw materials or process materials.,
In order to obtain an estimate of this, the total amount of the horse-
power which would be potentially available for bottoming cyrles was

determined. From the materials required for the pipeline bottom-

ing cycle reported in the preliminary design task rép;rt (Reference 38),

the actual amount of materials for  the Bottoming cycles were estimated

based on the total amount of bottoming cycle horsepower. It is estimated
.that if all the available gas turbihes in the pipeline industry were bok?
.tomed there would be 1,855,000 installed HP in bottoming cycle equipment.
Shown in Table 7-6 are the elements present in the materials of which this
bottoming cycle eqﬁipment would be made. Also shown are the required weights
in short tons of the materials for the total potenﬁial bottoming cycles.
The U.S. production of these elements is shown in the next column along
with the world resources and this was taken from Reference 39, Finélly,'
the last column shows the percent of the U.S. production of these elements
which would he necessary in order fo manufacture the bottoming cycles for
all potential sites in the U.S. There are two exceplLlons in the last column,
indicated by note 3,in which the U.S. productibn was s0 small that the
imports would have to be included. Looking at the value shown 1n the

last column most of the materials that are required for the bottoming
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TABLE 7-5
COMPONENT MATERIALS

Turbine and'Pumps

Casing and Stators 2,25 Cr-Mo Steel
‘Wheels and Blades A ) B5F5 Wrought Steel Alloy . .

_Vapor Generator

Tubes, Fins . SA178A

Tube Supports A36
Headers . ~ SA1084A
‘Casing o Carbon Steel
Condenser ‘
 Tubes SA214
Fins . Aluminum
Box ‘ SA515
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,  TABLE 7-5
AVAILABILITY OF MATERIALS

ESTIMATED WEIGHTS OF STRATEGIC MATERIALS IN
' PIPELINE BOTTOMING CYCLE SYSTEMS '

" ASSUMING ALL POSSIBLE BOTTOMING CYCLE POWER (1,855,000 HP) IS INSTALLED

< Required U.S. (B) World (383 o
_ Weight Production Resources / Percent of

Element - Short Tons Short Tons Short Tons U.S. Prod,

. ,. 6 . 9 . 4-
Aluminum 5908 5.0 x 10 4,7 x 10 0.11
Caromium - 90.9 (a) ' 797 x 106 A ~0.0061(c)
Copper 395.1 3.0x10° 0 15 x 107 0.013
Magnesium 25 124,000 ' - 0.02
Manganese 383 (b) 1.2 x 109 0.019(C)
Molvbdenu= 4 52,500 7.2 x 10° - 0.0076
Nickel 72 3,000 99.6 x 10° 2.4
Vanadium 0.6 - 5,000 18.8 x 10 ~ o.012

Notes

(@) No deomestic production since 1961. Imports in 1970; 1,500,000 short tonms.
(b) Verv little domestic production. Imports in 1970; 2,000,000 short tons.

(¢) Percent of imports.



cycle are in great enough supply as not to be affected by the installa—'
tion of bottoming cycle apparatus on bipelines. However, there are two
exceptions to this general statement;namely,‘thé amount of aluminum and
nickel required. It appears that the exports from foreign countries
would have to be included in the source supply-inAorder to make the per-
cent of the available resources a small enough number so as not to.im-

pact upon the available materials in the area of aluminum and nickel,

7.9  CONCLUSIONS

Toluene was selected for the working fluid ih spite of certain
levels of toxicity and flammability because toluene is a well-known, well-
documented substancevhaving acceptable levels of toxicity and flammability.
It has édequatg thermal stability, superior performance, a low cost and
is readily available. In addition toluene is béing carried along as the
workiné fluid in oné of the drganic Rénkiﬁe systems being developed by

the DOEL.

OrganiclRankine systems of less than 900 HP are being developed by
Thermo Electron, Sundstrand, Mechanical Technology, Inc., and others. A
" number of these smaller systems have or shortly will be demonstrated in

povwer plants and industry.

It is in connection with these smaller systems that research and
development is being carried out. .There is no organic bottoming cycle
research and developﬁent known to be in progress in sizes as large as
5000 HP. There are, however, steam béttoming cycles in operation in
large sizes in both pipeline,compressdr service and in power plants.

' The first steam bottoming cycles of large size went into service in

1968 on both power plants and on pipelines.

Much of thc apparatus neededbforAlacge slac organic bottoming cycles is
in service in petrochemical plants in the form of hydrocarbon process
equipment. For this reason no research and development is required. How-
ever, design verification testing may be needéd for the turbine bearings
and seals. Ihege need to be tested in full size, at expected speeds and

under the expected operating conditions.

7-32



Since much of. the kind of apparatus needed for the. organic bottom-
ing cycle is in general use in the petrochemical'field, this apparatus-
can be.adapted to use in large organic bottoming cycles{ In the demon-
stration systém an organic turbine will Be designed utilizing steam turbiné
téchnologf,'adépted to organic use by employing new bearings and seals. It
is estimated that this turbine will have an efficiency of 77%. It repre-
‘sents the most timely and lowesf cost approach to the demonstration. By
the time the botﬁoming cycle is in full production an efficiency of 86%
~will have been achieved. Where economically feasible, consideration could
be given to. replacing the low-efficiency turbines by ﬁhe higher—efficiency

turbines as they become available.

The installatiorn designs for the three sites studied brought to light
no insurmountable problems. Therefore, the bottoming cycle can be adapted
to gas turbines in the field without much difficulty. Heat rate reduction

exceeded the DOE target of 20% on all three sites by 30% or more.

Because the large:size organic bottoming cycle operates at low tem-
perature, no high temperature alloys are requiréd. All elements needed for
the component parts are'produced in large quantities domestically except
chromium and manganese. Historically, these two elements have been im- .
ported in sufficient quantities for domestic use. The amounts of elements
needed for the bottoming cycle are small in comparison to current produc-
tion or imports (in the casevof chromium and-ménganese) except nickel.

Bottoming cycles may requife up to 2.47% of production.
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SECTION 8

OPERATIONAL RELIABILITY AND MAINTAINABleTY

8.1 INTRODUCTION

Systém reliability and maintainability are majorffactors in the -
design and operation of a bottoming cycle applied to a pipeline pumping
station. These factors can have a major inflﬁéncern the‘ecodomics.of
initiél installation and operation of .the bottoming cycle system and, .

therefore, be decidingAfagtors when pipeline companies are faced with the
~vdecision as to apply or not apply such a system to a particular pumping'

station.

It should be noted; before broceeding, that bottéming cyclés(or
combined cycles asAthey are sometimes called) are not completely new to
the pipeliné iﬁdustry. Four combined cycle (steam)_systems were installed
on pipelines between 1968 and 1970, two at one site and two at another. . Al-
‘though some initial design and operating problems were encountered with the
“first unit inétalled on one site, successful, reliable operation was obtained
for the two units on the site_throughfthe use of improved components and

controls (References 40 and 41).

Obviously, the combined cycle drive system is more complex. than
the standard gas turbine/compressor system., This factor inherently in-
dicates a potential decrease in the comhined cycle rc]tahffity. lt'futhcf
indicates the potential for ianeased»maintenancc of a planned and un-
planned nature; These negative features, along with other pros and cons
for the bottoming cycle, must be carefully:evaluated by a Gas Transmission
Company before deciding to instéll\the bottoming cycle systém‘at a partic-

ular pumping station.

In this section reliability and availability values for the gas
turbines/cpmpressor units presently being considered for bottoming cycle

demonstrations are indicated and discussed, Reliabilitles of similar
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types of Rankine cyclé systems are reviewed. Potential reliability prob-
lems with the proposed bottoming cycle designs are evaluated and the status
of research on these problems presented. An estimate of the bottoming
éycle system availability is provided and the general overall systeﬁ ac-
ceptability from a reliability standpoipt,indicated. Estimated maintenance
requirements for the bottoming cycle system are presented and a comparison
between these requirements and the requirements without a bottoming cycle
made. The severity of new maintenance problems, site-sensitive problems,
and/or procedufes are discussed and the general acceptability of the bottom-
ing cycle system from a mainteqaﬁce standpoint feviewed. Finally, general
conclusions and recommendations in the areas of reliability and maintain-

~ability as regards the bottoming cycle system are presented.

8.2 RELIABILITY OI' EXISTING GA3 COMPRESSOR PRIME MOVE?S,

Since the bottoming cycle system is dependent upon the gas tufbine'
to which it is applied for its energy input in a pipeline compressor sta-
tion, it seems apbropriate to.first determine thé reliability of the gas
turbine/gas compressor system., Since the gas turbine and nafural gas com-
pressor are coupled the reliability of this system must be examined, Data
taken from turbocompressor operation at pumping stations operated by Texas
Gas Transmission Company, Columbia Gulf, and Pacific Gas and Electric Com-
pany are shown in Tables 8-1, 8-2 and 8-3,respectively. In order to fully

understand the data presented in these tables a definition of terms 1is

necessary.
Reliability Probability that a unit (system) will function

for a period of time under specific conditions.

Availability Fraction of a given period of time that a unit

can function (whether it does or not).

Utilization Factor Ratio running hours divided by total installed

hoqrs for a machine.

All of the above are normally expressed as a percentage. Reli-
"ability does not normally include planned outages for inspection and main-

tenance work and is based on forced outages. Availability includes forced

aqd planned qutages. Pipeline companies maintain records of data on a
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Year .

1973
1974

1975

TABLE 8-1

TURBINE UNIT RELIABILITY DATA

Site: Covington, TN
Pipeline: Texas Gas Transmission Company

Average Reliability 7 ‘Average Availability % - Utilizatton Factor %
99.95 | 99.09 i 98.45
99.83 - | 98.17 ) . ‘97.07
99.65 ' E | - 9859 ' 90.05

e Alrcraft derivative gas turbine unit

e Standby spare units available

e 8 hours for compiete unit .change

e Frequency of changes: 1-2 times per year

e Planned outage: Nil

o No field overhauls



TABLE 8-2

TURBINE UNIT RELIABILITY DATA

Site: Rayne, LA
Pipeline: Columbia Gulf Transmissicn Company

Year Average Reliability % Average Aveilability % . Utilization Factor 7
1973 99.93 L 99.75 36.04
1974 99.77 | ) 99.52 18.17

e Aircraft derivative gas turbinz unit.
» Standby units available.
e 16 hours for complete unit change.

» Factory overhauls. .



N . " TABLE 8-3

TURBINE UNIT RELYABILITY DATA

Site: Burney, CA
Pipeline: Pacific Gas and Electric Co.

Year Average Réliabiligz % ' Avefage Availébility % . Utilization Factor %
1974 ‘ : 97.6 ' ‘ : ‘ 93.2 ' 82.0

1975 . o 198.3 D 953 75.1

1976 97.0 - 89.0 ' - 74.0

1977 99.5 ‘ | 95.4 . - 82.7

o Aircraft derivative gas turbine unit (LM1500)
+ Gas generator'removed for factory overhaul

e Pcwer turbine and compressor maintenance at site



monthly basis and average this data for yearly values. Availability is
of the greatest importance to the equipment user since it can have a large

effect on economics.

Table 8-1, based on data from the Texas Gas Transmission Company;
Covington, Tennessee compressor station, is typical of'gas turbine/gas éom-
pressor units in which the gas turbine is of the aircraft défivative type.
There are no planned outages and station overhaul work on the gas turbine is
nil.' If an operéting problem is ehcountered,the complete gas generator
and power tqrbine, if necessary, are removed and replaced with a spare
unit., The removed unit is then rcturned to the manufacturer's uverhaul
depot for rcpairo., DNemoval and ianstallatiuvn work s accomplished in éh
8-16 hour period. This fast turnaround results in the high availability

indicated in Table 8-1.

Table 8-2 was éompiled from data oBtained from Columbia Gulf, Rayne,
Louisiana compressor station and indicates again the high reliability and
aVailability obtained from the aircraft derivative units. The low utiliéa-3
tion factor is due to the decrease in gas supplies available at this partic-
ular station and the need to operate only one of the three available tur-
bines. The horsepower demand at this location requires only one of the
three available units to operate, With the installation of a bottoming
cycle on one of these units the ﬁtilizatioq factor would be expected to

increase to 96—98%.

Table 8-3 indicates data obtained from Pacific Gas and Electric
Company for their Burﬁey, California compressor station. The furBine com-
pressor reliability is somewhat less and the availability considerably
less when compared to the two previous compressor stations. The diffeﬁence
in planned outage times for inspections is the major reason ﬁor the diffef—

ence in. availability.

Table 8-4 is based on data taken at the Texas Gas Transmission
Corporation's Lake Cormorant compressor station where two recuperated
industrial gas turbines are gmployed to drive gas compressors. - This table
clearly poinfé out the difference in availability between industrial and

aircraft derivative gas turbines. The decrease in availability of the
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TABLE 8-4 -

COMPRESSOR STAT;ON RELIABILITY DATA

. Site: Lake Cormorant
Pipeline: Texas Gas Transmission Company

.A. General Electric Model M3912R, Frame 3, Récuperated Gas Turbine

] ) Average o
Year Average Reliability 7 , Average Availability 7 Ut;lization Factor %
1973 : 99.97 ' . 96.98 : 95.81
197¢ 99.98 : ‘ - 88.46 78.21
1975 © 99.97 | 5 9.3 ‘ 46.75
Three-Yea; Average 99.97 : . 88.26- - 73.59
B. General Electric Model M3112R, Frame 3, Recuperated Gas Turbine
1973 _ 9979 . 96.81 95.88
1974 | 99.96 I 94.02 - 82.27
1975, ‘ 99..80 S S 76.55 ‘ © 64.23

Three-Year Average 99.85 89.13 . . 80.79



industrial gas turbines is due to the planned outages for inspections and

overhauls made in the field.

8.3 RELIABILITY OF SIMILAR RANKINE SYSTEMS

Since bottqming cyclesvapplied to pipeline compressor stations- and
employing orgénic Rankine cycle components are nonexistent at this time, -
reliability data is not available, ﬁowever, some insight,inté what reli-
abilities are practically obtainable can be'achieQed by looking at similar

systems..

In 1967, the United Fuel Gas Cémpany; now the Columbia Gas Traﬁs—
mission Co., installed a 10,500 HP gas turbine/steam turbine combined cycle
(Unit #8) as a compressor drive in their Ceredo, West Virginia station.,
In 1970 a system of improved-design (Unit #9)‘and rated at 12,500 HP was
installed in the same station, The improved design for Unit #9 has re-
sulted in practiéally troublefree operation'Sinqé startup in 1970 (Ref~
‘erences 40 and 42). The unit is presently used for peaking service, Reli-
ability and'availébility data is not readily available but operating pefson—

nel are well satisfied with bottoming cycle component performance,

A STAG coumbined cycle power system of General Electric Cowpany
utilizes a bottoming cyclé to geﬁerate electrical power and, although the
working fluid is water (steam), the Rankine cycle components are similar
to those proposed to.drive a gas compressor. Table 8-5 indicates the
forced outage rate, pianhed outage hours and availabilities for sﬁch a
system (Reference 43). The gas turbine has a lower availability'percent-
age than the aircraft derivatives shown in Tables 8-1 and 8-2, The plant
availability values in Table 8-5 are about the same as for industrial gas
turbines as shown ‘in Tablev8—4 and significantly Jower than the alreraft
derivative gas turbine .in Tables 8-1 and 8-2. 1t is evident from this
data that the Rankine cycle systems have inferior avaiiability percentages

compared to the aircraft derivative gas turbines.

Table 8-6 provides statistics on a typical Fossil fired stecam plant,
(Reference 42). This data indicates that the boiler is, by far, the most
unreliable component in the Rankine system. This is very likely to he

true also in the proposed pipeline pumping bottoming cycle system.
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Comgonent

- Gas Turbine

_ Steam Generator

Steaﬁ Turbine

Gas Turbine Availability

Plant Availability

Based on 8760 Hours/Year

TABLE 8-5

STAG COMBINED POWER PLANT AVAILABILITY

(FUEL #2 DISTILLATE)

Forced Outage Rate (Hours)-

0.05 (427.1)

0.02 (170.8)

0.01 - ( 85.0)
92.6%

89.0%

- Planned Outage (Hours)

217.9
During GT Outage

During GT Outage
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TABLE 8-6

TYPICAL DATA

FOSSiE FIRED STEAM PLANT - EDISON ELECTRIC INSTITUTE SURVEY 1966-1975

Turbine Availability
Condenser Availability
Boilef Availability
Genarator Availability

Cther Equipment

Cverall Plant Availability

(Weighted Averages)

~Forced Outage
Rate

Operating
. Availability

92.3%
96.3%
87.6%
95.3%

. 96.87%

84.47%



8.4 PROPOSED BOTTOMING CYCLE SYSTEM RELIABILITY

A reliability diagram for the combined system is shown in
Figure.8-1. As can be seen from this diagram the reliability of a system
is the product of the reliabilities of its parts and the.systém reliability
is the product of the component reliabilities, (Referencé 44) . The addi-
tion of a bottoming cycle to a gas turbine prime mdver which drives a gas
compressor presents some potential reliability problems and reduces'the
.reliability and availability of the particular unit to which it is ap-
plied. Even though the bottoming cycle system can be divorced from the
gas turbine via the'gas diverter valve, the diverter valve has becdme a
part of the gas turbine/compressor sysﬁem and, therefore, adds another

factor in the reliability expression.

To insure that the bottoming cycle system will not place a pénalty
on the original system the diverter valve must possess a high degree of
reliability. From. the standpoint of design the valve must‘be rugged,
Oxidation and corrosion from the hot gas environment, along with thermal
distortion produced by cyclic operation, must be thoroughly investigated .
in the design stages. Vibration created by mechanical or acoustical
sources can produce metal fatigue failures in a very short time. The
source of power for actuation should be from a highly reliable source or
. redundancy provided. The gas leakage rate through the valve must be kept
to a minimum so that maintenance can be performed on the vapor generator

while the turbine continues to operate. Diverter valves of the required

size are commercially available.

