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ABSTRACT

A Total- Energy System (TES) is designed to supply the

thermal and electrical energy requirements 9f Fort Knox,

Kentucky for a period of,~3O years, with startup scheduled

for early 1985. Considered for use as the central station

power plant for this system are a combined coal gasifica—

tion, fossil—fired gas turbine (COOT) power plant and a

direct Braylton cycle high—temperature gas—cooled reactor,

helium gas turbine (HTGR/GT) power plant. Several utility

system configurations affording different thermal/electrical

energy demand ratios are studied for each supply option.

With’;the primary system optimization criterion being the

choice -of the TES providing a minimum of total energy costs

over the system lifetime, it is found that the optimal

thermal/electrical load split for each supply option occurs

at approximately 80% of the base ’s total energy demands

supplied thermally . Within the limits of the unit—cost

assumptions made and for the range of cases studied, it is

found that the present—worth total cost of the optimized

HTOR/GT system (in 1985 dollars) is $231L5 million and the

corresponding optimal syste m cost for the fossil COOT

alternative is $182.2 million . - 
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CHAPTER 1

INTR ODUCTI ON

1.1 Foreword

This is the final report under a contract between the

Massachusetts Ins~Itute of Technology and the United States

Army Corps of Engineers to develop a conceptual design for

a Total Energy System (TES) supplying both electrical and

thermal energy to large U.S. Army bases. The system dis-

cussed In this report is a third iteration optimization of

the design for a 1985 Total Energy System for Ft. Knox,

Kentucky . It Is a successor design to that of a similar TES

study performed previously for Ft. Bragg, N.C. Use of both

nuclear, and f o s s i l — fu e l e d  coal ga s i f i ca t i on—gas  t u r b i n e  power

stations are considered as well as the dependence of power

station costs upon the thermal/electrical apparatus mix in

the customer sector . The sensitivity of TES costs to changes

in capital costs , fu el cos t s , end use equipment costs , the

marginal cost of the electrical  distr ibution system and

Thermal Utility System (TUS) cost is also presented. Recom-

mendations are made regarding the optimum TES for Ft .  Knox.

The Ft. Kno x s imulat ions have been performe d using a s lgr i l f i —

cantly improved mode l, TDIST2 [1] which has been developed

recently in this project. -

It is found that a minimum cost Total Enorgy Systen for

both the nuclear and fossil options occurs when the thermal!

---

~

--—— -

~ 

---~~~~~~~~~ -~~~~~~- _ -~~~~~~~ - -~~



2.

electric space conditioning split Is set at 80%/20%.

Additionally, it is shown that for the fossil—fired plant

to rema in less expensive than the nuc lear option , the pro-

jected cost of coal must remain less than $70/ton averaged

over plant lifetime. The plant is to be located at Arnold

Bottoms, three miles northeast of the population center.

1.2 Background

During the past ten years, oil and natural gas have sup—

plied 75% of the nation’s energy needs, with coal supplying

21% and all other energy sources,Hincluding nuclear, account-

ing for only 11% of the total. (2) OIl arid gas have been

the preferred energy sources because they were easily obtained ,

transported and converted to electrical and thermal energy .

Recently, however, the scarcity of natural gas and the rising

cost of foreign, interruptible oil supplies has led to con-

sideration of alternative energy sources for meeting energy

demands. Solar power, wind power, geothermal, fus ion and

many other energy sources are being investigated and developed

to meet national energy needs. However, coal and nuclear

power are the principal competitors in the current energy mar-

ket place. Each fuel has its own characteristIc advantages

and disadvantages, some of which are listed in Table 1.1.

As is seen in Table 1.1, there is no dec isive factor

which would lead to choosing one energy source over the other.

In the report prepared by Metcalfe and Driscoll, “Economic

Assessment of Nuclear and Fossil—Fired Energy Systems for
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TABLE 1.1

NUCLEAR VERSUS COAL PLANT CHARACTERISTICS 
-

Nuclear Coal
- 1. Complex licensing procedures 1. Can be operated a

arid operating requirements. maintained by few~~and less—well—tr .
personnel than a
nuclear unit .

2. HIgh capital cost 2. Lower capital cos

3. Low fuel cost 3. High fuel costs

14. Several years (3— 6) of 4. ImpractIcal to st
operation on a single more than a few rr.’~ 

-
fueling fuel supply on s.~

5. Low environmental impacts 5. Meeting exhaust ~
- - -

standard s imposes
economic perialtiec

-6. Low risk, but high conse— 6. Can be located c
quenc e reactor safety to load center
hazards exist

7. Requires relative isolatIon 7. Airborne c hemica
of the plant (exclusion sions impose s1:~area) public health ris’.

8. Cooling towers required 8. Use of gas turbine~for dissipation of waste allows waste heat
heat exhaust to the z i . .

- phere

9. Technology for the disposal 9. Successful recla-
of radioactive waste is not of stripmiri e site:
established very expensive , a..

some cases not de-
strated to be pos:

_ _ _
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I
DOD Installations,” (3] nuclear plants and fossil—rIred

gas turbine plants are shown to be economically competi-

tive In the size range of Interest (50—100 MWe). Metcalfe,

et al., considers pressurized water reactors (PWR), high

temperature gas cooled reactors (HTGR), conventional coal

and oil fired plants, as well as preliminary calculations

on coal gas1tI~ation gas turbine plants (COOT). Metcalfe’s

work is used in this report as the source of economic data

regarding nuclear power costs.

1.3 Report Outline 
-

In Chapter 2 are developed the model of the coal—gas

gas turbine (COOT) plant used for comparison with a 38%—

efficient RTGR Brayton. cycle po.wer~ station.... Note. that the~
.

nuclear analysis is not restricted to use of an HTGR power

station. An LWR power plant at reduced efficiency would

be able to provide both heat and electric power via a

steam—extracting turbine. In this chapter also are out-

lined the selection of specific components, the sizing of

these components and the calculation of fuel consumptIon

rates. - - 
. 

- 

-

In Chapter 3 are explained the consumer classifications

used In the analysis of the thermal and electrical loads of

Pt. Knox. Load schedules for each consumer group are

presented. The thermal utility system (PUS) piping distri-

bution system is explaIned in Chapter 11 together with the



- _ _ ____ 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _

5

design criteria which were used. In Chapter 5 are presented

the energy demand simulation results obtained in examining

the PUS as described in Chapters 3 and 4. The effect of

the consumer thermal-electrical demand mix on TUS loads is

also described .

The optimization of the TES with respect to overall cost

is discussed in Chapter 6, with Chapter 7 summarizIng the

report ’s conclusions and recommendations. Appendices are

- included to document key technical aspects of the calcula—

tions employed to develop the results.

_ _  J
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CRA PPER 2

COAL GASIFICATION FOSSIL-FIRED GAS TURBINE PLANT ANALYSIS

2.1 Introduction

To ensure a valid economic comparison between a High

Temperature Gas Cooled Reactor (HTGR) and a fossil fired

alternative, the model of the fossil fired plant should

be as well developed and understood as the HTGR model.

The fossil—fired plant model should represent realistically

the available technology, but not be given credit for poten-

tial and as yet undeveloped technological improvements. A

Coal Gasification—Gas Turbine (CGGT) plant is selected for

analysis based on the preliminary economic comparison per-

formed by Metcalfe . [1] ThIs section of the report outlines

the development of the plant model, and describes the final

CGGT model.

2.2 Selection of Coal Gasification—Gas Turbine Components

Coal Gasification and Gas Turbine reports r2 ,3) prepared

previously in this project, are used as the basis for the

selection of components. The objective of the selection

process is the specification of a set of’ mutually compatible

compone nts, well suited to the requirements of a Total

Energy Utility System . The selection of a coal gasifier ,

gas pur i f ie r , gas turb ine  and waste heat exchanger is explained

in the following sections. 

-~
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2.2.1 Gasifier Selection

Table 2.1 (reproduced from the project Coal Gasifica—

tion Report [2]) summarizes the important system parameters .

of the currently available commercial coal gasification

units. The most crucial of these parain~eters are those which

affect component complexity (and thereby reliability), system

compatibility and cost. It is seen that the heating value

of the gas should not be considered as a controlling parameter 
-

in the selection of process equipment , since relatively

simple changes in turbine combustors allow wide variations

in fuel heating value. Thus, the greatest weight — in

selecting a given component — is given to component compati-

bility- within a complete- system , and a history of- praven--

successful performance. Realistically , it should be pointed

out that no single gasifler Is clearly superior to all others,

with the result that the selection of amy gasifier would

imply gasification costs of approximately the same value.