The vapor generator operates at the highest temperature and pres-
sure of all the bottoming cycle system components and can be subjected
to thermal shock (primarily at startup) and many thermal cycles depending
on system operation. An extensive amount of tube-to-header welded joints
must be made during the unit's fabrication. The large number of joints
coupled with thermal cycling operation or thermal shocks makes the po-
tential for vapor or 1iquidv1eaks high. Inla steam genefator gsome amount
of leakage is permissible and always occurs., With an organic working
fluid such as toluene this is not permissible. Therefore, the vapor
generator design must be thoroughly .analyzed from the standﬁbiht of thermal

expansion, thermal and pressurc stresses, and thermal cyclic fatigue.
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CONTROLS CONTROLS ' NO REDUNDANCY

BLADES BLADES

BRG’S . ° CONTROLS

CONTROLS - ° CONTROLS
- FANS ° BRG'S

-

TUBE TUBE
SEALS BUNDLE BUNDLE SEALS
? — -l ———
= COMBINED
SYSTEM
| BOTTOMING CYCLE
GAS TURBINE

COMPONENT RELIABILITY

VALVE R1=R1A x R1Bx R1C x R1D

COMBINED SYSTEM RELIABILITY B/C
Rul = R1 x R2 x R3 x R4 x R5 x R6

GAS TURBINE : i
’ GAS TURBINE SYSTEM RELIABILITY

Ru2 = R7 x R8

Figure 8-1. Reliébility Diagram.



Quality_controllof materials and joining (welding) must surpass
normal steam boiler construction practices. Provisions for normal and
emergency draining of the working fluid from the unit to a holding tank
must be provided. Problems resulting in forced outage will require longer
downtimes for repairs than a normal steam system since a fluid such as
toluene will require system draining and purging prior to making weld

joiht repairs, etc. Planned ocutages should include an annual boiler in-

spection by a licensed inspector.

Reliabiiity obtainable from the condenser, compressor and/or genera-

‘tof is expected to be relatively high and no potential problems are fore-

seen with these components.

The organic vapor turbine with the possible exception of shaft

seals is expected to have reliabilities equal to a steam turbine,

Other miscellaneous components such as the boiler feed pump, valv-
ing, piping, control components, etc.,, will be commercially available
equipment, Special.attention must, however, be paid to pump shaft seals;
valve stem packing materials and gasketed joints to insure compatibility
with the working fluid at the system operating temperature and bressure.
High reliability'in the area of system seals'will be obtained by using
the same type of pump shaft seal, valve stem packing and flange gaskets
as used in refineries for toluene and by welding all pipe joints except

" those to be opened for maintenance.

As a part of the safety'control system, sensors capable of detect-
ing liquid or vapor leaks to the atmosphere will be.necessary. This will
be particularly true in the vapor generator and the sensors must be capable
of withstandihg the hot gas environment of this unit.A'Their reliabjlity'

will be of prime importance to proper operation of the bottoming cycle

system,

The application of a bottoming cycle to generate electrical power
for use on a utility grid posés potential problems with the reliability
of the eléctrical grid., The ability of the bottoming cyéle to generate
or not generate power would not be expected to create any major problem
to the utility. However, the failure of protective electrical switch-
gear to remove the bottoming cycle electrical system from the grid in

the event of short circuits or other failures which could overload sec-
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tions of the utility grid will be of concern to the utility. ' The neces-
sary controls are available on the commercial market; however, design must

emphasize reliability from a control component and system standpoiﬁt.

Because of the size of the pipeline bottoming cycle system,the first
experimental verification.of potential reliability problems will Be ob-
tained in the demonstration tests. However, some applicable data is ex-
pected from tests of the three Rankine bottoming cycle systems being spon-
sored by DOE, especially the §gpdétrand unit because it uses toluene as
the working fluid. These three systems, however, are an order of magni-
tude smaller in size. To supplement the availability data of the three
smallAunita, a fault and criticality analysis will be a‘part of the final
deaign, An estimgte of the bottoming cyele cofiponent availahilities based
on planned and forced outages which appear reasonable when compared to
other similar typesAof Rankine cycle systemslis indicated in Table 8-7.
Availabilities for the bottoming cycle system and the combined systems

are also indicated.

8.5 MAINTENANCE REQUIREMENTS
v . ;
The estimated general maintenance requirements for the bottoming
-cycle system are indicated in Table 8~8, The required:mainténance times
and periods were based on comparisons of bottoming cycle components with
similar equipment utilized in gas compressor stations, These require-

ments do not include the maintenance normally performed on the gas tur-

bine or gas compressor.

The gas turbine/gas compressor maintenancg depends to ailarge ex-
tent on the gas turbine utilized. Aircraft derivative units are removed
and replaced as a unit, major maintenance work is conducted at an over=
haul depot. A'spare unit is kept at or near the compressor statidn'so
tﬁat replacement can be made quickly. Removal and replacement is normally
made in 8-16 hours. The industrial gas turbine units, however, are in-
spected and overhauled in the field, These units, therefore, require
planned outages for inspections and repairs. Major inspections are
normally conducted at 30-40,000 hour intervals and require planned out-
ages of 3-4 weeks duration, (Reference 45). The gas éompressor,requires
considerably less maintenance than the gas turbine and inspections and

maintenance are performed during gas turbine changeover or planned outages.
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TABLE 8-7

'ESTIMATED PIPELINE BOTTOMING CYCLE AVAILABILITY FOR MATURE PRODUCT

Forced

(a)

(®)

Pipeline bottoming cycle estimates.

a . ) . ‘ :
Fossil fired plant for generating electricity with a steam

Planned Maint. Operating
Outage Hrs. Qutage Hrs. Qutage Hrs. ‘Availability
Cause rre @) prac®) rrp @) prac®’ rrp @) prac®) rrp @) pLac(®)
Turbine 97 72 417 168 147 © 100 92.3 96.1
Vapor Generator 298 200 519 . 336 247 123 - 87.6 1 92.4
Condenser 7 25 238 168 74 74 96.3 96.9
Generator 22 25 299 243 82 82 95.3  96.0.
(Compressor)
Other . 34 30 164 133 78 78 96.8 = 97.2
Unit 458 - 352 603 336 290 | 210 84.4 89.7
ESTIMATED AVAILABILITY OF GAS TURBINE PLUS BOTTOMiNG CYCLE
Gas Turbine Bottoming Cycle Combined
Availability Availability ‘Availability
Aircraft Gas Turbine, % 99.0 89.7 88.7
Industrial Gas Turbine, % 88.7 89.7 78.4

turbine. 1976 EEl data for 200-389 MW plants.



TABLE 8-8

SUMAMARY OF MAINTENANCE REQUIREMENTS FOR BOTTOMING CYCLES

VAPOR GENERATOR

VAPOR TURBINE

CONDENSER FIN-FAN UNIT

VAPOR GENERATOR FEED PUMP

TURBINE GEARBOX AND DRIVE TRAIN

DIVERTER VALVE

FIRE PROTECTION SYSTEMS

8-16

Annual inspection of tube bundle by
state licensed inspector, 1 week

Daily routine checks, lube systems,
bearing temperatures, seals, vibration
sensors, controls, etc., ‘1 hour/day.
Annual 8000 hour disassembly and
inSpection, »repla'cement of seals, etc.,
1 week ‘ :

Daily routine checks.of fan motors,
gear boxes, filter screens, etc.,
1/2 hour/day. Annual inspeéction fan
blades tube bundle, etc., 2 days

Daily routine check. Shaft seal, drive
motor, pressure and flow annual
inspection impellor, 3scal rcplacement;
etc., 2 days

Daily routine check lube system,
bearing temperatures and vib sensors, -
1/2 hour/day. Annual inspection gear
teeth, shafts, bearings, 3 days ‘

Daily routine check of actuation system
components, periodic system actuation

Daily routine inspections, 1 huuf/day;
periodic system actuation as prescribed
by insuring agency, 1 hour/6 months



Thé bdttbming cycle systeﬁ working fluid will have a major in-

- fluence on maintenance and repair procedures particularly where the work—
ing fluid system mﬁst be opened to the atmosphere to effect‘repairs. Be-
cause toluene is flammable and somewhat toxic, the portion of the system
to be worked on will be cooled down, drained, isolated via valving from
the rest of the system, and purged with nitrogen before”repai:s.arebini—
“ tiated., Careful planning will assure that the method of draining the
toluene into a storage tank and the method of purging the system will

result in the'minimﬁm release of contamination to the atmosphere, -
8.5.1 VARTIATIONS INZMAINTENANCE PROCEDURES

The bottoming cycle system coupled to a gas turbine/gas compressor
will, of course, require more maintenance than the prime system by itself;
Since the aircraft derivative gés turbines reduire very little maintenance,
"installation of a bottoming cycle at a site whiéh has only aircraft deriv-
ative gas turbines can mean an appreciable increase in onsite maintenance
for the coﬁbined system. If the compressor station has industrial gas‘
turbines and/or reciprocators, in addition to the aircraft derivative gas
turbines, the site maintenance work force will probably be larger‘and the
additional maintenance work required by the bottoming cycle system can
be offset by shutting down less efficient turbines of reciprocators.ahd
applying the maintenance work normally rqquired on these units to thé
bottoming cycle system. With regard to the types of maintenance skills
required,'the commercially available equipment, upon which the bottoming
- cycle system'design is predicated,-should ensure that no new maintenancé
craft skills are required. Certain bottoming cycle.equipmeﬁt will not
be tamiliar witbout fraining_for the maintenance personnel; however, -
servicing techniques will ‘be acquired with training, The procedures
and safety precautions required when working on the natural gas systems
in their stations are similar to those that must be taken when working .
on theAbottoming cycle system due primarily to the flammabilify of fhe
fluid. Some variations in maintenance and safety procedures, however,
will be fequired since the bottoming.cycle system working fluid is a
liquid in some portions of the system and a vapor in oﬁhéré. This is
not expected to be 'a-severe problem; however, safety training programs

should be conducted on this subject.
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The bottoming cycle system will require at least one planned outage
for approximately one week each year during which time the vaporizer will
be inspected. Gas-turbine inspection and general annual inspeétions and
“repalrs of all other compbnents of the bottoming cycle systém can be made
at this time. During this time the gas turbine/gas compressor can also
be shutdown and planned maintenance work conducted or the gas turbine
may be allowed to operafe with the diverter valve in the bypass position,
Since planned outages for the aircraft derivative'gas turbines will be
of short duration, the diverter valve would permit the gas tﬁrbine to
operate before the bottoming system is ready.to start. Although there
may be some differences in maintenance procedures beﬁ&een the complete
system and the gas turbine alone, primarily due to the toluene in the
bottoming cycle system, more maintenance -work will he necessary. It is

not expected that the difference will be large.

Generally speaking, the écéeptability of the bottoming cycle from
a maintenance standpoint will be largely dependent upon the acceptance
of toluene as the working fluid by the industry. The fact that air
pollution control laws have placed definite limits'(Refe;ence 46) on the
hydrocarbon vapors which can be discharged to the atmosphere will place
an extra load on the maintenance department when a system containing

toluene or other organic fluid is installed.
8.6  CONCLUSIONS

A bottoming cycle applied to a plpeline gas Lurbine driving a gas
compressor can be designed, constructed and operated in a manner which
Iprovides high reliability and a minimum of maintenance. The type of gas
turbine to which the bottoming cycle is applied (aero-derivative or land-
based unit), the detail design of the bottoming cycle components and sys-—
tem, and the working'fluid utilized are majbr factors in determining the
reliability and maintainability of the combined cycle. The combined
cycle is indirectly less reliable than the prime system and more main-
tenance problems can be expected, fesulting in 2 lower systeﬁ availability.
The reliabilicty of the diverter valve is criticsl to maintaining gas
turbine/compressor rvreliabilities at their curvent levels. Since steam

bottoming cycle eguipment for the most part is commercially available
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and, to some extent, similar to equipment now employed on pipelihe pumping
stations, no new maintenance skills appear to be required. Dgpending on
the pumping station to which the bottoming cycle is applied and its method -

of operation, maintenance work may increase or stay approxima;ely the same.
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SECTION 9

. INDUSTRIAL POTENTIAL ASSESSMENT

9.1 INTRODUCTION

The technological feasibility section concludéd that the bottoming

" cycle 1s a technologically feasible system and components such as heat ex-
changers, pumps and expanders could be obtained from existing manufacturers.,
The economic assessment concluded that the bottoming cycle is a competi-

tive investment alternative for certain applications.
The purpose of thé Industrial potential assessment is:

1. ‘To identify the potential market for bottoming cycles on gas
transmission pipelines. A ‘

2. To provide a projection to the year 2000 of Bottoming cycle
use within the industry. - ,

3. To projeét the potential energy savings from the use of bottom-

ing cycles in the pipeline industry by the year 2000,

In this assessment estimates are made of the potential gas saving
that could be realized through the year 2000 by adoption of bottoming
cycles. The estimated potential gas saving depends upon the projections
of gas prices, power requirements, and gas supply. The estimates are made
for two natural gas supply projections. For the low supply . projection the
estimated‘throughput-in the year 2000 does not exceed the present capacity
of the system. Two cases were considered. In the first case no additional
power was installed. 1In the second case 50% of the difference between the |
installed power ‘and that éctually used in 1978 was installed on new sites,

assuming that some new equipment will be required to reach new gas supplies.

qu‘the high supply projection, it was estimated that add}tional
pumping power of 3.1 x 106 HP would be required between 1983 and 2000. .
‘Two growth options were considered; one in which all the growth is on

new sites and the other in which half of the growth is on existing sites,
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9.2 GAS SUPPLY PROJECTIONS

Predicting the future supply of natural gas is not easy since the
transport of-oafural gas has been a no growth bueineSS'for several years
and some sources predict little or no growth for the future., However,
some trade publicatione indicate increased ectivity in the natural gas
industry, as illustrated by the examples in Table 9-~1. The American Gas
‘Association has made two orojections for the natural gas industry, based
‘on a 1ow—supp1y scenario, and a high- supply scenario (Reference 47). The
assumptions used for 1ts projections are given in Table 9-2. A summary of
'the data on present gas production and projections for the year 2000 are
chown in Table 9-3, and were nhtained from the sources listed. 'The values
'that were used for this study are shown at the right hand side, and are 19.2
Tef/yr (1012
capaciﬁy and 32.5 Tcf/yr for the high supply scenario by the year 2000.

ft3/yr) for 1978 gas production, 23 Tcf/yr for 1978 system

The annual natural gas low-supply projection used in the - present study
is shown in Figure 9-1 and was extrapolated to 22.9 Tcf/yr by the year 2000
using the data of Reference 48. For this projection the supply never ex-
ceeds tﬁe present system'capacity of 23 Tcf/yr. The annual high-supply pro-
jection used in'the present study.is in Figure 9-2 and was extrapolated to
©32.5 Tcf/yr by the year 2000, using the data of Reference 49. This pro-

jection exceeds the present system capacity in 1983.

9.3  POWER REQUIREMENTS

The relationship between pipeline throughput and installed power
is shown in'Figuye 9-3. The points shown at the left side of'the‘plot
are.based on data for 1955 through 1973, taken from the listed reference.
From previoué surveys of .the pipeline industry described in Section 3,
the amount of installed power was estimated at 13 x 106 HP and from tﬁe
previous subsection the throughput capacity was estimated at 23 Tcf/yr.
From the intersection of these two values the relationship of throughput
to installed power was extrapolated to 32 S. Tef/yr using the slope of the
relationship from 1962 to 1970. The power requirement of 16.1 x 10% np
in the year 2000 indicates that additional power of 3.1 x 106 HP will need
to be installed from 1983 to 2000. | '
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*
(50)

(50)

(50)

1)

(51)

(52)

(52)

7))

TABLE 9-1

INDICATIONS OF INCREASED ACTIVITY IN THE NATURAL GASVINDUSTRY

1979 US Gas Pipeline Miieage Let by Diameter
US Gas Pipeline Mileage Let by Unidentified Diameters

Total

Frojected 1979 US Cas Pipeline Completion, Miles

1979 Increases in All Pipelines Over 1978, %

Fraction of New Wildcat Completions of Gas and 0il
: 1960's

Well Explorétion:
1978

- "The Number of Gas Well Completions Has Never Been Highef, o

6664

266

6930

3027

44 -

$3,750,000,000

"To Transport'Present'énd Future Discoveries to Market, Two Fully Looped Pipeline

Systems.are Necesszary,'" (By the year 2000) (Looping Refers to Putting in Parallel

Pipelines all Pumped with the same Gas Compressors to Increase Capacity by Lowering

Pressure Drop Between Stations)
e Present to 1990 First quped Alaskan Pipeline

° SimilarvPréjéct 1993 to 2000

%

Numbers in parantheses designate references at the end of this report
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~ TABLE 9-2

AGA SCONOMIC DEMAND MAJOR -ASSUMPTIONS*

® Demand Based on Price Competitioa Ambng Fue;s

. Inflation 5.5% PerAYear, 1978 tc 1990

® 0il Price Irflatiov 7% Per Year, 1978 to 1990

. No Gas Use in Ent1re1y New Gas Markets, Before 1990 '

o Gas Prices at Wellhead Simulated According to NG Pricing Act, Deregulated in 1985

o Loﬁ Supply'Sqénario: Conventional.Natdral'Gas Production Plus Supplemental Suppliésfrom the Following:
~ Canada .

- Mexico

- SNG |
- ING

o High>Supp1y Scenario: Same as Loﬁ Supply Scenario Plus Supplement Suﬁpiieé from ;he_Following:
- Coal Gasification - |

-  New Technologies

Devonian Shale. .  Geopressured Gas
Tight Sands ® . . . Gas from Coal Seams
‘Biomass: . ' Gas from BiologicalgWaste'

Peat Gasification

. e = Alaska

?Referencé 48
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TABLE 9-3

AGA NATURAL GAS SUPPLY PROJECTION DATA

ITEM
1978 Gas Production:

Present System Capacity:

Supplemental Production from

New Technologiles by-2000:

Supply by 2000:

'SOURCES*
- (53)

( 49)
(47),

{48)
(49)‘

(53)

(52)

(53)
(49)
47) .

(52)

- DATA '
20 to 20.8 Tcf/yr

19.2 Tef/yr

20 Tcf/yr

20,4 ch/yr

23 Tef/yr

12 to 15 ch/yrl

12.1 Tcf/yr .

32 to 36 Tef/yr
32.5 ch/yp,*
30 to 36 Tef/yr

31 to 35 Tcf/yr -

.* Numbers in parentneses designate reference at the end of . this report.

VALUE USED

19.2

23

32.5
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ANNUAL NATURAL GAS SUPPLY, Tcf
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16,1 x 106 HP

325
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13 x 106 HP
23 Tcf
1973
(@
= o TIME C:F RAPID EXPANSION )
e
(@
- 1955
- ) hef.: Statisfim of Interstate Natural Gas Pipeline Companies —
1977, U.S. Department of Energy, DOE/EIA-0145,
Decembzr 1978. ' '
1 1 1 L 1 P 1 l 1 1 1 1
10 12 14 - 16 18 20 22 24 26 - 28 30 32

Figure 9-Z.

ANNUAL THROUGHPUT, Tcf

Assumed Relation Betweén Throughpat and Installed Power.




9.4 OPTIONS FOR LOW-SUPPLY PROJECTIONS

For the low-supply projection it is estimated that there pfesently
is about 4.7 x 106 HP noﬁ being used because of lower than capacity through-
‘put. This is based on an estimated throughput of 19.8 Tcf coﬁpared to a
capacity of 23 Tcf. In the first case it is assumed that no additional
installed power is required., However, gas can be conserved by install-
ing bottoming cycles'on.the existing powerplants and operating the power-
plants at a reduced power setting at which the .power of the combined sys-
tem equals the bower of the gas turbihes or feciprocating engine without
the bottoming cycle. For the second case it is assumed that one half the
presently unused 4.7 x 106'HP is supplied by building new sites and using
equipment as described for the high supply projection in which 50% of growth

is on new sites and 507 of growth is on existing sites.

The options availaﬁle in the low-supply projection with no additional
power (the first case) are to bottom the existing powerplants, namely,re-
ciprocating engines, recuperated gas turbines or simple-cycle gas turbiﬁes.
Using a computer code that was developed for the economic assessment, in-
cremental cost of service calculations were made for the tﬁree options.

This code is described in the Economic Assessment Section and the main
features of the code are presented again in Table 9-4. Important inputs to the
code are the capital cost of ‘the bottomlng cycle, the amount of gas sayed

by the bottoming cycle and the value of the gas saved.

The capital costs of the bottoming cycles were estimated by scaling
.the cost of one of the systems described in the preliminary design Sec-
tion 4. Fur the reciprocating engines the average site power was esti-
mated to be 8000 HP and a bottoming cycle system would be about 1120 HP
at full load or 985 for the throttled application. The cost of a 983 HP
bottoming cycle system was scaled from the cost of the larger systeﬁ
using the power law with an exponent of 0.6. The cost is $1.04 x 106.
Similarly the size of the recuperated gas turbine was taken as 8640 HP
.which is a‘typical size for the recuperated gas turbines on the sites
examined in Section 4. The bottoming cycle power for the throttled condi-

tion for this appllcation was estimated to be 1870 HP. The capital cost

is $1.53 x 10 For the simple cycle gas turbine the typical size was

9-9-



TABLE 9-4

MAJOR ELEMENTS IN COST OF SERVICE CALCULATIONS .

Cost of Service = Return on Rate Base

+ Operating & Maintenanée
Expenses {Iucludlug Fuel
Used) _

+ Depreciation (Financial)
+ Property Taxes
" + Federal Taxes

+ State Taxes

-® For Rankine Bottoming Cycle, the cost of service
is balanced by the fuel saving or rgvenue'from

sglé of electricity,

s I1f the'savings or revenue is 1ess.than‘the cost

of service, the customer must pay more for gas.

e If the savings or revenue 1is greater than the.
cost of service, the customer may get a rate

reduction,

e In all casses, the‘company earﬁs its allowed rate

of return., -
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taken to be 12500 HP, based on the site selection study, Section 3, and
the bottoming cycle power fo: the throttled condition was estimated to
be 3050 HP, The capital cost was estimated to be $2.05 x 106.

~ The amount of gas saved per year by the bottoming cycle was esti-
mated from the difference in heat rate of the prime mover, with and with-
out the bottoming.cycle,~the total power, and the hours -of operation per
year. The data are tabulated in Table 9-5. The value of gas saved was
taken és new gas prices, as described in the Economic Assessment Section.

The values used are plotted in Figure 9-4. The escalation of fuel values

was taken as 8%.

The average incrgméntal cost of service was calculated over a five
year period, and the installation date was varied from 1980 to 1995, with
capital costs escalated 8% per year from 1978 prices. The incremental
cost of service is the différenée’between the actuallcost of owning and
-operating new equipment and the saﬁings due to the new equipment. A
positive value means that the coét is greater than the.savings, while a
negative value means that the>savings are greater than the cosﬁ. The |
average five year incremental cost of servicé for a system installed in
1990 (near the middle of the time span between now and the end of the
century) was calculated to be $178,000 for a bottoming cycle.on a recip-
rocating engine, $231,000 for a bottoming cycle on‘a recuperated gas turbine,
and $319,000 for a bottoming cycle 6n a simple cycle gas turbihe. For both
the recipfocating engine and the requperated gas turbine the cost of owning
and oberating the botﬁbming cycle is positive, i.e., greater than the value
of the gas saved, but for the simple cycle gas turbine the value is negative,
i.e., Lhe value of the gas saved is greater than the cost. Therefore bottom-
ing the simple-cycle gas turbine 1s the only option that is economically

. attractive for the low-supply projection when no additional power is installed.

9.5 OPTIONS FOR HIGH SUPPLY PROJECTION

For the high supply projection it was estimated that additional power
of 3.1 x lO_b HP would be required between 1983 and 2000. This additional
power could be obtained by purchasing new gas turbines or reciprocating -

engines or by adding bottoming cycles to new or existing'equipment. Cost
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TABLE 9-5

GAS SAVED WITH BOTIOMING CYCLE
Heat Racze
Heat Rate With B,o.” Power Hrs. Operated Gag Saved
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of service calculations were ﬁade for'the various options using the com-
puter code described previously. The results depend upon typical sizes
selected, the capital costs and the number of hours of operation each year.
These data are presented in Table 9-6. Since the power generated is in
"addition to the existing power,the "fuel saved" input value is the gas
consumed by the system to generate the additional power with a negative

sign because it is gas used and not saved.

For each optlon a typlcal size was selected and a capital cost es-
timated. These are shown in Table 9-6. Then the cost of service results
were normalized to a basis of dollars per thousand cubic feet of gaé -
pumped. In this calculation typical Pff1c1pncy values were used for the
gas turbine driven ccntrifugal compressors and reciprucating Pnginp driven
reciprocating compressors (viz. 0,83 and 0.75, respectively). The results
are shown in Table 9-7 for seven options. These results indicate that for
each type prime mover it is more econbmic to bottom existing systems than
to buy all new equipment. The selection of the type of'eqﬁipmeht.to use
for growth power on any one pipeline dépends upon duty cycles expected,
amount of power required, off design chéracteris;ics, type of existing

equipment at a site, etc. and on the economics of various options..

Two growth options were considered; one in which all of the growth
is on new sites and the other in which half of the growth is on existing
sites. Undoubtedly, a substantial portion of the growth will come about
by laying new pipelines to or trom the existing pipelines. The increased
capacit, of existing pipelines can be obtained by adding mor=z installed 4
power or by laying new pipe in parallel to existing pipe withouf increasing

installed power (looping).

For the assumption of all of the growth on new sites the amount of
power for each option was selected in ﬁroportion to the inverse of the cost-
of-service, and is shown in Table 9-8. Although the total additional power

.is 3,100,000 HP, the amount that is provided by bottoming cycles is 293,800 HP.

For the assumption of 50% of the growth on existing sites all of
the options were used, the amount of power for each option is proportional
to the inverse of the cost of service shown in Table Y-7. The amount of

power for each option fo; 507% growth on existing sites is shown in Table 9-9.
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TABLE 9-6 .

COST OF OPTIONS FOR GROWTH POWER

Size . Cost v .Hrs. Operated

-HP $ x 10 6 (1978) - Hrs./Year
New Gas Turbine 13000 4.927 | 7446
New Gas Turbime with B.C. 16770 7.261 7446
- New Recip. Engine : 8000 4.84 7446
;New Recip. Engine with B.C. 9120 5.955 . 7446
Existing S.C. GT with B.C. _  5625% 2.959%% - kkk

Existing Recip. Eng. with B.C. 1120 % 1.12%% Hek |

' ' | 1. 846%+ e

' Existing Recup. GT with B.C. 2560%

* Size of Bottoming Cycle
** Cost of Bottoming Cycle

*** These options do not use additional fuel, .". hrs. of operation do

not apply.-
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‘TABLE 9-7

COST OF SERVICE

Optigns for Growth

Existing S.C. Gas Turbiné with B.C.
4Existing Recup. G.T. with B.C.

New Gas Turbine with B.C.

Neﬁ Gas Turbine

Existing Recip. Engine with B.C.
New. Recip. Engine with B.C.,

New Reciprocating Engine

9-16
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Cost of Service $/1000 Ft

0.0128
0.0175
0.024

6.0266
0.0269
0.0345

0.0355



TABLE 9-8

DISTRIBUTION OF GROWTH POWER AMONG OPTIONS

ALL GROWTH ON NEW SITES

Options - “'Total HP Bottoming Cycle HP

New Gas Turbines with B.C. 947,000 212,900
'.New.Gas Turbines . 4 ' ' 854,000
New Reciprécating Engines with B.C. 659,000 80,900
New Reciprocating Engines 640,000
3,100,000 293,800
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TABLE 9-9

DISTRIBUTION OF GROWTH POWER AMONG OPTIONS

50% OF GROWTH ON EXISTING SITES

.Options Total HP Bottoming Cycle HP
Existing S.C. Gas Turbines with B.C. 391,900 391,900
E*isting Recup. égT. with B.C.‘ - 286,500 ' 286,500
New Gas Turbines with B.C. . 209,200 » | 47,000
New Gas Turbines | 188,700 . - ‘
Existing Recip. Eﬁgines with B.C. 186,700 186,700
New Recip. Engines with B.C. .145,500 17,900
New Recip. Engines . , 141,500
1,550,000A ‘ 930,000
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Although the total power is 1,550,000 HP the fraction tﬁat is
bottoming cycies is 930,000 HP. When existing systems are bottomed all
of the additional power is assumed to be from the bottoming cycles. There-
fore the bottoming cycle market is much lérger for this option. The other
50% of the growth power on new sites is half of tﬂe values shown in Table

9-8.

9.6  POTENTIAL CONSERVATION OF GAS

For purposes of calculating tﬁe maximum gas'saving from the.adoption
of bottoming cycles, it was assumed that bottoming cycles would be installed
beginning in 1983, after completion of the deﬁonstration program, and that
all of the existing simple-cycle gas turbines would be bottomed in twenty
years or by 2003 (100% penetration). After that time consideration could be
given to replacement of.equipment. For the low-sﬁpply projection gas,séved
‘was calculated for two assumptions: 1. with no additional installed powerl'
and 2. newly installed power By the year 2000 being 507 of the difference
between presently installed power and presently needed power. For the low-
supply projection with assumption 1, no additional installed power, it was
vconcluded from the incremental cost-of-service calculations that it was
economically attractive to bottom the simple-cycle gas turbines only. It
was estimated that there are about 2.6 x lO6 HP from simple-cycle gas tur-
bines on éxisting gas pipelines. If these were all bottomed at reduced
power tﬁe bottoming cycle power was calculated to be 632,000 HP. The gas
saving‘was calculated as the difference in heat-rate'betweeﬁ the bottomed
and the unbottomed systems multiplied by the system horsepower and the hours
of operation per year which was taken as 85% of the maximum or 7446 hours ﬁer
year. The toﬁél cumulative gas saved through the year 2000 was calculated to
be 51 x 106 BOE (barrels of oil equivalent) or 0.296 trillion cubic feet
of natural gas. In 1978 approximately 20 trillion cubic feet were pumped
on U S. domestic pipelines. Table 9-10 shows the potential gas saving for

the present century by use of bottoming cycles under two optlons.

For the low-supply projection with assumption 2, 50% of the difference
between presently installed power (13 x 106 HP) and presently used power (8.3 x
106 HP) installed as new power'by the year 2000, the total cumulafive
fuel saving is 70 x 10% BOE (or 0.406 Tcf). The full 51 x 10° BOE (or

0.296 Tcf) is saved because conservation on existing sites is not af-
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TABLE 9~

10

OF BOTTOMING CYCLES * -

"POTENTIAL GAS SAVED BY USE

PROJECTION
LOW-SUPPLY
CONSERVATION ON EXISTING. SITES

50% OF DIFFERENTIAL BETWEEN 1978

INSTALLED AND ACTUAL POWER NEW SITES

CONSERVATION ON EXISTING SITES

HIGH-SUPPLY
GROWTH .ON NEW SITES:
CONSERVATION ON EXISTING SITES

50% GROWTH ON EXISTING SITES
50% GROWTH ON NEW SITES
CONSERVATION ON EXISTING. SITES

CUMULATIVE GAS SAVED
THROUGH 2000

10° BOE TCF
51 0.296
51 0.296
19 . 0.110 . -
51 © 0.296
70 . 0.406
25 0.145
51 0.296
76 . 0.441
82 0.476
12,5, 0.072
32 ©. 0.186

126.5 0.734

* All existing simple-cycle gas turbines assumed to be bottomed in

twenty years beginning in 1983.
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fected by the growth on new sites. In addition the newly installed power
saves 19 x 106 BOE (0.110.Tcf) in a way similar to that exﬁlained for the -
“high-supply projeetion,_SOZ of growth on new sites discussed below. '

For the high-supply projection gas saved was calculated for two as--

sumptions: Vi. all of the growth on new sites, and 2. half of the growth on

existing sites. For the_high—supply projection with assumption 1, all of the
growth on new sites, the amount of each option used is shewn in Table 9-8. The
growth power was installed at a constant rate froﬁ'1983 to the year 2000. The
gas saved by the bottoming cycles was calculated as the difference in heat

rate between a bottomed and an unbottomed systemvmdltiplied by the power

and the hours of operation per year. For these assumptions the gas saved
through the year 2000 was calculated to Be 25 x 106 BOE (barrels of oil equiv-
alent) or O. 145 triliibn cubic feet. The existing simple-cycle gas turbines
could also be bottomed at reduced power to achieve an additional gas saving of
51 x lO6 BOE, for .a total gas saving of 76 x 10 BOE or 0.441 trillion cubic

feet.

For the high-supply projection with assumptioﬂ 2, half of the growth
is on existing s1tes, the .amount of each option used is shown in Table 9-9.
Because the amount of bottoming cycle power is much larger than for the other
projections, it was assumed that one fourth of the desired yearly capacity
could be installed in the first year, one half could be installed in the

second year and the full capacity in the third and subsequent years. _For
these assumptioﬁs the gas saved through the year 2000 was calculated to be

82 x lO6ABOElor 0.476 trillion cubic feet for the growth on existing sites.

For growth on new sifee‘the fuel saving is half of the value when all of

the growth was assumed to be on new sites or 12.5 x 106 BOE or 0.072 trillion
cubic feet. Although the growth on existing sites used some of the simple
cycle ‘gas turbines to be bottomed at full power, there are about 627% of the
.simple cycle gaslturbines that can be bottomed at reduced power to save

about 32 x 106 BOE or 0. 186 trillion cubic feet. Therefore the total po~

tential gas saving through the year 2000 for this prOJection is 126.5 x 106
BOE or 0.734 trillion cubic feet. This is equivalent to 0.734 x 1015 BTU or

0.734 quads.
During the remainder of this century while bottoming cycles are

being applied the rate of fuel saving increases rapidly. Shown in Table
9-11 are estimates of the fuel saving rates potentially available at the
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; : '  TABLE 9-11

POTENTTAL FUEL SAVING RATE INATHE YEAR 2000%*

RATE OF FUEL SAVING.

PROJECTION . BPDE TCF/Y
LOW—SUPPLY | |
CONSERVATION ON EXISTING SITES | 16900 0.0357
16900  0.0357
50% (INSTALLED 1P 1978 ACTUAL - . 5800 - 0.0123
HP) NEW -
CONSERVATION ON EXISTING SITES 16900 0.0357
. 22700 0.0480
HIGH-SUPPLY N |
GROWTH ON NEW SITES | 7600  0.0162
CONSERVATION.ON EXISTING SITES - '16900 0.0357
24500 0.0519
50% GROWTH ON EXISTING SITES 26700 0.0565
50% GROWTH ON NEW SITES o 3800 0.0081
CONSERVATION ON' EXISTING STTES | ' 10500 0.0223
41000 0.086Y

*  Assuming capture of entire economically viable bottoming cycle market.
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en& of the present century when most of the bottoming cycle systems are
assumed to be installed. Based upon the hiétorical througﬁput values

from Reference'48 and typical fuei usage by the gas pipelines in Ref-

_ erence 55 projected gas pipeline fuel consumption values at the end of

the century for the .low- and high—supply projection ﬁere estimated for the
case without the bottoming cycle.' Using these values of projected fuel
consuﬁption the rate of fuel saving at the end of the century for the
vlow—supply projection is estimated to lie between 4.8 and 6.4%;, For the
high-supply projection the fuel savings at the end of the ceﬁtury will lie
between 4.9 and 8.2%. Reference to Table 9-10 indicates that for .all
cases studied puttiﬁg bottoming cycles on existing éites saves the most
gas. Except for the case of 50% growth on existing sites and 50% growth
on new sites conservation on existing site .is the 1argest part of the

gas saving. For the other three cases very little gas is saved compared
to- the potential on existing sites because the only economically viable
retrofit bdttoming'cycle is on'simple—cycle gas turbines, accounting fot
only installed prime mover power of 2.6 x 106 HP tompared to a total of

13 x 106 HP, 1If bottoﬁing cycles could be put on the remaining 10.4 x

106 HP of existing prime movers économically, considerably more gas could

be saved.,

9.7  POTENTIAL BOTTOMING CYCLE MARKET

The potential Bottoming cycle market through the year 2000 is
530,000 HP fof the 1ow—$ﬁpply projection, assuming that 632,000 Hf could be
installed in twenty years beginning in 1983 and ﬁo additioﬁ in installed
power. If additional power is installed the value becomes 753,000 HP,
For the high-supply projection 294,000 HP could be installed for growth on
new sites, for a total potgntial market ot 824,000 HP of Lutloming cyele
power. Tﬁé potential bottdming cycle market for the high-supply projection
with half of the growth on existing siteé is 856,000 HP growth on existing
sites, 147 000 HP growth on new sites and 331, 000 HP in the reduced;power
mode on existing sites for a total potential market of 1,334,000 HP of
“bottoming cycle power, Table 9-12 illustrates the potential bottoming
~cycle markets under the two different supply projections and two sets of
aséumptions ‘'The number of bottoming cycle units of various power levels
varies over the approximate range from 170 to 500 for the supply projections -

studled
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TABLE 9-12

POTENTIAL MARKET FOR BOTTOMING CYCLES *

PROJECTION

BOTTOMING CYCLE POWER, -H.P.