With these considerat ions In mind ,, the Lurgi gasIfier

is chosen for use In the project’s CGGT system because of its

history of proven technology, simple construction and reliable

operation. Additionally, the output pressure of the Lurgi

product gas (300 psI) is suitable for compressed gas storage

with minimum compressive work, the Lurg,1 unit can use air

rather than oxygen as a gaseous feedstock (obviating the

need f or an oxygen plant) ,  and required coal preparation 

-- ~~~~~~~~~~~~~~ -- 



V

I C )  .~~ C)
- 4-) ‘4C) ~~~~~~~~~ • ~:,-i~~~~~ 9

E 0~~~~~~~~’~j O~~~~a~ c
• ~~~~~~~~~~-4 14Q CJ~~~~4 C) C)

C) 0. ~~~~ -(~~~~ ti~~4 0 .  ~
.. 4 .) c U)  ~o

N ~ ~ (
~5 C.J~~~~ O 5 C ~~~4~) 4-) 0 C )~~~~~ ~~~~ C) .-l ~~~~~~~- 0 £. O a s a ) V a )  n c d 4 , o 0

E4 as ~ ~‘. 
a, o. 0

I 4.) 4) Q) ~~~C ) C )
C) C) O 4-)~~ O v ) ~~~~ C) )<~~ 4 C ) 0 .  ~~~~~

.

£4 ~~~~~~C) C) C5 ~~ E a.’ 11) q-l~~~ a) c ~ICI P. ~.-I C)~~~ cri £ 4 4 - ) c -~~~~a) ~~~CJC) 0 0. C ) O C )  0.0,-I
C) 0 ‘5 ~~~~~~~ ~~~d.) 0 O C ) - 4 - ’  C ) 4 -~a~ Z C J 4 0  ~~~C)C)
0
£4 I

p4 qI
I C) £ 4 .

o o C . ’ p. p .C.’ - -

.4) 0.0. C)a Ias ~ ccl >,C) II) O C ) 4 )
.~~ 

4) .,-I
0 4-).,-4 0
4) — 4 E ’ 5  •C) V.’as s ~- a ) c 5 o ‘5C., 0 . C~~-I a,
C) r-~ 4) r-L O)

C) r-I r-4 I q , - ’5
F-I q1 ‘5
.0 ~~ E~~~~-I -.-4
as C0 4 ) 0 ’4
,-1
q4
as a.’