'LOW- SUPPLY
CONSERVATION ON EXISTING SITES . 530,000
530,000
50% OF DIFFERENTIAL BETWEEN 1978 223,000

INSTALLED AND ACTUAL POWER NEW SLTES
'CONSERVATION ON EXISTING SITES ' - 530,000
753,000

HTGH-SIIPPTY

'GROWTH. ON NEW SITES . - : 294,000
CONSERVATION ON EXISTING SITES ‘ -~ 530,000
824,000
50% GROWTH ON EXISTING SITES , 856,000
50% GROWTH ON NEW SITES | 147,000
CONSERVATION ON EXISTING SITES 331,000
1,334,000

* All existing simple-cycle gas turbiﬁes assumed to be bottomed in -

twenty years beginning in 1984,
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9.8  CONCLUSIONS

The potential fuel (natural gas) saving by employing bottoming
cycles on pipeline compressor prime movers was determined for the
low- and high—supply'projections, each with two separate cases. The
' following conclusions based upon the assumption discussed were obtained

during the studies:

e For the low-supply projection for the case in which no: additional
power was added to the system (Assumption 1, 530 000 HP of bottoming cycle
apparatus was'installed, resulting in a cumulative saving of 51 x 106 barrels

of oil equivalent (BOE) or 0.296 trillion cubic feet (Tcf) by 2000 A.D. and
‘a rate of saving in 2000 A.D. of 16,900 barrels per day equivalent (BPDE)

0f:0.0357 trillion cubic feet/year (ch/y)

' ® For the 1ow—supplv projectidn for“tne case in which one-half the
~ difference between installed and actually used power'in 1978 was installed
un new sites (Assumption 2), 753,000 HP of bottoming cycle apparatus was

: installed,.nesulting in a'cunulative'saving of .70 x 106_BQE or 0.406 Tcf by

2000 A.D. and a rate of saving in 2000 A.D. of 22,700 BPDE or 0.0480 Tcf/y.

o For the high-supply projection for the case in which all gfowth
'power was put on new sites (Assunption 1) 824,000 HP of bottoming cycle
apparatus was installed, resulting in a'cumulative saving of 76 x 106 BOE
or 0.441 Tcf by 2000 A.D. and a rate of sav1ng in 2000 A.D. of 24,500 BPDE

or 0.0519 Tcfly.

e The high-supply projection for the case in which 507 of the growth
wao on new sites aud 50% un old sites (Assumption 2), 1,334,000 HP of bottom-
ing cycle was installed, resulting in a cumulative saving of 126 X 106 BOE
or 0.734 Tcf by 2000 A.D. and a rate of saving in 2000 A.D. of 41,000 BPDE

or 0.0869 Tcfly.
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SECTION 10

DEMONSTRATION PROGRAM PLAN

10.1 INTRODUCTION

The organic Rankine system, in sizes from 500 fo 900 HP, is being de-
veloped by the Department of Energy to save énergy. In an attempt to utilize
this principle iﬁ larger-sizes to save energy the Departmeﬁt of Energy has
established a pipeliﬁe bottoming cycle research, development and demonstration
program which strives to achieve maximum energy efficiency and to échieve
‘optimized pipeline applications. Specific objectives of this program in-
clude the determination of the viability of the bottoming cycle system,
the demonstration of that viability, and the measurement of the energy

savings attainable from such systems.

So far in this program three sites have been selected as potehtial
sites for demonstration of the pipeline bottoming cfcle system as mentioned
in Section 3. Following that, in Section 4, preliminary designs were made of
pipeline bottoming cycle sysStems suitable for each of the three sites.

The pipeline companies which are hosts to these sites then performedﬁpreliminary
installation studies of the bottoming cycle equipment on each of their re-
spectivé sites. Fpllowing the preliminéry.design a series of assessments
were made conéerning thewpipeline bottoming cycle system, The bottoming
cycle system was evalhated from an economic standpoint in Section 5, the
environmentai and safety aspects of the system were studied in Section 6,
the technical feasibility of the pipeline bottoming cycle system was as-
sessed in Section 7 and, finally, a study was made of the reliability and
maintainability of thevbottoming cycle system in Section 8, Following‘

this the industrial potential for using pipeline bottoming systems was
assessed in Section 9. The bottoming cycle which was studied throughout

" the program consisted of about a 5500 HP organic Raﬁkine system (turbine
efficiency,86%) driven from the waste heat provided by any one of three air-

craft-derivative gas turbines having about 12,000 HP and approximately
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the same flow rate and exhaust gas temperature. It is expected that this
turoine efficiency of 86% will be attained by the time the bottoming cycle
goes into production. However, the efficiency of the demonstration system
turbine, which will be adapted from steam turbine designs, will be 77%. In
the preliminary design it was determined that reasonable designs could be
made for all three sites that had been studied. However, because of the nar-
row range occupied by the exit temperatures from the three gas turbines
studied and the small rang= of engine mass flows, one bottoming cycle de-
sign would be suitable for all three engines. In addition, the preliminary
- design indicated that it was feasible to make reasonable installations on
the three sites. Ih these installations each.site had a different means of
using the bottoﬁingAcycle’energy. In the one site the bottoming cycle drove
a centrifugal compressor which was put in parallel with reciprocating com-—
pressors driven by rec1procating gas engines. In another site the bottoming
cycle was made to drive the same gas compressor as was being drlven by the
gas.turbine on which the bottomlng cycle was placed. In the third instance,
the bottoming cycle drove a'generator which provided power‘for a tearby
utility grid.

In carrying out the four assessments on the bottoming cycle studied
in the preliﬁiaary design it Was'found that in some cases the bottoming
cycle was economic now oecause of the value of natural gas on that parti-
cular pipeline and. the investment criteria utilized to determine the vi-
ability of a new investment,' It was also found that on another site the
bottoming cycle would be viable in the mid-to-late 80's even though some
reciprocating engines driving reciprocating gas compressors had to be shut
down to prov1de a block of power that could be generated using the bottom-
g cycle system., No large impedlments were dlscovered 1n studying safety
and environmental aspects of the bottoming cycle except for the fact that
the selected fluid, toluene, has a certain-level of flammability and
toxicity. The bottoming cycle was found to be technically feasible and the

only dcoign verification teots required were of the bearinge and seals.

The bottoming cycle placed upon a gas turbine was found to reduce
the availability of the combination below the_very high value associated
with aircraft-derivative gas turbines. Howeoer, it was feltAthat high
availability could be attained after the apparatus had been in the field
for awhile based on the availabilities of combinedAsteam and gas turbine

power plants, -
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Since the.equiﬁmént which makes up the bottoming cycle was seen to
be available,and since, in some instances studied, the bottbming cycle
'would be viable economically in the 1980's, there is a need for a demon-
stration bottoming cycle system to be built and demonstrated. ’Tﬁe risk -
of utilizing the bdttoming cycle system ih the pipeline industry would be
redﬁqed if a demonstration under actual pipeline operating conditions
were made, The support of the demonstration of thgtpipeline bottoming
cycle system by the govermment would also reduce the-risk to the manu-'
facturer of the equipmeqt to a level where it wouldbbe feasible to carry
out, The bottoming cycle demonstration would make it possibie fof both the
pipeline industry and the manufacturer to assess operating probleﬁs which
might ariée at the beginning of operation of the Hottoming cycle sysEem.

" In addition the operation of equipment would verify the economic viability
of the system and prove out the.predicted,performance for the eqﬁipment.
Also, operatién of the eddipment would establish whether environmental
and safety regulations applicable tb the site and generally applicable;'
to the country could be observed in the operation of the bottoming cycle
equipment. In addition, the operétion of the bottoming cycle would de-
termine the reliability'of the eduipment and it would provide informa-
tion on the maintenance. Since a demonstration of the bottoming cycle
equipment seems desirousAand necessary to obtain useful information about
" the system, a plén is needed to carry through the bottoming cycle design,
delineated in the preliminary design, to hardware development and an

operationai test,

In_this section recommendations for the various phases of the demon-
.stration program afe made. Next, statements of work for each of the vari-
ous stepé in the program plan are provided. The various tasks which must
'be accomplished in order to carry out the demonstration are assembled in
a reasonable schedule and the costs of the effort to carry out these tasks
are estimated. Finally, recommendations are made as to the means for
program participation by the manufacturer,. the government and the pipe-

line industry.

10.2 RECOMMENDATIONS FOR DEMONSTRATION

The technical feasibility of the pipeline bottoming cycle has been

established in Section 7. There are no barrier component design problems
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which must be solved before the bottoming cycle equipment could be méde.
Equipment similar - to that for petro-chemical plants can be adapted to pipe-
line bottoming cycle heat exchangers aﬁd turbines, though the latter may
require design verification testing of the bearings and seals. In addition

to this, it has been seen in Section 4 that the bottoming cycle system can

reduce the heat rate of the combined gas ‘turbine and bottoming cycle
systems considerably more than 20% at full throttle conditions for the
gas turbine. This exceeds the target value that was set in the perform-
ance of the subject contréct.A The bottoming cycle was shown to have a
reliability of approximately 90% which is somewhat lower than the gas
turbinc alone but is in the range that would be expected for combined-

gas and ateam turbinec powerplante.

The maintainability of the bottoming cycle eduipment with gas tur-
bine has been shown iﬁ Section 8 not to be excessive as compared to the
gas turbine alone, although it is expected that some additional main-
tenance may be required. ‘therefore, 1t -can be seen that the plpellue
bottoming cycle system bf approximately 5000-6000 HP is completely tech-
nically feasible at this time and, thefefore! should be demonstrated to
provide the pipeline industry with the kind of information that is re-

quired for them to make selections of the equipment for their own use.

Two of the three sites which were studied for the economic assess-
ment indicated that the bottoming cycle as a system would be economically
viable in the 1980's. One site has been shown to be econoﬁically viable
at the present time pumping natural gas. Another site has been shown to’
be economically beneficial in generating eléctricity to be put on the
company's electrical grid. There was one site which was not economically
feasible at the present time., The reason for this is mainly that extra
power was not required at the site, raising the fuel consumption some,
and the price paid for the power was too low to make the system econo-
mically viable, Therefore, from the studieé that have béen made it can
be seen that the pipeline bottoming cycle is economicall§ viable now, in
some instances, ItA;hould be more viable 1in other instances later in
the coming decade. Since no bottoming cycle in the 5000-6000 HP range
utilizing an organic fluid at a temperature of approximately 500°F has

been demonstrated as part of a gas turbine bottoming cycle system, it is
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recommended that a demonstration be carried out on such a system to prove
its economic viability. Although a demonstration system turbine efficiency
of 77% is predicted, thisivalue is commensurate with minimum qhanges in '
tooling; To minimize the cost of the demonstration apparatus, in full pro-
duction the value of 86% will be attained. Thus, since no research and de-
velopment is required it is recommended that the final design of the bottom-

ing cycle system be started as soon as possible.

As is to be gxpected, economically thé-pipeliné bottoming cycle
system is sensitive to capital costs, the value of fuel and to the amount

of utilization that the bottoming cycle will see in a given year. Thus,

the economic analysis makes it clear that a site which pumps ''new" gas,
on a new pipeline and which needs all the power that can be generated

would be the most economicall§ viable choice for the bottoming cycle sys-

tem. The'pipeline industry is expected to expand in the near future accord-.
ing to References 47, 50, 51, and 52, opening the way for a‘number of addi-
tional pipeline companiéé to be considered for the demonstration site.

This will open up a nﬁmber of sites for which demonstration apparatus

cpuld be built. Although this may result in the demonstration being put

on a new rather than existing site, the.improved economic aspects stemming
from pumping '"new'", higher-price gas, the need for all the power the bot-~
toming cycle makes available and the elimination of retrofitting expense
will ease the establishment of the demonstration site. Such a demonstration
“will benefit;the pipeline industry in that operational experiencé-under
actual pipeline operating conditions will be. obtained. The appropriate
adjustments in the economics will have to be made to apply the results to
retrofit applications. Aé a result it is recbmmended that a study be made of
those pipelines and those sites which would have the best economics in

light of the potential growth of the pipeline industry which Now seems

to be indicated by reports of activity in this industry.

In the studying of the economics of the bottoming cycle for use by
the pipeline industry it has been found in Section 5 that a number of
Federal Energy Regulatory Commissién rules can affect the cost of service-
of a bottoming cycle system adversely. One éuch area is the subject of
tax credits. According to the bresent law a tax cfedit may not be passed
on to the utility'S‘customers; and thcr?by reduce the cost of service but

must go to the stockholders to stimulate investment. [f a tax credit for
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conservation apparatus were permitted to reduce the cost of service but

not be passed on to the customers, the return onvinvestment would be higher
for the conservation apparatus, making the investment more attractive to the
investor. Since the conservation appafatus investment is small compared
‘to the entire pipeline this action would not necessarily make the return

on the entire pipeline investment exceed the limit thereby causing the
pipeline to lower the Qtility rate. Not all pipelines are governed by the
Federal Lnergy Regulatory Commission. Some, like the Pacific Gas and Elec-
tric Company, who have been contributing to the study, being an intra-
state pipeline company are governed by the Public Utilities Commission of
the state in which they operate. It is customary for the Public Utility
Commission to permit any tax credit that is granted to go into the rate
calculation., Thus,the economic viability of pipeline bottoming cycle
systems can vary among companies depending upon which financial rule a
company is'required to follow. Another area which should be investigéted
is the value chargeable for the fuel that is used to drive the prime mover.
For example, there are allowable prices for so-called "new" gas and "old"
gas, The former commands a higher ﬁrice than the latter. However, in'
evaluating economics of a pipeline which is operating on old gas, the saviqg
of gas by means of a bottoming cycle system,in effect,is creating some-
thing that could be called 'mnew" gas. It may be beneficial for the regu-
latory rules to be changed to permit this evaluation to be put on the gas
that is saved since it would increase the economic Qiability of a pipe-
line'bottomiﬁg cycle. Two additional items which should be studied more
thoroughly as to their impact upon the economic viability of the pipeline
bottoming cycle system are a faster tax depreciation and low cost loans.

In the regulatory environment, there is now in'place present government
regulations which deter investment in conservation equipment by demanding
unrealisticglly short payback periods. As a consequence of the adverse
effects which some of the regulatory laws have on the economic evaluation
of conservation_equipment,it is recommended that an invesfigatinn of the
regulatory impact on pipeline bottoming cycle applications be made. In

the execution of the present contract, toluene has been selected as the
working fluid for the organic bottoming cyclé for several reasons. First
of all, toluene gives about the highest performance of any of the organic
fluids studied for gas turbine bottoming cycles, which are the subject of

this contract. Some objections have been raised to the use of toluene
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because of its toxicity and flammability. However, no organic working
fluid excels in each one of the six criteria used in fluid selection;
namely,performance, thermal stability, flammability, toxicity, cost and
compat ibi iy with contaloment lﬁnlﬁr‘lslln. Toluene wan nelectred because
In addition to lts good performance 1t is well documented as a low-cost
fluid compatible with materials of cénstruction, it has acceptable levels
of toxicity and flammability and it has a high enough thermal stability
temperature; Of course, some of the pipelines feel that because of the
flammability and toxicity of toluene some governing agency such as EPA

of OSHA might remove toluene from use and thus make the bottoming cycle
system designed to use toluene inoperable. This suggests that an investi-
gatioh be made of thermal stability temperature, materials compatibility
characteristics, fire-séfety aspects, health and environmental aspects,
cost, and performance of a numBer of organic fluids for possible use in
organic systems, It is recommended that an evaluation of organic working
fluids for a natural gas pipeline Rankine bottoming cycle installation be

made early in the demonstration program of the bottoming cycle system.

At present many of the pipelines have installed apparatus in excess
of present needs due to reduced throughput. The pipelines need to be able

to install apparatus in excess of power requirements which will conserve

fpel.

Since the selected working fluid has a certain level of flammability
and toxicity it will be necessary to provide seals on the bottoming cycle
system which will virtually keep any toluene from leaviﬁg the system.

The sealing problem becomes much less difficult if toluene is also used
for theAbearing lubricant, All of the technology exists for sealing the
toluene bearings and seals as has been demonstrated by the operation of.
a toluene system at Sandia Laboratories according to Reference 47. How-
ever, it is necessary to make sure that the actual design of the bearings
and seals for the bottoming cycle system will be serviceable under the
operating conditivus which will exist for the subject bottoming cycle .
apparatus..'These conditions for which the bearing and seal design must
be verified include not only the thermodynamic conditions of the toluene
but also the geometric configurations of the beafing and seal in relation-
ship to the rotating speed of the shaft on which it will be placed., Not

" only the shaft seal will be verified but also the packing for thc valve
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stems and the gasket material for flange joints. An additional operational
problem which might occur in the subject design is that the seal coming
from the turbine could operate at subatmospheric pressures which would
. subject the turbine and the system in which it is placed'to the influx
‘of air. Air as a noncondensible would have to be removed from the system
with a vacuum puﬁp in order. to keep from blanketing the su;face of the
. condenser and preventing the condensation of the toluene vapor. This
situation of operating at subatmospheric pressure will occur if the ro-
tating seal is made to protrude through the turbine case at the low pres-
"sure end, However, if it seems advisable to keep the seal operating at
- pressures above ameSpheric it would be possible to locate the seal at
the high pressure end of the turbine where the vapor pressure will ex-
ceed the ambient pressiire by a large amount, AThus, hecaiuse of these un~>
certainties it is deemed necesSafy to carry out a design verification
test on the design for the bearing uud seal which are selected in- the

final design for the pipeline bottoming cycle system.