.
~~ j o

(.4)
a.’ c 0
.n as o ~~as‘ 14 ’ £4

~~~~~
.

(4~J~ ~~4 ,1 ~~ I I 0 E £4 4’  C)
0 ~~~C) :i~~~obo:~ 0~~~ qI
0) 0 1 C ) q I 4 )
C) ~1r-I £4.O o 0 £4
I r-4 r-4
as C ) C )  .P -. ij
4) ~~~~~ 0 0 0  C ) C ~ 0

0 0 C ~~~~as p. Ø C ) rf
C) C ) C )  C) $.. 4) .P

‘Ci C ) C ) C) 0 4)~~~as O C ) cS £4~~~ q-I C)
0) ~~~ -4~~ O p4 .r-I r-I E

as a~~~
0) ~~ 4 ) C5 0  C)
C) £ C.) .~~I .-I >,’Ci 4)~~ 1~~~as ~ ~~~~ , a) ‘4 C )
4) b 0 5 ..-$ ~~~ ) ~~~C ) E  C) ,-1

£4 q-I 4-) £ 4 , -~~~’5as p~~~ 
.~ ~~~~~

~~ 0 Ø) . C) 4 ) 0  ‘1)0 0 .
0~~~~O C I  C ) C )
0 0.0 ,-I ~~~~ ~j 0-1~~~~a)

0 fil 0~~~ ‘Ci
C ) C )~~ O t-I -ti~~~‘i-I ~~~~~~~~~~ O C )

4) .~~~‘54 )  0 ,— ~C) ~~~Ci~~~~C) P-4 0. 0 0( 1 )  ~~~‘4

0
C,

C) £4
C) C!) C
C) £4
C) El
0 •‘~£4 El
~. z >

(I)
I- -I

_ _ _ _



-. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

10

operations are minimal. It Is notable that several other

development groups [14,5] have also selected Lurgi gasifiers

as the basis for combined cycle plant designs.

The Lurgi does have at least two minor drawbacks

(neither of which warrants changing to another g a s i fl e r) ,  the

low heating value of the product gas , and d i f f i c u l t y  In

using caking coals. The low heating value of the product

gas principally affects the required gas storage volume .

The Lurgi Company has treated the caking problem by adding

rotating arms, called stirrers, to agitate the coal bed and

has successfully gasified caking coals.

2.2.2 Gas Pur i f ica t io n

Table 2.2[2] lists a few of the most attractive purifi-

cation processes available for removing sulfur from the gas.

Most proposed large (1000 MWe) [14 ,5] combined cycle plants

use a series of sulfur removal processes , such as potassium

carbonate — to Claus purification — to Scott—tails processing .
This sequence Is used to reduce the loss rate  of’ the catalyst

in the Claus purification process by reducing the volume of

gas passIng through the Claus system . It is thought for the

small sized plant proposed for the Ft. Knox TES (1142 MW(t)),

that the added cost and complexity of the potassium carbonate

system is greater than the corresponding savings in Claus

catalyst achieved by using the potassium carbonate system . 

-~~~~~ - —~~~~~~~~~~ .— — -
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For this reason , a simple Claus pur i ficat ion system wi th

Stretford tails—processing is recomxnerxled for the CGGT

plant.

2.2.3 Gas Turbine Selection

Table 2.3 Is generated from the project Gas Turbine

report [3]. The table displays the prl.nclpal—characteris—

t ics of current ly available gas turbines which are relevant

to a CGGT plant. The Turbo—Power Marine FT14C Power Pac [3]

is selected as the basic unit of electrical generation .

Initially , the FTI4C was selected for use in the project

design because of Its unique design whIch decoupled the

electrical generator turbine from the compressor— 6órnbustor

turbine. This feature would permit a large fraction of the

combustion gas flow to by-pass the electrical generator , and

to supply heat directly to the Waste Heat Exchanger . It was

thought that by—pass flow would be a convenient method of

sh i f t ing  the ratio of electrical/thermal power produced , as

the TES demand changed through the day . However, the winter

peak thermal load at Fort Knox is so much greater than the

electrical load that merely using FTZ4 C turbines  to supply

all the thermal power would require additional turbines, with

most turbines  operating solely as hot water heaters. The

solution to thI s problem Is to use a separate gas—fired

water heater. Thermal Power (hot water) is produced by the

F’T14C exhaust waste heat exchangers (as base—loaded heat
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sour~~s), ~~ :~~ o t~; the gas—ii~- -~ l ~ater ~ieater when

necessary.

Tc~ q r - ~~~t i~ t~ en is , si nce ~a :— ’ir€ ~ water  heater

I :.~d , ;L~ r. .3Inply p~ ~~~~ ~as t :  t..e icad points

ar.~ use c~ €nt~~~~~ htating ~ys~ ems~ The answer is made

up of 
~~~~~~~ r- - s.

1) U~~e of a cent:’ai station c - f Ir e c ~ water  heater  (to—

::~er with the turb!nr -.ex~aust water—heaters) reduces

fue ± ~on~Lnp tic’r ~~~ th ~~~~~ t~~~~~ f~ ei costs. Thi.~ results

in a 90% savIng In fuel co..ts (~ ‘- r ~~ Ap~’e n dIx  A . l ) ,

2 ’,. The design concept of th~ C~T model is based on a one—

f’or —o ~~ ~‘eçlac er n- :  c~’ a :’  ~ropo~ e~i HTGR /GT plant ,

powering the Ft. ~ncx TES.

F~r th’~i~ two reasons , tL~ ~entr~~ station CGGT ccncept Is

retained. The FT.C t~:rb1ne is sei-~cted as the t u rb ine

~iriIt of chcic~ because Its comb~istor can be easily modified

jor use of’ ..o’~ BTU gas , i~~. ur1It sIze (26,3 ~~e) IS easily

rLa t ched to thc Ft.  Kr,ox load , and t~~e capital and operating/

m~~ ntena~ice cos ts  of the FY4 C are rep or t ed  by u t i l i t i e s

as being ~~~~ the lowest of’ the available units in

the capacity range of interest. It Is felt that for

~ ~reased av ± b 4 1~~~y t~~- :’o should ~e fou r gas tu rb ine

generators , three running and one a backup u n i t .