Finally, it is‘recomhended that the Bottoming cycle be operated for

approximately one year under actual pipeline operating condltluns for a

number of reasons., First of all, any seasonable effects of temperature
.could be observed by testing for this period_of time. Also data is needed
on the economic viability, and economies ls very dependent upon the per-
formance that the bottoming cycle can obtain. The operation of the bottom-
ing cycle system is expected to provide useful information on maintenance
requirements and:reliability of the apparatus und to uncover any opera- |

- tional, safety or environmental problems.

10.3  STATEMENT OF WORK

The General Electric Cowpany has planned and recommends a research,
developmeﬁt and demonstration program for the DOE to undertake. A com-
plete statement of wurk for the proposed demonstration program plan is
given in Appendix ¢ which includes the various tasks. Under the heading
of "Directed Studies" in Phase II, the program plan addresses the issues
of pipeline site determination, regulatory changes necessary for the
acceptance of the bottdming cycle apparatus and their impacts; and evalua-
tion of organic working fluids{ The General Electric Company is already

under contract at present to carry out the tasks of site determination
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and regulatory impacts study. The work statement also delineates various
tasks and subtasks involved in the demonstration plant design and con-
struction phase of the program, as well as the operation of the demon-

stration apparatus under actual pipeline operating conditionms.

10.4 PROGRAM SCHEDULE

‘ " The schedule showing the ﬁilestones for Phases II,'IiI and IV
of tﬁe demonstration program for the pipeliné bottoming cycle apparatus
are shown in Figure 10-1. Phase II consists of pipeline site determina-
tion; regulatory impacts study and a study to evaluate the organic work-
‘ing fluids as described'earlier.  The General Eléctric Company,at present,
ié on contract with DOE to complete Task I and Task II of the Phése 11
sectién of the program. The prograﬁ is funded‘by DOE to identify énd
describe the market segﬁents for the application of the bottoming cycle
and to analyze the impact of the‘selected-ecoﬁomic/regulatory modifica-

tions on the possible installations of the bottoming cycle apparatus.

The program scheduie shows June 1979 as the start date for Phase
II and October 1979 for Phase III (demonstration plant design and con-
struction) of the program. During Phaée III, the major bottoming cycle
components will be designed, fabricated and tested. The organic vapor
gas turbine will be designed, developed and tested by the Mechanical Drive
Turbine Division of GE. The vapor turbine and other components of the
botfoming cycles will be scheduled so as to completé the désign, fabrica-
tion and verification testing in a time period of two years. Phase
I11 of the program will be completed by the first quarter of 1982 at which
time the actuil) demonstration phase (Phase [V) will start. The comblcte
' pipceline bottoming cycle demonstration program shall be completed In the

~time frame of four years.

The tasks in Phases 11,111 and IV are further subdivided into sub-
tasks and the schedules for the subtasks are given in Appendix D, showing
the milestones for each subtask involved in the various phases of the

program.
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10.5 COST ESTIMATES.

The cost details. for performing Phase II in accordance with the
-outlined program plan are presented in Table 10-1. The first two tasks
" in Phase II (demonstration pipeline site determination, and regulatory

impacts study) have been funded by the DOE.

Thu cost detatls for per[orming Phase 111 and Phase [V are presented

in table 10-2. | |

.. Like the data for Phase II, the'cost'estimatesvto complete each task
are divided among the system manager (General Electric Advanced Energy
Programs Department), the turbine maﬁufacturer (General Electric Mechanical 4
Drive Turbine Department),‘thé'vendoré and the pipelines{v In order to .
minimize program costs and to shorten the schedule, the cost is included
for a turbine with an efficiency of 772; This turBine cah be built with
no research and‘development'ffom steam turbine designs. A design-verifi-
cation tésf of the bearings and seals will bé required to assure that‘thgse
elements using toluene perform satisfactori1y. This turbine will have the
high reliability inherent in General Electric steam turbines. It will per-
mit éysfem data to be géthered dqripg pipeline operations that can be

extrapolated to a production system having an efficiency of 86%.

In'the Phase I1I, Design and Construction costs shown in Table 10-2
a system similar to the one selected for the Rayne, LA site waé used since
it seemed best suited for the demonstration. The costs shown are larger
than the valueé used in the economic analyses in Section 5. Final Design
costs include preliminary and final design of the.systemsAand turbine and
extensive control systems studies. Higher component cost values were used
for mnsr dflthe dgﬁonstration componentc rather than production componcat
costs, reflecting first—of—a;kind component costs._,Thé design verification
testing of the bearings and sealé of the toluene systems is included in the
cost estimate. AHowever,'the installation costs, exclusive of the gas com-
pressor, were phe same as for the Rayne, LA site. The gas compressor

cost was higher.

Budgetary cost estimates to complete the three phases .of the pipe-

line bottoming cycle program are giﬁen below in 1979 dollars:
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TABLE 10-1

ESTIMATED COST FOR PHASE II (ia thousands of 1979 dollars)

. System Turbine :
Phase/Task Description : Manager Manuifacturer rendors Pipeline Co. Total
Phase II - Directed Studies’
1. Demonstration Pipeline Site )
Determination 50.0 0.0 0.0 0.0 50.0
2. Regulatory Impact on Pipeline Bottoning
‘Cycle Applicaticns | 49.0 0.0 0.0 0.0 49.0
3. Evaluation of Organic Jorking Fluids
for Pipeline Rarkine Bottoming Cycle
Installation - 140.5 23.8 150.7 0.0 315.0
Phase II Totals : 239.5 23.8 150.7 0.0 414.0



PIPELINE BOTTOMING CYCLE DEMONSTRATIONAbROGRAM

TABLE 10-2

GENERAL ELECTRIC

- "ESTIMATED COST (IN THOUSANDS OF 1979 DOLLARS)

NN &SN

TURBINE
SYSTEM MANUFAC- : PIPELINE
PHASE/TASK DESCRIPTION MANAGER TURER VENDORS COMPANY TOTAL
PHASE III ~ DESIGN & 350.0 722.5 876.3" 0. 1948.8
CONSTURCTION S
. FINAL DESIGN 350.0 722.5 876.3 0. 1948.8
. FABRICATION . 571.4 571.0 1424.5 0. 2566.9
VERIFICATION TESTING 58.0 486.3 15.0 0. 559.3
.. TRAINING ~ 36.0 7.9 0. . 0. 43.9
INSTALLATION & CHECKCUT 31.0 31.7 0. 1289.0 1351.7
REPORT : 19.0 7.9 0. 0. 26.9
. PROGRAM MANAGEMENT 143.4 0. 0. 0. 143.4
PHASE TII TOTALS 1208.8 1827.3 2315.8 1289.0 6640.9
PHASE IV - DEMONSTRATION
1. SHAKE DOWN 22.0 21.1 0. 20.0 63.1
2. OPERATION : 73.0 140.2 0. 100.0 313.2
3. EVALUATION & DISSEMINA- 43.0 7.9 0. 10.0 60.9
TION OF RESULTS -
4. REPDRT 22.0 2.6 0. 5.0 29.6
5. PROGRAM MANAGEMENT 23.0 0. 0. 23.0
PHASE IV TOTALS 183.0 171.8 0. 135.0 489.8
" TOTAL ESTIMATED COST : - o
FOR PHASES III & IV 1391.8 1999.1 1424.0 7130.7



Phase I1 - Directed Studies $ 414,000
Phase IIT - Design and Construction $ 6,640,900
Phase IV -~ Demonstration $ 489,800

Total Cost Estimate $ 7,544,700

Not shown are funds for removal of the bottoming cycle apparatus
and restoring the site which may be required in negotiation with a par-
ticular pipéline if the pipeline was not satisfied with performance.
Retrofiﬁting‘a high-efficiency turbine when developed Surely would be
desireable but would depend upon as yet unknown circumstances in the future;

as a result funding for this activity was not included.

10.6  COST PARTICIPATION

Under a new task presently underway, Investigation of Demonstration
Site and Commercialization of Potential of New and Planned Pipelines, the
General Electric Company is investigating other potential sites for demon-
stration of the pipeline bottoming cycle undér actual gas pipellne vperat-
ing conditions. It would be expected that the pipeline agfeeing to furnish
the site for the demonstration would participate in the funding of that
‘ demonstration. The form and extent of that participation should be based
>on the value to the pipeline of the annual.fuel saving from the demonstra-
tidn system and will be determined when the final pipeline selection is.
made. Those companies supplying components for the demonstration system
(including General Electric) can be expected to evaluate cost participa=-
tion on the basis of the market potential for the components they supply,
based on the economic attractiveness of the bottoming cycle, as shown by
the demonstration system. Suppliérs of off-the-shelf components, ur cowm-
ponents requiring very little modification should not be expected to

financially participate in'the program.

10.7  CONCLUDING REMARKS

Based upon the findings of the succeeding tasks, recommenda=-
tions are made for a demonstration program plan including Phase I1 - Di-
rected Studies, Fnase III - Design aud Construction and Phase IV - Demon-
stration. A single milestone chart is presented for the entire program

in the main text with the detailed schedules in the appendix. The work
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statements for the program are also presented in the appendix.  The total
cost of the program is broken down by phase, by task and by performing
team member. = Cost Participations are expected in the funding of the

program.

*
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APPENDIX A

COMMITMENT LETTERS

Letters of commitment to the Pipeline Bottoming Cycle Program by

the Pipeline Companiés.



November 16, 1977

Mr. W. H. Hurlebaus,. Manager
Advanced Energy Program
Space System Division
General Electric Company

P. 0. Box 15132

. Cincinnati, Ohio 45215

Dear Mr. Hurlebaus:

Thank you for your letter of September 10, 1977 to William F. Morse
inviting our corporation to participate on your team for the Department of
Energy's "Pipeline Bottoming Cycle Study". The Columbia Gas System, Inc.
recognizes that a bottoming cycle can potentially save fuel in pipeline oper-
ations by recovering and using the waste heat in the exhausts of existing

.compressor station engines. However, it also recognizes that the development
and demonstration of an operating system is needed to prove the fuel savings
and to evaluate economic merit. The program described in the Department of
Energy (DOE) request for proposal No. EC-77-R-03-1381 (Pipeline Bottoming
Cycle Study) and which has been awarded to your company will help fulfill this
need. Therefore, we are agreeable to be a subcontractor in Phase I of a four-
phase program. :

Phase I will define the preliminary design of a heat récovery system and
its economical and institutional feasibility. Our participation in Phase I
will include providing information to you to assist in selecting a demonstra-
tion site, developing a preliminary system design and cost for installation
at the site and assessing the relative merits of the design. In addition, we
will assist in planning for future phases during which the system will be
developed, constructed, installed and demonstrated at the selected site. -

Our participation in Phase I will be a joint effort between the Research
Department of the Columbia Gas System Service Corporation and the Columbia
Gulf Transmission Company. Our Research Department furnishes research services
exclusively to the parent company (The Columbia Gas System, Inc.) and to its
eighteen operating company affiliates. The Columbia Gulf Transmission Company
is one of the affiliates. It operates over 3500 miles of transmission pipe-
lines with a design capacity of about 2.1 billion cubic feet per day. It also
currently operates 11.on-shore compressor stations plus a compressor station
on a platform in the Gulf of Mexico.

We understand that the Texas Gas Transmission Company and Pacific Gas

Electric Company have also agreed to participate in the study. From the
compressor stations offered as candidate sites by these companies and the
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Columbia Gulf Transmission Company, four will be recommended to the DOE for
further consideration for demonstrating the heat recovery system. The DOE
will make the final selection of a demonstration site. After the demonstra-
tion site has been selected by DOE, only the pipeline company operating that
site will participate in the remainder of the Phase I program.

: Based on the information gathered to date, we believe the compressor
station at Rayne, Louisiana is the most promising of the 11 on-shore compressor
stations to demonstrate the heat recovery system. However, we recognize that
from your evaluation of the information on these stations which we have already
supplied, General Electric may wish to recommend a different Columbia site to
DOE. We reserve the right to approve your evaluation-and recommendation before
submittal to DOE.

The information which you receive to assist in selecting a demonstration
site will be provided without charge. However, if DOE selects-a Columbia Gulf
Transmission Company compressor station as the demonstration site, the cost for
our participation in the remainder of the Phase I program under subcontract is
$16,244. The necessary Contract Pricing Proposal is attached. The subcontract
program will be managed and directed by the Research Department of the Columbia
Gas System Service Corporation. The Columbia Gulf Transmission Company will
provide the necessary engineering support. The details of the subcontract can
be resolved after the final selection of the demonstration site.

When the results of Phase I are available, they will be reviewed by us
and we will determine if subsequent phases warrant our participation in
Phase 11 (research and development testing), Phase IIl1 (detailed design, fabri-
cation and installation) or Phase V (start-up operation and data analysis). It
is further understood that should we decide to participate in Phases II, III,
and IV, cost sharing by Columbia will be necessary. The cost sharing arrange-
ment will be negotiated and defined during Phase I. '

We are also aware that if we participate in Phase III and IV, we must
consider purchasing the installed heat recovery system from DOE after completion
of Phase IV. This does not, however, commit us to a purchase. The criteria
for making a decision to purchase the system will be determined during Phase I.
Should Columbia participate in Phase IV and then decide it is not in our best
interest to purchase the system, it will be removed from our compressor station
and the site will be restored to its original condition at no cost to Columbia.
It is also understood that Columbia may be required to reimburse DOE for the
value of any gas saved during the Phase IV demonstration program.

We are very interested in working with the General Electric Company in
this important program and look forward to the selection of one of our compressor
stations as the demonstration site.
Very truly yourss
- .~ \‘ './:, ‘_ .
B Y R

‘R. P. Rowen



March 30, 1977

General Electric Company
P. 0. Box 15132 A
Cincinnati, Ohio 45215

ATTENTION: Mr. W. H. Hur]ebaus, Manager
Evendale Operations

Gentlemen:

_ This letter is to advise you that Pacific Gas and Electric Company
will participate in your efforts to respond to ERDA RFP EC- 77 R-03-1381, Pipeline
Bottoming Cycle Study

We understand that the ERDA Program is d1rected to the eventua] demon-
stration of a pipeline bottom cycle heat recovery system and that the objective is
to assess the potential for widespread commercialization of bottom cycle heat recovery .
systems throughout the pipeline industry. _

The intent will be to utilize existing, as well as advanced technology,
in selection, design and demonstration and the program will provide operating data
and experience to pipeline owners and operators without incurring the risk associated
with development of a new technology.

Pacific Gas and Electric Company (PGandE) operates a 36-Inch diameter
intrastate natural gas transmission pipeline which connects with the facilities of
Pacific Gas Transmission Company. We anticipate that one or more of PGandE's four
compressor stations, utilizing aircraft derivative and industrial gas turbines,
could provide a suitable site for study and evaluation of a bottoming cycle system.
In addition, PGandE operates a 34-Inch natural gas transmission pipeline system
utilizing reciprocating engine-compressor stations which would also be suitable for
a bottoming cycle study. PGandE favors the stated goals of the ERDA Program and we .
are willing to provide you with assistance within our capabilities, in the Fo]lowing '
areas to support the Phase I study, should you be chosen by ERDA as a contractor in
this Program:

Identify prospective field demonstration s1tes which have
d bruad appl1uat1on to pipeline operators.

'Descr1be system operating parameters and typical duty cycles.

Define the problems posed by a demonstration program on an
operatlng p1pe11ne '

Ass1st in the correlation of data identifying pbtentia]
heat recovery utilization for pipeline prime movers.
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General Electric Company
Page 2
March 30, 1977

- Provide an assessment of industry acceptance of the
bottom cycle and attitudes regarding adopt1on of such

a system

Our participation will be limited to provision of information only as. it
relates to the PGandE system. Further, while we intend to cooperate closely with G.E.
in your conduct of the Phase I work, the burden of conduct accuracy and t1me11ness,
rests ent1re]y with General Electric.

"~ Should G.E. be successfu] in obtaining an ERDA contract for Phase III
"~ and IV, site installation and operation, we would be willing to consider some form
of participation in cost sharing of the demonstration installation 1f, in our opinion:

a;’ Phases 1 and I1 of the program clearly demonstrate expectation
of meeting performance and economic targets; and,

b. Economic conditions internal and external to PGandE clearly
justify proceeding at the time when/if Phases III and IV
develop; and, if the California Public Utilities Commission
grants PGandE any required authorizations to perform the.
contemplated installations and operations, including rate
authorization to recover related costs not otherwise reim-
bursed. . o

c. Thdt projected compressor down time during Phases IIT and
IV is acceptable to PGandE and PGandE has control over work

schedules.
d. PGandE receives interim funding during Phases III and IV
) rather than upon completion and operation of the bottoming W

cyc]e system, and any payments by PGandE be from documented
savings resulting from the bottoming cycle.

We have attached five resumes of key personnel and maps of the pipeline
system with a brief descr1pt1on of. the compressor equlpment for your use in your
response to ERDA.

. Thank you for offer1ng PGandE the opportunity to part1c1pate with you
in this study.

Sincerely,

Attachments
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March 30, 1977

United States Energy Research
and Development Administration

Procurement Operations

20 Massachusetts Avenue, N. W.

Washington, D. C. 20545

C_}entlemen;

‘The Gas Transmission Services Division of Texas Gas Trans-
mission Corporation is pleased to join the General Electric Company
in cosponsoring a proposal to the Energy Research and Development
Administration for Phase I - Pipeline Bottoming Cycle Study.

We are acutely aware of the importance of natural gas to the
economy of our country. As an interstate pipeline serving a major.
section of the United States, we have witnessed the decline of available
gas reserves and have encountered the growing difficulty of acquiring
new reserves to serve our customers' needs.

The development of a pra'ctical heat recovery cycle for use at
pipeline compressor stations would improve their use of natural gas
as fuel, thus helping to extend our limited supplies. The success of
this program will benefit the many customers who are dependent upon
natural gas. ' ' ' C

The Gas Transmission Services Division of Texas Gas has
always been interested in using our natural gas as efficiently as
possible. We will continue these efforts in order to help make this
design prograin a success. ’ ‘

You are assured of our full support throughout the proposed
project. :

ROK:ew
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 APPENDIX B

3 (16)

S™ PIPELINE FINANCIAL PROJECTION MODEL

The‘S3 Financial,Projection Model is the software development of
Systems, Science and Software under ERDA Contract E(04-03)-1171 for the
regplated pipeline companies, The computer code was designed as a general
business.finéncial planning model'with capabilities to generate various
fiﬁancial data under different conditions. Many'financial accounting pro-

jection reports are available from this computer code, including:

Report 10: Statement of incomé - Profit & Loss Projection
Report 20: Statement of Changes in Financial Position - Cash
A Flow Projectidns
Report 30: Statement of Financial Position - Balance Sheet.
| | All of'which-are‘the'general type of report which
reflect the year-to-year overall financial condition
of the company. ‘ .

Report 38: '"Capital Investment Planning and Energy Conservation
Impact Projects", which enables the investigation of
the effects of energy conservatioﬁ measufes, such as
the bottoming éycle, on cbmpéhy profitability. It
is this report, specifically, as well as the internally
caldulated DCF", which makes the S model valuable.

The model is versatile enough to completely simula;eAthé financial

'standing of the Company under different criteria. The schematic diagram
of the general system design of the S3 Financial projection model is ex-

‘tracted from Reference 16 and is presented in Figure B-1.

Because of its versatile nature, S3 model was initially used in

the economic assessment of pipeline bottoming cycle study on a fictional

*
DFC: Discounted Cash Flow
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pipeline company set up by General Electric Company for the purpoee of
assessing the usefulness of the code, The financial data of the fictional
pipeline company was gathered from FERC annual reports*. Two cases were
then analyzed using the computer code., One was a base case, using assump-
tions of fuel price, etc. for twenty years. The second case had simulated
bottoming cycle equipment installed. A comparison of the results was

made and is reported below.

A fictional gas pipeline company .was described by both finaﬁcial and
operational data for the years 1974, 1975, and 1976. Table B-1 shows this
data for the first year of simulated operations, 1975. From this starting
point, twenty years of operations were simulated under a set of ground-
rules, shown in Table B-2. The mdst,signifiéant assumption was the use of
constant throughput, basedAon no new gas. being available. The cost of gas
- was assumed to increase faster than inflation through 1984, and then in-

crease at 67, slightly lower than the assumed general inflation.

It was élso'assumed that the FERC rate base would be increased at about
6% per year by means of additional capital investment, essentially the re-
placement of depreciated equipment. No new equity funding was used' add
therefore all expenditures were financed by means of mortgage loans and

* %
short-term notes.

A limit of 12% was placed on the rate of return permitted under FPC
rules. The effect of this limit is to lower the price at which gas is
sold so that the return satisfies the 127 liﬁif. The computer code auto-
matically lowers the difference between gas cost and sale price (nominal
tariff) to meet Ehis requlrement.

After 20 years, this fictional pipeline company haa achieved good

financial success. The discounted cash flow rate of return.was 237%. The
book value of the capital stock had increased from a nominal $61 per share

to $264, and a total of $169 per share in dividends had been paid.

To simulate the addition of bottoming'cycle equipment; it was assumed

that the entire system would be bottomed in the years 1983, 1984, and 1985.

*
"Statistics of Interstate National Gas Pipeline Companles -1975", Federal

Power Commission, FPC-S-257.

k% : '
Not a practical assumption under present FERC rules.
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TABLE B-1

BASIC DATA FOR FICTIONAL PIPELINE COMPANY

(1975-1994)

OPERATIONAL DATA : 9 ’3
Annual Throughput (Sales) 365.4 x 10”7 Ft
Type of Power Gas Turbines
Total Power : - 237,500 HP
Number of Units : 19 '

Power Per Unit 12,500 HP
Fuel Used! Annual _ 15.1 x 109 Fe3
FINANCIAL ASSUMPTIONS ‘ :
Price of Gas (1975) . $1.232/MCF
Sale Price of Gas (1975) $1,367/MCF
Yhoirt Balance Shéeée (1978) : (M11ltionu uf Dullucs)
Assets ' ' :
Current Assets A 5.3
Property, Plant, Equipment . 113.1
Investments . 37.4
‘Differed Charges ‘ 0,6
Total Assets ~156.4
Liabilities
Debt, Long Term ‘ 90.4
Differed Taxes and Credits 0.4
Capital Stock ' ’ 43.6
Retained Earnings 22,0
Total Liabilities : 156,4 - .
Short Form Profit & Loss (1975) ‘ (Millions of Dollars)
Revenues : :
Net Sales of Nat. Gas _ 49.9
Other Sales 1,1
Total Revenue 51.0
Expenses )
0&M 3.9
G&A : 2.4
Cost of Fuel : : 18.6
Taxes, Non Income 2.8
Total Expenses : - 27,7
Gross Operating Income ‘ 23.3
Interest Expense o . 5.9
Financial Depreciation & Amortization 8.3
lnvestment lIncome, Net -3.5
Net Iucome Bafore Taxes 12.7
Income Taxes : , 4.3
Net Income 8.4




TABLE B-2

GROUNDRULES USED IN USING S3 MODEL

Throughbdt: Constant

Escalation and Inflation:

Operating Expenses B 77 per year

G&A Expenses, 7% per year
Non-Income Taxes X 8% per year .
Fuel Cost ~ '9.5% per year through 1984

6% per year thereafter

FERC Rate Base Assumptions

Maximum Rate of Return
(on FERC Rate Base) 12%

Planned Increase in Rate Base A~ 67 per year

Financing: All increases financed through
’ loans (no new investment
capital)

Interest Rate on Mortgage _
Loans 8%

Interest rate on Line-of- .
Credit Loans . 9%
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Table 3-3;Shows the assumptions used. The effect is to lower the fuel
used and increase the amount available for sale, at the expense of a sig-
nificant additional capital investment. From 1983 on out to the end of
the simulation, the model was modified to account for(the higher earnings

and larger loan balances. See Figures B~2, B-3, and B-4.

The results shows a modest, but significant-imprbvement in,profitabil—
ity. Table B-4 shows some of the more important measures of profitability.
-Figure B-5 shows graphically where the total fuel cost savings'ofl 129
million dollars went., Because of the FERC rate lihits,much of the savings
goes to the customers in the form of lower gas prices. The bottoming :ycle

case lowered the 1994 sale price of gas from $5.461/MCF to $5.429/MCF.

The comments received from the three pipeline companies all indicatéd
that they felt that this method was basically toolgumbersomé, and not
the way they Qould assess the potential purchase of bottoming cycle equip-
ment. Their suggestion of the use of "cost of service" method to predict
the economic assessment of the pipeline bottoming cycle equipment convinced
the General Electric Cbmpany to switch from S3 financial code to an in-

ternally. devéloped computer code which was described in Section 5,3.2,

= 4 .
In inflated dollars.
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Total Gas Turbine Power Before Bottoming

TABLE B-3

. BOTTOMING CYCLE EQUIPMENT

Cost of Bottoming Cycle Equipment (1977 Dollars)

Bottoming Cyéle Addition

Fuel Savings, Assumiﬁg Gas Turbine Throttled Back -

ADDITION SCHEDULE

237,500 HP .

$3SQ/HP

BC HP

" Fuel Used

Cost of Bottoming Cycle

)
Year Added MMCF Per Year 1977 $ Escalated @ 7%
1983 19800 15,100 6,927,000 112,735,000
1984 19800 14,000 - 6,927,000 13,627,000
1985 19800 12,900 6,927,000 14,580,000
1986 0 11,800 0 0
*
$350/HP
o
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COST OF FUEL USED, Millions of Dollars
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TABLE B-4

OVERALL IMPACT OF BOTTOMING CYCLE

(20 Years Operation)

. Bpttomiﬁg Cycle

Parameter Base Case Case Difference %

Net Income (M$) 372.1 395.8 + 23.7 + 6

| Revenue (M$) 2018.2 1956.8 - '61.4 - 3.
Total Fuel Used (MMCF x 10°) 302.2 268.9 - 33.3 -10
Cost of Fuel Used (M$) 877.8 748.6 ~129.2 -14.

‘| Book Value ovanvestment* (%) 264.1 27?!1 + 13.0 + 4
Dividends Paid” (§) 169.3 1180.1 +10.8 + 6
20 Year DCF-ROI (%) 22.88 23.21 C o+ 0.33 +1

*

Per nominal share worth $61 in 1974.

a0




FINANCIAL IMPACT
OF
BOTTOMING CYCLE

Total Fuel Savings of $129,200,000 Over 12 Years

OWNERS SHARE
18.4%
$23,700,000

8.3%
$10,700,000
AS
\ DIVIDENDS
100%  \ qes
$13,000000 - OWNERS
TO OWNERS
- AS RETAINED A 47.5%
EARNINGS . $61.400,000

\ ‘ TO CUSTOMERS
\ AS LOWER PRICES

14.9%
$19,300,000
TO RESERVE FOR
DEPRECIATION
AND GROWTH

13.4%
$17,300,000

TU LENDERS
5.8% AS INTEREST
$7,500,000
TO US.
GOVERNMENT
AS TAXES .

o CONSTANT GAS SUPPLY :
e BOTTOMING CYCLE FINANCED BY LOANS

. Figure B-5. Financial Impact of Pipeline Bottoming Cycle,



APPENDIX C

STATEMENT OF WORK

The paragraphs in the following pages consist of the work statement
and describe the work breakdown in the form of tasks and subtasks in Phase

II, Phase III and Phase IV of the Pipeline Bottoming Demonstration Program,

The Advanced Energy Programs and the Mechanical Drive Turbine Depart-
ment of the General Electric Company along with the participation of a
pipeline company will complete the three phases of the program within a
period of 48 months and the work statement in the following pages repre-

sents a realistic means of achieving-thé program goals.



PIPELINE BOTTOMING CYCLE PROGRAM PLAN

STATEMENT OF WORK

Phase II - Directed Studies

Task 1 ~ Investigation of Demonstration Site aud Commercialization

of New and Planned Pipelines

The Ceneral Klectric Compauy as Contractor shall ecarry vul the worl of
identifying. and evaluating new and planned pipelines offering potential as
demonstration sites and commercial markets for bottoming cycle systems and
developing recommendations regarding site suitabilities by performing the

following tasks.

Subtask 1.1 - ldentify Additional Potential Demonstration Hosts

Perform further investigations of pipeline compression etations suit-
able for use as demonstration sites for a pipeline bottoming system, with

emphasis on new or planned pipeline ¢onstructiovn.

The primary criteria for selecting additional potential demonstration

hosts shall include, but not necessarily bé limited to, the following:

e A site with a large-size, simple-cycle gas turbine,
1
® A site with a projected near-capacity throughput;

® A site with high cost (or "New'") gas.

Data sources such as statistics of Interstate Natural Gas Pipeline

Companies, U.S. Department of Energy; the technical and trade literature
and pertinent internal Gemeral LElectric data shall be utilized. The data

shall be used to determine pipeline companies that have existing and
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planned sites meeting the above criteria.

Although existing pipelines and sites shall be thoroughly investigated,
emphasis shall be placed upon identifying proposed compressor stations
which will meet the above criteria. Information on required compressor
power for proposed sites shall.be matched with available simple-cycle gas
tufbine units hev ing bottoming cycles fitted. Expected heat rates of the
combined systems shall be compared with heét rates attainable with avail~
able simple-cycle and recuperated gas turbines. - The time fréme and the

environment in which the compressor station is to be built shall be con-

sidered in the selection.

The culminacion of the subtask shall be a list of pipeline coﬁpanies-
having a high probability of having or constructing a site suitable for
the pipeline bottoming cycle demonstration and possessing high commercial-

ization potential.

Subtask 1.2 - Analyze Sites Selected

Presentations shall be made to the pipeline companies which have or
will construct sites meeting the demonstration host selection criteris of
Subtask 1.1 above. The presentations'shall include, but not necessarily
be limited to, the following: .

e Pipeline bottoming cycle performance;

® Bottoming cycle design features;

e Bottoming cycle installation drawings and specifications;

® FEnergy savings,

® Economic, technical feasibility, environmental and safety, and

operational reliability and maintainability assessments;
e Proposed demonstratién program plan; |
e Outline 6f pipeline gbmpany taéks;
e Need for cost sharing;
e Eventual neei for a commitment.

Data shall be solicited from the pipelines which shall include, but

not necessarily be limited to, the fcllowing:
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e Prime mover and details affecting combined system performance;
e Pipeline capacity and projected throughput and cost of natural gas;
e Cost of bottoming cycle installation;

e Pipeline financial data for incremental cost of service code;

>

® Special problems.

The contractor shall use'the solicited data to evaluate the energy
conservation potential of the site by assessing the performance, economy,
and practicality of the installation. The results of the evaluation and
other pertinent available data shall be preéenéed to the pipeline company

for review and consideration.

Subtask 1.3 - Recommendations for Pipeline Demonstration Sites

On the bacio of the foregoing analyses, recoumendations concerning the
suitability of the investigated sites for bottoming demonstrations shall
be made. Factors considered shall inClUdé,vbut not necessarily be limited

to the following:
e Potential contribution to pipeline energy conservation, including
commercialization benefits;
o Interest of the pipeline companies;
@ Tentarive cost sharing provisions;
o Performance and ecohomics;

o Description of bottoming cycle apparatus to be installed on the

site.

Subtask 1.4 - Reporting :

The contractor shall provide, in addition to the reparts reﬁuired by
the present contract, a topical report on the Nemonstration Plpeline and

Site Determination.

Task 2 - Investigation of Regualtory Impacts on Pipeline Bottoming

Cycle Applications

The Contractor shall perform the effort described below in addition

C-4



to the work described in DOE Contract No. EC-77-C-03-1381 and previously
_issued modifications. Thesé changes are brought about by considering the
impacts of current regulations on the application of pipeline bottoming
cycle systems. This effort is a refinement of work performed under the
current cootract as well “as prior work*, and will involve close coordination

with other DOE contractors as specified by the DOE Program Manager.

A major result of this study will be to further the understanding of
the impact of current pipeline regulations on energy conservation invest-
ments. This shall be done by an approximate quantification of the costs

and benefits associated with specific regulatory modifications.

Subtask 2.1 - Description and Analysis of Market Segments &

Environment

The Contractor shall define market segments for the organic Rankine
bottoming cycles as applied to the gas pipeline market. These segments
shall be defined by appropriate characteristics such as:

e Prime mover (type and size)

o Type of installation (retrofit, replacement,or new)

e Type of RBC power use (gas pumping or electric generation)

e Type of regulation (FERC, PUC)
Segments that shall be emphasized in this task are those including:

® Gas turbine (aircraft derivative) and reciprocating prime movers
@ Retrofit and replacément installation

0 FERC regulation

' Since this Task provides the basis for describing the baseline im-
plementation rates, those market- segments shall be identified and des-

cribed in the detail required for subsequent tasks.

The period ot interest tor this analysis shall be 1981 through 1995.

*
Banks, W.F., '""Federal Regulations of the Pipeline Industry A Summary
Review,'" Systems, Science and Software, SSS—-R-77-3024 Revision 1, 31 May
1977 (Under ERDA Contract No. E(04-03)-1171.
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For the gas pipeline industry, as made up by the described market segments,
the expected number of units installed as a function of time shall be
described under the present regulatory environment and economic forecasts.
This baseline implementation rate shall include allowances for gas pipeline
industry growth, if such allowance is deemed appropriate, The total bottom-
ing cycle power and fuel saved for the period of interest sha11 also be

determined,

The investment decision criteria appropriate to the types of regula-
tion analyzed shall be determined. The criteria described shall be con-
sistent with the market penetrations developed for the paseline case. In
the analysis of decision criteria, an .understanding of financial criteria
shall be emphasized so that in subsequent tasks, the Contractor can analyze

the sensitivity of the decision to specific financial or economic changes.

The Contractor shall utilize the information and results of the market
penetration and economic assessment tasks of the present contract in

completing this task; updating the existing information as required.

The Contractor shall determine the probable implementation rates and
numbers of each segment, and calculate the fuel savings. - The Contractor
will also determine the decision criteria appropriate to each segment,

based on current regulatory constraints.

In the performance of this task, the Contractor shall work closely
with the other DOE Contractors, as specified by the DOE Program Manager,

in orcer to insure adequacy of form and content for Subtask 2.2 analysis.

Subtask 2.2 - Analysis of the Impact of Selected Economic/

- Regulatory Modifications

This task will utilize the results of Subtask 2.1 in analyzing the
impact of regulatory/economic changes on the implementation of RBC units

- and on fuel savings.

Subtask 2,2.1 - Selection and Definition of Regulatory
Changes

The Contractor shall monitor, become familiar with the work of, and
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donsult with the other DOE Contractors working on this task. In particular,
the Contractor will review the results to insure their adequacy in form

and content for use in Subtask 2.2.2,

Subtask 2.2,2 - Calculation of Changes in Implementation
Quantities and Rates

Based on methods used in the economic and market'assessment of the
current contract and utilizing the output of Subtask 2.2.,1, implementation
rates under each regulatory modification shall be estimated for the period
1981-1995. The economic or financial criteria or "hurdle rate'" as establish-
ed in the current contract shall be the primary basis for the description

of implementation rates.

The output of the subtask shall be an estimate of the number of units
that could be in service vs. time, based on the "hurdle rates.'" An appro-
priate presentation such as graphs or curves shail be utilized to illustrate
the implementation estimates, It is noted that the type and value of the
hurdle rates will vary according to whether the pipeline is FERC or state
PUC regulated. FERC regulated pipelines shall be emphasized in this sub-
task.

Based on the energy savings due to bottoming cycles that were deter-
mined for the baseline case, the change in energy savings resulting from

each regulatory modification that is analyzed shall be determined.