~ 

~~~~~ - . - — -~~~~-~~~~~~ 4
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2.2.14 Thermal Energy Storage

The thermal load of Ft. Knox varies typically on a

daily cycle as shown by Figure5.7. There are three ways by

which this thermal demand can be supplied :

1. Produce thermal power at the required average daily

rate; and use a thermal reservoir to store energy when

thermal demand is low, and to release heat when thermal

demand is high,

2. Produce thermal energy at the instantaneous rate required

by the Thermal UtIlity System (TUS) load , and

3. some combination of options 1 and 2.

Option 1, thermal energy storage , is the most economical

approach for a TES using an HTGR power station , because this

option minimizes the size and cost of the HTGR. Since the

HTGR is by far the most expensive item in the system , mini-

mizing HTGR cost , as a first approximation minimizes overall

system cost .

However, Option 2 could be more a t t r ac t ive  for  the CGGT

system than Option 1. Utilizing Option 2 instead of Option 1

~for a CGGT system affects only the designs of the gas fired—

water heater , the thermal reservoir , and the gas storage

tanks . Implementing Option 2 for a CGGT system requires

increasing the size of the gas storage tank(s) so that they

can store sufficient gas to permit absorption of the therma l

load swings . Option 2 also requires a larger gas fired water

heater (sIzed to meet peak demands), h-i t It eliminates the
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need for a thermal reservoir . An ecoa~nIc balanc e rm~~~t hc~

struck between increasing costs -Th e- to increasing gas tsnk

storage volume and water heater size , c-:icpared to d-c-creas iag

costs due to eliminating the therma l reservoir . As Is sh-~~r

in Appendix A.2 , It Is much less expensive (on a specific

energy cost bas i s)  to st ore energy as hot water  than as -gas.

Therefore, Options 2 and 3 are not considered furth~r In the

economic evaluation of possible d~?signs.

Hot water may be stored in steel tanks , pre—stress~~

concrete vessels , excavated rock cavei’ns or high pressure

aqu i fe r s .  Steel tanks  are selectc~ as tha storage n’a~ —~ ~~~~~~~~

because they have a proven operating history ant (for the

size range of interest ) they may be s h o p — f a b r i c a t e d . Fc:k

cavern or aquifer storage depend s on site gE’olo~ y ,  am i ~tnc~

this information was not available (and In ~. a; case would

vary from si te  to s i te)  these t e c h n i -~ues  a~’~ na t  ccns~ ~c~ •~t

further .

2.2.5 Gas—Fired Water Heater

Gas—fired water heaters of the required capacity a~-e

readily available from several vendors. [6] Two w~t-ae

heaters are used in the CGGT plant to i npi~~~Ja systcm ~~‘~ 1 - -

ability. Each gas—fired water heater supp~~es a;~~~~x r - ~~.~~

2 5% of the winter  peak thermal load , the  rest  of t h e  the:-:-

energy is recovered from the gas turbine exhaust wa:~tf h~ t t

exchangers.

- ---

~

- - -

~ 
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2 . 3  Component Sizing

The size or number of the various components in the

CGGT system is set by the loads which these components must

serve .

2.3.1 Gas Turbine Sizing

The peak electrical demand of the optimal TES for Ft.

Knox is 51~ MWe. Three TPM PTLIC (each 26.3 MWe) turbine

generators are considered to be used to supply this load .

Three small units are used (rather than a single larger

one) in order to insure a high system availability. Al-

though the FT14C is rated at 26.3 MWe, it has a reserve

capability of 31.1 MWe such that in an emergency ~Ii~ PT 14C -

can supply 60% of the peak electrical demand . An additiortal

turbine Is included in the plant design (giving a total of

four turbines) to act as a backup unit.

Each FT14C has an exhaust waste heat exchanger, which

recovers a maximum of 32 MW (t) from the hot exhaust gases.

This thermal energy serves the TUS.

2.3.2 Lur~I Gasifler System Sizing

The smallest commercially available gasifer unit has a

capacity of 1.87 x 108 BTU of gas per hour. The design day

requires use of four Lurgi units. Forced—outage backup

capacity for the Lurgi units is considered to be accounted

for by their inherently high availability, and one addi-

tional unit. The final design utilizes five independent
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2 .3 .3  S~~:Ir.g the The rrrn~l Rese rvoIr

The lar’~ eaz vari~~ Ior~ b e t w e e n  peak therc -~al don an d  and

ther al o~~. ~-~t s~ hei ules occurs c-n the design w i n t e r  day

as shown in FIg.  5 .27 . The ene rgy m i s — m a t c h  between the

.ierrna2 -~:iar i -a1 t~. ~rm.2 l supply schedules  de t e rmInes  the

eaerg~’ stor .~~e requirements , and , he nce , thermal reservoir

s ne . Int~~~~a t I n -  the energ~ schedul es mI~ —natch over

t i me ( the  :i~cs .at ~ hed area) sh own in FIg.  5 .27 , results

in a required energy storage of 362 MW—hr . Using a
~~~~0 0

:-‘e oervol ’ w~ t e np e r a :~ re cha nge frc- m ~C F to 150 F ,

me ene rgy r i e n a t c h  can be ccrr;ensat .~i for  in a 86 , 000 f t 3

r~~: : - . ’ o i r.  This co: re sp~ mTh t a  a tank  1 4 7 . 8  f t  in diameter

nd h e I g h t .  The actua l  thern:l c~’servoir plant  des ign

~~uid prob ab 1~’ co nsist  of a set of four smaller  storage

:ank . ach t~ nk 20 ft  in diameter  and 70 f t  high .

2. L Fuel Consu’r:~tio :

A g -ien space c onJ it ion lng  donand can be :-i~ p 1ied by

. ev er a l  m tho d~~,

1. burnin g of gas at the load po int t~ supp ly  he at ( In

Apper .~ i x A.1 It is shown that  th is  Is very  w a s t e f u l  of

energy and money) ,

2. burning of gas at a central  s ta t ion to produce high

temperature  water (HTW ) to supp~ y TUS loads (more

economical than option 1),

~ 

~~~~~~ -~~~~ -~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ---~~~~~~~~ -~~~~ -~~~~~~-~~~~~~~~~~~~ -- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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3. recovery of thermal energy from the electrical genera-

tor turbine exhaust , producing high temperature water

( HTW ) to supply thermal loads; b u r n I n g  of ex t r a  gas as

required to meet therma l loads greater than the energy

available from waste heat exchangers  (more economical

than either options I or 2 ) ,  and

~~~. supplying the thermal demand by a combination of

e lec t r ica l ly—opera ted  heat pumps , HTW heated by t u rb ine

exhaus t gase s , and extra gas burning.

The most economical  a l locat ion of e lec t r ica l  space—

condit ionIng and HTW space—condi t ion ing  demand Is found by

determining the thermal loads for various values  of e l ec t r i—

cal/HTW load sp l i t s , and then calcula t ing the cost of the

corresponding TES. It is found that the to ta l  cost of a

TES, whether nuclear or coal—fired , passes through a minimum

at a thermal to electric split of approximately 80%.

Details of fuel consumption and system optimization are

explained in Chapter 6. The effect of ambient air tempera-

ture variations upon central station efficiency Is riot con-

sidered in these calculations due to the relatively mild

clim ate of the Ft .  Knox area; and thus , the sm a l l  e f f e c t  of

weather upon plant  e f f I c i e n c y .