Subtask 2.2,3 - Costs of Regulatory Changes

As a result of Subtask 2.2.2, a preliminary estimate of the maximum
increase that would be expectéd in adoption ;f bottoming cycle units and
energy savings due to regulatory changes will be known. However, costs
are associated with the regulatory changes. This subtask will address

these considerations.

The output of Subtask 2.2,1 will be utilized to estimate costs, such
as those due to decreasés in Government revenues, changes in the pipeline
tariff structure, and others that may be appropriate. Then, based on the
~implementation rates of Subtask 2.2.2, a gross cost value shall be deter-

mined. This cost estimating exercise shall draw primarily from the
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expertise gained in the market segment descriptions and penetration rates,
but shall also require significant input from the expertise gained in the
regulatory descriptions and modifications so that gross values of cost can

be determined.

The Contractor shall primarily address the calculation of costs,
relying on the associated DOE contractors to provide the input based on

their expertise in tegulatory descriptions and modifications.

Y

Subtask 2.3 - Conclusions and' Summary Report

The conclusions arising from Subtasks 2.1 and 2.2 will be summarized
‘and incorporated in a final report which will document thé work performed
under this study. The report shall be submitted to the DOE Technical
Contract Monitor in draft form for review and comment., A final rebort will

be submitted within 30 days of receipt of DOE comments.

This final report is primarily the fesponsibility of the associated
DOE Contractors, and the Contractor shall only provide consultation and

aid in incorporating those sections for which he was responsible.

Taék 3 - Evaluation of Qrggnig_Working‘Eluids for a Natural Gas

Pipeline Rankine Bottoming Cycle Installation

Subtask 3.1 - Pipeline RBC Installation Site Selection

During this task AEP in conjunction with the pipeline representative
will select a site for a potential RBC demonstration system installation.
This'selgction task will draw heavily upon the results of the AEP Pipeline
Bottoming Cycle Study Program and will be directed toward the bottoming of

an aircraft derivative gas turbine engine,

Subtask 3.2 - Fluid Selection and Preliminary Evaluation

The basis forlthe selection and evaluation of candidate fluids will
be established by detailing the specifications against which these fluids
will be evaluated. These specifications will be determined on the basis
- of the total system operational and required performance éharactefistics.

Flbids to be used in the proposed program will include toluene, pfopane,
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butane, methane (as reference) and up to 6 others that will be determined by
screening additional candidates. " The initial selection of additional fluids
considered of potential interest for this program will be used on MRC's
knowledge of fluids properties as functions of chemical structure and their
background in the evaluation of fluids for Rankine cycle engines for auto-
motive engines and for the utilization of solar energy. In consideration

of the fluids strong guidance b& the chemical structure-thermal stability
correlations that have been' developed will be adhered to and fluids will
also Be exclﬁded that would be expeéted to pose problems because of materials
incompatibility, or because of adverse health or enyironﬁental effects.

Most of the information for the initial screening will be obtained from
data compilations in the literature, by computerized literature searches,
from trade literature and from the Monsanto Company's computerized files

of the thermophysical properties of fluids. The initial screening will

be of the pass/fail type. Candidate fluids that pass this phase of evalua-
tion will be subjected to experimental testing.

Subtask 3,3 ~ Fluid Stability

During this task thermochemical stability tests will be conducted
with the candidate fluids in metal sample vials to simulate the»use en-
vironment and exposure. These will be fabricated from the metals that
will contact the RBC working fluid at elevated temperatures. The tests
will be conducted at the maximum working temperature, Test durations
will be 1, 5, 9 and 13 days. Compounds that remain stable at the maximum
working temperature will also be tested at 100°F above this temperature.
Testing at the latter temperature will be conducted to detect potential
problems with fluids that show no degradation during the 13-day tests at

the maximum working temperature.

The thermochemical stability tests will be pass/fail type determina-
tions in the evaluation of candidate fluids. Only those fluids that are
completely stable at the maximum working temperature and at 100°F above
this temperature, or that under go only minimal degradation at the latter
temperature, will be considered to have passed the thermochemical.stability

evaluation with the static test system.

The two leading candidate fluids, evolving from all phases of the
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testing and evaluation program, will be subjected to 1000-hr dynamic

loop testing at the working temperature, The gaseous atmoépheres of this
test system, the fluids, and the internal surfaces of the test loop coils
will be subjected to similar examinations and analyses as described for

the static thermocﬁemical stability tests.

Subtask 3.4 - Materials Compatibility

The candidate materials that will contact the fluid in the RBC system
will be identified %y GE, Welded low carbon, low alloy steel is the pre- ‘
ferred material in the hot, high-pressure section of the Rankine’engine.

Its compatibility with the candidate fluids will be evaluatéd in conjunction
with the thermachemical testing of fluids. All other materials that will
contact the working fluid at tewmperatures lower than those prevailing in

the high-pressure section will be tested for compatibility at 300°F.

The compatibilit& of materials exterior to the gas turbine/RBC system
installation, such as insulation, floor tiles énd paint, will be deter-
mined with the candidate fluids., Compatibility tests will also he conducted
with any elastomers, plastics, metals and solder materials  likely ég be

in contact with the fluids. Materials that absorb large quantities of a
fluid, discolor extensively, dissolve in or react with the fluid, or

catalyze the thermochemical degradiation of the tested fluid will be rated
as incompatible with that fluid.

Subtask 3.5 ~ Fire Safety Evaluation
!

The fire salety evaluation will consist of three types of activities:

® Ignitability evaluation of fluids by tests that simulate potential

accident situations for the Rankine engine working fluids
) Concéption and recommendation of protective measures

) Establishment.of codes and regulations that apply to the use of
fluids in locations where the Rankine engines will bc plared into

operation.

Flash ignition temperature, fire point, autoignition temperature,
manifold ignition temperature will be determined and a hot compartment
ignition test will be conducted for each candidate working fluid. A total

system analysis will be performed considering all conceivable modes by
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which the working fluid could causé accidental fires at the RBC installa-
tion. Means for minimizing fire accident risk*will.be definéd(and~re-
commended, The existence or absence of state and local fire codgs at the
specified RBC installation site will‘be established tb assure that the

selected fluid will be in compliance with regulationms.

Subtask 3.6 - Health and Environmental Safety Evaluation

The following activities will be performed to provide maximum possible
assurance that the. selected working fluid will not pose human health en-

vironmental problems:

] Evaluation of the candidate fluids for acute toxicity and muta-

genicity
e Establishment of biodegradation characteristics

] Establishment of handling and disposal guidelines.

Level 1 acute cytotoxicity ‘and metagenicity tests will be conducted

‘ for all the candidate working fluids with Level 2 and Level 3 testing as
deemed necessary. The threshold limiting values for exposure for most
candidate fluids will be.available in the literature., For the fluids

for which the data have not been reported, the values will be determined.
Since fluid biodegradation studies are quite involved and time-consuming
such studies will be conducted only with the prime candidate fluid if that
fluid has a low vapor pressure at ambient tempefature. Codes and other
legal(regulations perfaining to the transportation, handling and disposal
6f the candidate fluids will also be established. ‘

Subtask 3.7 ~ Rankine Cycle Evaluation

Criteria developed by David Miller of Monsanto Corporation in the
search and selection.of optimum working fluids for automotive Rankine
engines will be adapted to the proposed program., A fluid parameter
developed during that stﬁdy, called the I-factor, will be used as the main
thermodynamic screening parameter. I-factors which express the tendency
of 1sentropically expanding vaﬁoré to converge with or diverge from sat-
qrated vapor lines will be calculated for the candidate fluids using

'available computer programs., Complete Rankine cycle efficiency calculations

C-11



will be conducted for the fluids that have a high ranking on the basis of
‘the I-factor calculations and their applicability to the pipeline-bottom-

ing cycle system will be determined.

Subtask 3.8 - Final Report

A final report will be prepared detailing the results and conclusions
of the fluids evaluation for the natural gas pipeline bottoming cycle
installation, This réport will incorporate the previously prepared task

reports into a final aocument to be submitted for approval.

Phase I1I - Design anh Construction

Task 1 - Design

Subtask 1.1 -~ Design Studies

Beginning with the analysis of the seleéted site performed in Phase
II, Subtask 1.2, a design study shall be carried out to determine.the
best design point conditions for the selected site. The result of this
study shall be a heat balance diagrém for the bottoming cycle at design
conditions. Fggm this diagram shall come the'design requirements for
the several components of the system, Included among the components
shall be all'auxiliéry equipment needed for the safe and proper operation
of the bottoming cycle system including fire protection systems and the
‘necessary sensors, a safe dump-tank for storage of working fluid in the
event of a fire, sealant and lube sytems and a non-condensible removal

-system,” The requirements. for any enclosures or buildings shall be explored.

System design criteria shall next be compiled. These criteria shall
include, but not necessarily be limited to, the following: State and
Local regulations, EPA and OSHA standards and insurance company require-
ments. In addition the following codes shall be used where appropriate:

e The ASME Boiler Code

o The ASME Unfired Pressure Vessel Code

e The ANSI Power Piping Code

e The TEMA Heat Exchanger Code
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o The National Electric Code

e The NFPA Flammable and Combustible Liquid Code

Special attention shall be given to the requirements and selection of
seals., The number of shaft seals shall be minimized and consideration
shall be given to whether such seals shall be placed where the working
fluid pressure is normally above or below atmospheric pressure. The number
of flanges in the working fluid piping alsc shall be minimized and types
of gaskets or seals for the required flanges shall be idehtified. Valves
with both bellows and packing gland shall be considered and ‘the type to
be used shall be selected. A list of approved materials of construction
for the several components comprising the working f1uid and combustion gas
envelopes shall be compiled. These materials shall be selected for the
appropriate temperature ranges resulting from the anticipated operating
conditions of the bottoming cycle system. Considered also in the selection
of materials shall be the thermal stability of the working fluid, includ-
ing the catalytic effect of materials on decomposition, corrosion, the

stress levels anticipated .and the cost of the materials.

A control.philosophy for the bottoming cycle system shall be estab-
lished. This control philosophy shall include all énticipa;ed operational
modes, including emergency operating conditions. It shall also include
protection of the working fluid from thermal decomposition. The control
instrumentation shall also be considered. In order to make the design
of the bottoming cycle widely applicable to employment on various sites
and in conjunction‘with the several similar gas turbines selected for
this program, the designs for the several sites considered in this program
. shall be reviewed for site-related or prime-mover-related differences.

The appropriate design compromises shall be delineated so as to make the
". demonstration hardware widely applicable. The output of these design
studies shall be the required information to initiate subtasks 1.3 and

1.5 (Architect/Engineer Siting Study and Design and Build Specifications).

Subtask 1,2 ~ Preliminary Turbine Design

Beginning with the analysis of the selected site performed in Phase
‘1T, Subtask 1.2, a preliminary turbine design shall be initiaged to de-

. . 4
termine the hest design for the selected site. The prelimiaary turbine
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design task shall support the overall design Subtask 1.1 of Phase III

to arrive at the design point conditions of the bottoming cycles. The
preliminary turbine design shall be carried out by the ifechanical Drive
Turbine Division of GE. The design task shall provide the MDTD component
and GE sufficient time to investigate the methods to incbrporate the
standard turbine components and practices tailored to site specific
parameters. Under a separate Task 1.6 of Phase III, the final turbine
design shall be carried out to meet the schedule as per the design/build
specifications that shall be generated as a result of this task and Sub-

task 1.1.

Subtask 1,3 - Subcontract to Architect/Engineer

The statement of work, including a milestone chart, for an Architect/
Engineer shall be ptepared. An Architect/Engineér shall be selected and

a subcontract for services shall be placed.

Subtask 1.4 - Architect/Engineer Siting Study

The Architect/Engineer shall carry out a siting study in enough detail
so that installation costs can be estimated and the work schedules establish-
ed. The study shall be based upon the work of Phase III, Subtask 1.1 |
(Design Studies), Phase II, Task 1 (Demonstratlon Pipeline Site Deter-
mlnatlon), and Phase I, Task 2 (System Preliminary Design (present contract)),
In this srud] by the Architect/Englneer the emphasis shall be on mini=-
mizing the installation cost within the constraints, EPA and OSHA stand-

ads and insurance company requirements.

Subtask 1.5 — Architect/Engineer Costs and Schedules

- Based upon the Arzhitect/Engineer Siting Study of the previous sub-
task the Architect/Engineer shall estimate the installation cost and pre-

pare work schedules for the installation activities.

Subtask 1,6 — Final Turbine Design

Based upon Phase III, Task 1, Subtask 1.1 (Design Studies), Subtask
1.2 (Preliminary Turbine Design), Phase II, Task I (Demonstration Pipeline

and Site Determinatioﬁ)'and Phase I, Task 2 (System Preliminary Design),

C-14



the design specifications for the organic turbine design for the bottoming

cycle shall be pfovidéd to MDTD component of GE,

After completion of the site specific heat bélance, GE shall initiate
turbine final design in order to meet the schedule reauirements, The results
and the knowledge acquired in the Subtask 1.2 of Phase II shall be used
to meet the schedule. The design will incorpcrate many standard turbine
components and p;acticeé tailored to site specific parameters, The basic
turbine design will cover as wide an application range as is practical fdr
variations in heat balance parameters; The turbine design will incorporate
 areas including thermo—dynamic 1ayoﬁt, bearings;and seals, valving, mech-
anical design and rotor dynamic analysis and turbine controls and instru-
mentation, This Subtaszk 1.6 will result in a design to be fabricated in

Subtask 2.1 of Task 2.

Subtask 1.7 - Design and Build Specifications

Based upon Phase III, Task 1, Subtask 1.1 (Design Studies), Subtask

1.2 (Preliminary Turbine Design), Phase II, Task 1 (Demonstration Pipe-
line and Site Determination), and Phase I, Task 2 (System Preliminary
Design), th~ u;signlspecifications'for the several components of the
bottomiﬁg cytie system shall be written. These sﬁecifications sﬁall be
used to secure bids for thé construction of system components by vendofs._
The specifications shall completely define the functions of the several
components, the range over which they shall be designed to operate, and
the design conditions which are consistent with the design point of the

system, The design specificatibns shall be prepared for the following

" components:
1.7.1 Vabor generator including fire protection systems and sensors.
1.7.2 Condenser, including fans and motors. '
1.7.3 DiverterAvalve. A )
1,7.4 Load apparatus, including all auxiliaries.
1.7.5 Feed pump and drive, including lube and sealant system,
1,7.6 Power package, including surge tank, non-condensible
extraction, dump tank and mounting skid. 4
1.7.7 Control system, includiné instrumentatioﬁ, cabinet and

annunciator panels and equipment,



The level of quality control required in fabrication of the components

shall be determined and incorporated in the design specificationms.

Subtask 1.8 - Component Bids

The design specifications written in the previous subtaék shall be
sent out for bids. The bidders for each component shall‘include, where
possibie, more than thrze vendors. Prior to the selection of vendors'for
the bidders list a set of qualifying criteria for vendors shall be drawn
up. The vendors for the list shall be chosen because they meet the establish—

ed criteria,

The bids shall be evaluated for compliance with all specifications on
delivery, price, capability and recent performance. A Purchase Ordetr shall
be placed with the selected vendor for each component, A make or buy de- '

. cision on the turbine shall be made by the prime contractor.

Subtask 1,9 = Design Components

Based upon the design specifications the vendors shall design the
several components and provide price and delivery. Installation drawings
for the several components with certified dimensions shall be provided.

Component designs shall be made for the following cpmponénts:

1.9.1 Vapor generator, including fire protection systems and sensors.

1.9.2 Condenser, including fans and motors.

1.9.3 Diverter valve,

1.9.4 Load apparatus, ihcluding all auxiliaries,.

1.9.5 Feed pump and drive, including lube and sealant systems.

1.9.6 Power Package, including sqrge-ténk; non—cohdensiblé éxtféction,
. dump tank, and mounting skid; A | |

1.9.7 CUuLLul.SySLem, including lnstrumencation,4céb1nets and an-

nunciator panels and equipment.

Subtask 1.10 - Architect/Engineer Site Design

Based upon Phase III, Task 1, Subtask 1.3 (Siting Study), and Subtask
1.9 (Dqsign Componente) the Architect/Engineer shall make the [inal siLe
design for the installation of the bottoming cycle and load componénts.

In this design the vendor drawings with certified dimensionslshall be
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utilized. _The.final layouts and construction details shall be approved by
the prime contractor and the host pipeline company. The site design sh;ll

Ainclude, but not necessarily be limited to, the following:

Arrangement of the apparatus.

. Foundations and structures for the bottoming cycle apparatus

and the load machlnery.

e Piping, ducting, wiring and electrlcal equlpment.
) "Site 1mprovements.
] Construction and installation drawings and spec1f1cations.

Subtask 1.11 - Secure Installation'Bids'

The prime contractor shall with the assistance of the Architect/
Engineer compile a list of épproved,construction contractors. Qualifica-
tions for listing shall be delineated prior to the selection of the con-
struction‘contractor.: Bids shall be sent out to bidders on the approved
list. The returned bids shall be evaluated for compliance with specifica~
tions, price, delivery, capability, and recent performance. A Purchase

Order shall be placed with the selected vendor.

Task 2 - Fabrication

Subtask 2.1 - Orgainic Vapor Turbine Fabrication

The organié vapor furbine and accessories includiﬁg the lube and
sealant systems shall be fabricated under Subtask 2.l'by Mechaaical Drive
Turbine Division (MDTD) of GE in accordance with the design made in Sub-
task 1.6, The turbine fabrication shall be inspected to assure full

compliance with design requirements,

Subtask 2.2 - Fabrication of Other Bottoming Cycle Components

The Subtasks 2.2 through 2.7 involve the fabrication ofvthe bottoming
cycle components by the vendors. The bottoming cycle components shall ‘be
fabricated according to tﬁe specifications generated in Subtask 1,7 -
(Design and Build Specificatiohs) and the delivery schedule established
by the vendor ia his bid, Subtask 1.8 (Component Bids). The components

.‘received shall comply with the quality control specifications delineated
~in Subtask 1.7 - (Design and Build Specifications). _The components shall
be inspected. to aSsure'compliance with the design specifications, ' Com-

ponents not in compliance with the specifications or quality control
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requirements shall be rejected unless found to be acceptable by a designated
representatiﬁe of the prime contractor. The following components shall be

fabricated according to the above requirements:

2.2 Vapor generator, including fire-ﬁrbtection éystem and sensors.,
2.3 Condenser, including fans and motors. | '

2.4 Diverter valve.

2,5 - Loa&'apparatus, inclﬁding all auxiliaries,

2.6 Feed pump and drive, including lube and sealant‘systems;

2.7 Control system, including instrumentation, cabinets, and annunc-

iator panels and equipment.