2.5 .COGT Plant Layout

The s ize and n i rn be r  of componen t s  desc r ibed  in Sect ions

2 .2  throug P~ 2 . 3  are shown in a pro’~csed plant ~~an in

_  
-
~~~~~~~~~~~~
“--~~~~~~~~~~- - -

~~~~~~~~~~~~~~~
- -

~~~~~~~~~~~~~~~~~~~
- - -
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Fi g. 2.1 and a schen ~ t I o  dIa~ r-am In ~~~~~ 2.P. ThIs la:iout

is not completely optImIzed , b~ t It do-:: I r ~:a~-~- a r a t e -  saTe

f eatures designed to r oduce co s t . - and to e n h a n - ~e or.

convenience and cos t s .  ?or example , the ~as tort laos

located close to the gasl fer s  a m-I  therr:t~ I - e s e r v - oi~ :. T h I s

reduces the gas pipe run from the gasifers to th~ t ; x-hl ’~c-s ,

as well as the steam or water l In e s  w h I c h  r un  fr an  t b -  ~~~:~ t e

he at exchangers to the  ga sl f l ea  p l a n t  and t-herm:l a . -volas -

The ga s turbine s are arranged so that tt~-ir ~xb a a~t PTh T~~~S

rise in a common area, enhancing overall plume rlac .

- Because the turbine exhaust waste hea t  is used to pro —

duce hot water for the IllS and is riot usas I r .  a Steam

bottoming cycle , there Is no need for  c oo l i n g  tower s  c r

steam—cycle heat rejection equipment. The pla nt 1-tyOU t

occupies a total area of 73,000 ft2.
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Control I GasificatIon L~rüc
~.dminIstratIon I Purification FI’L4C
t~ intenance LWat~ 

Heaters 
r~~c
rFT?4C 1

I HI’;~ Tank
I - i  

-

f 30 30
1 2  1 Day Day

Coal Coal
1 ~ Su pply Supply

I” I

Scale 1 . I I I V

0 50 100 feet

Figure 2.1.  P lan  View of CGGT Power S t a ti o n  Lay out  

~~~~~~~~~~~~~ - - -- ~~~~~~~~~ -~~~~~~~~--
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‘ t t :  m r - - :c :ed -ert r p .

Tota l Ener gy System (TE ) im eonolier :d to to 1935. Ta

insure that the ~mo d eTs of  t r io  t a r e ’ s erar -v arm

accurately re:~leet  anticIpated c o n d i t l - o r r  -~~~~ tha t  tia o-

date , the Fort- Knox ~-aster P l a n  for Fu~~ua: T- veio~~r-:at.

has been consulted to Identif’: the hu ll-line tyt- -:- e- m d bn:-

confijuration to be used In the :-:st eo O ± ! . 3 ~~ S .

ing e x t e n s i v e  disc’~ s o i e m o  with personr :- at t h e  .~~~
‘
. Ar :y

~‘acI l it i e s  En Inee’ i~~~ Sup p o r t  a g e ncy  ( ° - ~~ ~ ) a

V1rg~~n I a , and  af t -er  a f i el d  trio to Ft. l~nex , it h-o s be om

c o n c l u d e d  t h a t  the  b u I l d i ngs -at F -a r t  C r - ox  r o y  F - c-

Int o  a t o t a l  of f ift e e n  g e n e ra l  er -o r gy ccns t i ro a

b a r e d  upon dec om~-n te-o bu t iOtfl cl .m e-c and C OIaO ~ r - o a l -  or-

c h ar a c te r i r t l o r.  Ta b l e  3.1 l im b s th e m e  f~~~ouoa ci ~:

brief descr’iot I o n s  of the ‘ t y r i ca l”  o~~I t t  mhc -s ’-ri to re:: - :--

sent each category and the norot~-:’ ot each f~-ani or t h e  t a m.

Appendix B cor~taI nm mere eomp e’ e d -;c ’ iptiono -: f t h e - s r

b u i l d i n g s , inc~~u d in g  th e ir  n o u s t rm e t i r -r  md  u :a~m e rpe-c i:I—

cat~ rins sorpl~ el am I n p u t  da 2 tO tJ a hhl . T o a n m crm~ r

rodeilinC r’ibrouttnor.

The rn - -, io tudes of the total m arry - a r Th of th~’re

C O f l S U P  co r n c he ; r:ah ~clrite;’ h on ’-~ an d oa ’o ~~~ em olin :

days detern the derign cr1 ~~~~~~ 
-, 

~~~~~ 
:-~~~ by t h e  o

nent - r of t: n o r m a l  ut i lt y  r y m  t e r n  m r - I , ch - :. -~ a:, or’: :‘ — 

~~~~~~~-~~~~~~~~~~~~~~~~~~~~~~~~~~
--- --~~~~~~~~

_ - - - -  - —-- -  _~~~- - -
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Table 3.1

Fort Knox Building Category Descriptions

Type 1. Family Housing Modern: Modern family
housing includes housing units of two—
story , all—brick construction dating to
roughly the 1950’s. The basic unit

accommodates six families and has a

total floor area of 6000 f t 2 .

Type 2. Family Housing Modern: This represent—

ative two—family  uni t  Is of brick and
wood cons t ruc t ion , is ent i re ly  on one
floor, and has a total floor area of
1500 f t 2 .