Simultaneously under a separate Subtask 2.8, GE will fabricate power
package, including surge tank, non-condensible extractor, dump tank and

mounting skid.

Task 3 - Verification

It is expeéted that design verification testing will be required on the
bearings and seals for the toluene system. Rotating test units will be
required for the bearing and seal test facilities. The seal test unit
besides testing rotating seals at approximately the design rotative speed
of the proposed equipment will also test the packing of a typical valve in

the system and the gasket or seal material for typical flanged joints.,

Subtask 3.1 — Test Unit and Facility Modification Design

A test plan to verify the design of the«bearings and the rotating,
valve stem and ﬁlanged joint seal shall be prepared. A test unit shall be
designed for the exiSting test facilities, including test instrumentation,
to carry out the pjanned tests., The test unit shall coﬁtain a full-size
bgaring and rotating seél as well as typical valve énd flaaged joint. The
configuration(s) of the bearings, rotating seal, valve packing and flange
gasket or seal shall be designed. Following this the fequired modifications
of the éxisting facilities shall be designed in sufficient detail to permit

fabrication.

Subtask 3,2 - Test Fabrication and Modification




The test unit shall be fabricated according to the design drawings
and specifications and the instrumentation shall be installed.

Subtask 3.3 - Facility Preparation

The existing test facilities shall be modified for the new test unit
and the test unit shall be installed. The test unit instrumentation shall

be connected to the éppropriate readout.

Subtask 3.4 - Verificatien TéSting

The verification testing shall be carried out according to the test

plan written in Subtask 3.1..

- Subtdsk 3.5 - Test Documentation

A report shall be prepared documenting the bearings, rotating, valve
stem and flanged-joint seal design; the test unit design, the facility
modifications, the instrumentation and the results of the verificétioﬁ

tests.
N

Task 4 - Training

Subtask 4.1 - Operational Maznual Preparation

A manual shall be written which describes the operation of ﬁhe,boftbm-
ing cycle with the gas turbine. to which it is attached, including emefgency
p:ocedures. The-manualishall also describe the bottoming cycle apparétus
and its maintenance gnd repair. Pertinent information obtained ffom the

bottoming cycle checkout shall be placed in the manual.

Subtask 4.2 - Hands—Off Training

The contractor shall carry out the training of pipeline personnel
utilizing the Operational Manual. The training shall include operation,

maintenance and repair of the bottoming cycle apparatus,

Task 5 - Contractor Installation and Checkout

Subtask 5.1 - Installation
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The construction contractor shall install the bottoming cycle and
load apparatus according to the plan and schedule of the Architect/Engineer
devéloped in Subtask 1.10 (A/E Site Design). The prime Contractor shall
provide technical support in éhe installation of the bottoming cyéle and
load apparatus. The installation shall be inspected by the Architect/ .
Engineer and/dr'by a representative of the Pipeline Company. The installa-

tion shall include, but not necessarily be limited to, the folldwingf

5.1.1- Vapor generator, including fire protection system and sensors
5.1.2 Condenser, including fans and motors .
<5.1.3 Diverter valvé

5.1.4 - Load apparatus, including all auxiliaries

5.1.5 Power package, including the following:
° Turbine and accessories, including lube and sealant

systems

° Feed pump and drive, ‘including lube and sealent sysLers
v Surge tauk, uuﬁ-cundenslble exrraction, dump tank and

mounting skid
5.1.6 Controls, including instrumeatation, cabinets, and annunciator

panel and equipment

Sublask 5,2 - Checkout

The construction contractor shall check out all equipment -and apparatus
listed above to assure that the bottoming cycle and load apparatus will
function as intended on startup. The checkout of the above equipment and
apparatus shall be approved by the Architect/Enginéer and/or the representa-
tive of the Pipeline company before the apparatus is accepted from the

Construction Contractor.

Task 6 - Report

The Contractor shall submit a report which documents the pertinent
activites and data of Phase III, Construction. The report shall document
the Design Studie., the A/£ Siting Study, the Bottoming Cycle Drawings
and Specifications, the Component Designs, the Design Verification Results

and the Results of the Bottoming Cycle Checkout.
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Phase IV - Demonstration

Task 1 - Shakedown

Subtusk 1.1 - Startup

\Initially a test plan shall be prepared for the startup testing,
inéluding objectives, procedures to be follbwed, description of test
equipment (including accuracy), operating. conditions and schedule, Startup
testing shall then be carried out in accordance with the test plan. The

results shall be documented in a report.

Subtask 1.2 ~ Hands-On Training

The pipeline operating personnel shall be given hands-on training during
the startup testing. The Contraétor's training personnel shall oversee the

hands-on training.

Task 2 - Operation

The running of the bottoming cycle apparatus during the‘demonstration
shall be carried out by the piﬁeline company personnel under actual pipé]ine
operating conditions.4 During operation performance data shall be meaSured,.
operating problems shall be defined, maintanence required shall be noted,
the personnel required shall be documented and operating costs shall be

determined.

Task 3 - Evaluate and Disseminate Results

Subtask 3.1 = Evaluation,

' The data generated during operétion shall be used to determine bottom—
ing cycle off-~design performance and turn-down ratios. In addition operéting
problems shall be analyzed, maintenance requiremenfsvdetermined, cost of
service computed, and required numbers of operating personnel delineated.

The findings under Task 3.1 (Evaluation) shall be documented.

Subtask 3.2 -'Dissemination of Information

The Contractor; in cooperation with the pipeline éompany, shall



disseminate the results of the operational testing and other pertinent
information about the bottoming cycle apparatus, through the trade associa-
tions, such as the American Gas Association, and through the pertinent

engineering societies,

Task 4 - Report

The Contractor shall prepare a report on the Phase IV acfivities.
The report shall include the results of the apparatus shakedown activities,
the findings during operationél’testing'concerning system performance;' .
operating problems, the cost of service, maintenance cost, freduency, and

procedures,
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APPENDIX D

PROGRAM SCHEDULE

‘ On' the followihg‘pagesithe prbgrém’scheduleS‘for the Phase II, Phase
IIT and Phase IV of the Départment of Enérgy Pipeliné Bottoming Cycle: .
Program are shown in greater detail., The master schedule for the entire
program was shown in Figure iO—l of this feport. The'follbwing schedule
charts indiéate the milestones for the enti;e brogram by taék in each
phase of the program. The éntire prbgram is shown to last for 48 months
starting with the "Directed Studies" task in Phase Ii in June 1979 through
the report on the demonstration of the'Bottoming CYCle'apparatus'on a

participating pipeline in Phase IV in May 1983.
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PHASE 11 - DIRECTED S™UC{ES
TASK 1. DEMONSTRATION PIPSLINE &

SITE DETERMINATION

1.1 IDENTIEY SITE HOSTS Y

1.2 ANALYZE SITES Ja\ Y

1.3 ESTABLISH PIPELINE & SITE A
1.4 PREPARE REFORTS v A
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PHASE Il - DIRECTED STUDIES

TASK 2. REGULATORY IMPACTS ON

PIPELINE BOTTOMING CYCLE
" APPLICATIONS '

2.1 DESCEIPTION & ANALYSIS OF

MARKET SEGMENTS &

ENVIRONMENT

2.2 ANALYSIS OF THE IMPACT

OF SELECTED ECONOMIC/

REGULATORY MODIFICATIONS

2.3 CONCLUSIONS & SUMMARY

REPORT

e
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PHASE 1) - DIRECTED STUDIES

TASK 3. EVALUATION OF WORKING

FLUIDS FOR A NATURAL GAS

PIPELINE RANKINE BOTTOMING

.__INSTALLATION

3.1 PIPELINE RBC INSTALLATION

SITE SELECTION

3.2FLUID SELECTION AND

PRELIMINARY EVALUATION -

3.3 FLUID STABILITY

3.4 MATERIALS CCMPATIBILITY

3.5 FIRE SAFETY EVALUATION

3.6 HEALTH & ENVIRONMENTAL

SAFETY EVALUATION

3.7 RANKINE CYCLE EVALUATION
3.8 FINAL REPORT :
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1980

A

SUBTASKS WEEKS
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14

16

17

19

21

22

25

26

27

28]29

30

PHASE !l - DIRECTED STUDIES

TASK 3. (CONTINUED)

3.1 PIPELINE RBC INSTALLATION

SITE SELECTION

3.2 FLUID SELECTION AND

PRELIMINARY EVALUATION

33 FLUID STABILITY

3.4 MATERIALS COMPATIBILITY

3.5 FIRE SAFETY EVALUATION

3.6 HEALTH & ENVIRONMENTAL.

SAFETY EVALUATION

3.7 RANKINE CYCLE EVALUATION

3.8 FINAL REPORT
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1879 : 1980
: 0 N D J ; F
SUBTASKS WEEKS [40{41|42(43|4445./4647(48(49{50(51(52| 1|2 | 3|4 {5 (6 [7 (89|10

PHASE 11l - DESIGN & CONSTRUCTION

TASK 1. DESIGN

1.1 DESIGN STUD'ES 4 » {PRE. DESHGN [SPECS TO MD

1.2 PRELIMINARY TURBINE DESIGN : [

1.3 SUBCONTRACT TO A/E ‘ T%J'_

1.4 AJE SITING STUDY

1.5 A/E COSTS & SCHEDULES ' AV,

el
-

1.6 FINAL TURBINE DESIGH *(FINAL [SPECS [FO MDFD)

e

1.7 DESIGN & BUILD SPEC’S.

1.7.1 VAPOR GENERATOR - {

9-C

1.7.2 CONDENSEF v

1.7.3 DIVERTER VALVE ' Y

1.7.4 LOAD APPARATUS Y,

1.7.5 _FEED PUMP : A

1.7.6 POWER PACKAGE & MISC _ v,

1.7.7 CONTROL < \Y

1.8 COMPONENT BIDS:
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DOE PIPELINE BOTTOMING CYCLE PROGRAM SCHEDULE
) 1980

J F M A

SUBTASKS WEEKS [ 11213 (a|si6{7(8]9{10{11112 1314[15{16[17[18

PHASE |11 - TASK 1 (CONTINUED)

1.6 FINAL TURBINE DESIGN A

1.8 COMPONENT BIDS o A\ Y

1.8 DESIGN COMPONENTS

1.9.1 VAPOR GENERATOR A/
1.9.2 CONDENSER ' A \V;

1.9.3 DIVERTER VALVE

1.9.4 LOAD APPARATUS

HL<ELY

1.9.5 FEED PUMP

1.9.6 POWER PACKAGE & MiISC

1.9.7 CONTROL
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PHASE 111 - TASK 1 (CONTINUED) ‘

1.9 DESIGN COMPONENTS Y,

1.10 A/E SITE DESIGN

1.11 SECURE INSTALLATION BIDS




DOE PIPELINE BOTTOMING CYCLE PROGRAM SCHEDULE

, 1980
™ A ™ J
SUBTASKS - WEEKS |10]11]12/1311a]15]16]17]18]19]20 |21 22123 |24 |25 |26 |27

PHASE 11 - CONSTRUCTION

TASK 2. FABRICATION

2.1 TURBINE & ACCESSORIES

2.2 VAPOR GENERATOR

2.3 CONDENSER

2.4 DIVERTER VALVE

‘2.5 LOAD APPARATUS

2,6 FEED PUMP

2.7 CONTROL

2.8 POWER PACKAGE & MISC.

6-a
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DOE PIPELINE BOTTOMING CYCLE PROGRAM SCHEDULE

1980

SUBTASKS WEEKS

36

37

44

45

46

47

48

49

50

51

52

10

1

12

13

PHASE 11l - TASK 2. FABRICATION

3839

2.1 TURBINE & ACCESSORIES

2.2 VAPOR GENERATOR

2.3 CONDENSER

2.4 DIVERTER VALVE

2.5 LOAD APPARATUS

2.6 FEED PUMP

2.7 CONTROL

2.8 POWER PACKAGE & MISC.

—_—




CLr T

11-d

DOE PIPELINE BOTTOMING CYCLE PROGRAM SCHEDULE

1981
M A M J J ) A S
SUBTASKS WEEKS {10{11 12:13 141516 {1718 (19|20 |21 |22 |23 [24 |25 |26 {27 |28 [29 |30 {31 {3233 (34 36 |37 (38 {39
PHASE 111 - TASK 2. FABRICATION !
2.1 TURBINé & ACCESSORIES - i AV
2.8 POWER PACKAGE & M!SC. A

F— T
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DOE PIPELINE BOTTOMING CYCLE PROGRAM SCHEDULE

1980

SUBTASKS WEEKS

M

J

"

1213

15

16

17|

20

21

22

23

24

25

29

31

33

35

36

37

38

PHASE 11l - CONSTRUCTION

TASK 3. DESIGN VER!IFICATION

TESTING

3.1 DESIGN

3.2 FABRICATION

3.3 FACILITY PREPARATION

3.4 TESTING

35 DOCUMENTATICN




£T=a

DOE PIPELINE BOTTOMING CYCLE PROGRAM SCHEDULE

1980 1981
l 0 N D M A

SUBTASKS WEEKS  [a0]a1]a2]43 a6[47]as[a9[50(51[52 ' 9 [10[11[12[13]1a]t5]18]17
PHASE 111 -TASK 3. DESIGN VERIFICATION ! . !

3.2 FABRICATION l LV

3.3 FACILITY PREPARATION Y

3.4 TESTING v/

3.5 DOCUMENTATION AN A/
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DOE PIPELINE BOTTOMING CYCLE PROGRAM SC;PQ-?EDULE
' M A M J J
SUBTASKS WEEKS 10] 1) 12| 13[4 11515 17| 18[ 1920 21| 22| 23[ 24 25 | 26|27 | 28/29 |30
PHASE 11 - CONSTRUCTICN
TASK 4. PERSONNEL TRAINING
4.1 OPERATING MANUAL
4.2 HANDS-OFF TRAINING Y
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DOE PIPEL.INE BOTTOMING CYCLE PROGRAM SCHEDULE

1981

SUBTASKS WEEKS

M

J

19

20

21

22

23

24

25

27

28

29

30

Kyl

33

36

37

39

41

42

43 .

PHASE 111 - CONSTRUCTION

TASK 5. CONTRACTOR INSTALLATION

& CHECKOUT

5.1 INSTALLATION

5.1.1 VAPOR GENERATOR

5.1.2 CONDENSER

5.1.3 DIVERTER VALVE

| 5.1.4 LOAD APPARATUS

5.1.5 POWER PACKAGE

5.1.6 CONTROLS & INSTR.

5.1.7 OTHER SAF.SYS,, ETC

5.2 CHECKOUT




DOE PIPELINE BOTTOMING CYCLE PROGRAM SCHEDULE

1981

1982

SUBTASKS

N

D

WEEKS

45/

46

47

48149

50

51

52

10

1

12

15

17

18

19

20

21

22

PHASE |1l - TASK 5. CONTRACTOR

INSTALLATION & CHECKOUT

5.1 INSTALLATION

5.1.1 VAPOR GENERATOR

5.1.2 CONDENSER

5.1.3 DIVERTER VALVE

5.1.4 LOAD APPAFATUS

5.1.5 POWER PACKAGE

5.1.6 CONTROLS & INSTR.

5.1.7 OTHER SAF.5YS,, ETC

5.2 CHECKOUT

5.2.1 STATIC CONTRACTOR

CHECKOLT

9T~

5.2.2 OPER. CHECKOUT

—_— L
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DOE PIPELINE BOTTOMING CYCLE PROGRAM SCHEDULE

1981

1982

N

1"

12

13

14

16

17

WEEKS 40

41

42(43

45

46

47

51

52

10

15

. SUBTASKS

PHASE 11l - CONSTRUCTION
6. REPORT

&

El

-7. PROGRAM MANAGEMENT THRUOUT PHAS
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DOE PIPELINE BOTTOMING CYCLE PROGRAM SCHEDULE
1981 ' ' :

o

1982

SUBTASKS WEEKS

o

N .

D

40

41

az'a3

46

a7}

48

49

50

51

52

9|10

PHASE IV - DEMONSTRATION

TASK 1. SHAKEDOWN

1.1 STARTUP

1.2 HANDS-ON TRAINING

TASK 2. OPERATION

TASK 3. EVALUATICN & DISSEMINA-
TION OF RESULTS

- 31 EVALUATION

3.2 DISSEMINATION

TASK 4. REPORT
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DOE FIPELINE BOTTOMING CYCLE PROGRAM SCHEDULE

1982
. M : - A A S o N
SUBTASKS WEEKS [19]20]21]22]23]24|25]26[27 |28 31[32 [33[34 [35 [36 [37 /38 |39 [40 [41[42 |43 |44 |45 [46 |47 [a8

PHASE IV - DEMONSTRATION

34

TASK 2. OPERATION

TASK 3. EVALUATION & DISéEMINA-

TION OF RESULTS

3.1 EVALUATION

3.2 DISSEMINATION

TASK 4. REPORT




DOE PIPELINE BOTTOMING CYCLE PROGRAM SCHEDULE
1982 1983 -

D - F m A M

SUBTASKS WEEKS |49]50]51]{52| 1 [2[3[a[5]6]7]8]9 |1011]12[13[14"15 |16 [i7 [18 1920 |21 b2

t
| ’

PHASE 1V - DEMONSTRATION '

TASK 2. OPERATION ' — v

1

TASK 3. EVALUATION & DISSEMINA- ~

TION OF RESULTS

33 EVALUATION - : Ay

3.2 DISSEMINATION V|

TASK 4. REPORT : Vi

0z-a

.
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