Type 3. Family Housing Modern : Row: The four—
family modern housing units consist of
a mixture of two—story brick and combined

brick—and—frame construction units , which

in some cases are physically attached to

form larger connected housing groups .

The total  floor area of the uni t  is
7500 ft2.

Type IL Family Housing: This family housing

consists of large brick residences for

high ranking officer single families and

high ranking enlisted two family groups.

A representat~1ve floor area is taken to

be ~4l~7 ft
2.

- -

~

-__- - ——-- - . 
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i
T a bl e  ~~1 (ContInued)

Typ e 5. Ft. o:r ox Large HospItal: SInce the

h o s p i t at s  are l a r m e  l oa m  w I t h
.n lque  1:ad The: a c t e r i a t l c : - , s e par a t e

b u l l  I l eg  c a te g or I e s  are a 1 lac~~ted to
them .  The lam-:- h o s p i t a l  is a new
b o l .Idinm of c o n c re te  c o n s t r uc t i o n .
It is cons ider e d  to cont ain 100 beds
ifl a total flcor ~reo :f 37, 800 f t 2 .

T~ j~a 6. Ft. ~ vox Tmm l PaspItal: The rmaii
h~ n~-I ;a l  Is an old b oildI n g of’ bmic~:

c o n s t r u c t i o n . It Is ca n s I d~~rc~ t o

c o n t a i n  50 beds in a t o t a l  f l o or  ar e a
cf ~7, 000 ft 2 .

Type 7 . C om m u n i t y :  Perhaps  the - : Idest  range
of diverse hullJIr-.g c on s t ru c t i o n  and
usage p a t t e r n  c a t e G o r I e s  Is I n c l u d e d
In th i s  c lass .  y a c l l b t ’.es ranr-a from
r e c r e a t b c n  b u i l d I n g s  to r e t a i l  sales
€ s t a t t s o m e nt s , u n I t s  - :nlch Indivi—
o~ a l y  c on t r I b u t e  l I t t l e  to the base
demand ut wni ch In total represent
a si~c- i f 1 e - ~r t  lc a-i . The re p r e a e n~ a—
tive unIt is a : s : c J  ac b - - ’.’e a floor
area of 20,Y6 ft2.

Typ a 6 .  AJc Ir ~~st. a ti  ~ri an I or ~t n I n g :  The are
anl constr’-~ct t - r: of m-:se b u i l d in g s  also-
varltn eonsIae:’:ti~’ from unI t to u~~l I - ,

~:I zh U e t~ r1e~.l otr ;ct’:r’e being f L I P C : .

of a reirifor :cc concre~ e foundatIon ,
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Table 3.1 ( C o n t i n u e d )

Type 8. brIck walls , and a b u i l t - u:  r o o f .
(cont.) The represen ta t ve u n i t  Is t h r e e

5tories tal l  w i t h  a t o t a l  ftc -  ar  area
of 21~, l lZ ~ ft 2 .

Type 9. Operations and M a i n t e n an c e :  A
machine shop has been chosen t o be

representat ive of a wide variety of

maintenance b u l i d i no s .  C e n e r a l
construction Inol-u dec ettne r Ito -ok—

and—steel or brIck—and —bl ock walls ,
a reinforced concrete foundation ,
and a b u i l t -u p  r o o f .  The average

f loor ar ea Is assu med to be ~t , 85o ft2.

Type 10. Troop Housing:  Br i ck :  These ba r r acks
uni ts  are r e l a t l ’.’elv mn~ emn hree— stcrv

dwellings with a capacIty of’ roughly
200 men each . Construction Is of

brick, and a r e p r e s e n t a tIv e  u n i t  has
a floor area of 50 ,959 f t 2 .

Type 11. Troop Housing:  Block: Similar In sIze

to the brick u n i t s  descr ibed  above , the

block barracks consist of older reno-

vated units with an attached mess. Con-

struction is of reInforced concret e and

blocks wi th  an average f loor  area of
51, 000 f t 2 .

-- —~~~~- ~~--- -~~~~~~~~~~*
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Table  3.1 ( C - a r i t i r u -~- :~

Typ e 12. F~~n i ty  Houctng : Wa-a d : P h I  - a ’  ~-~~r e —
ser~tative t~ -:—fao:l:~ u d t  is s I r n I ar
to the Tya 2 Ilncum:o -~ ab-o~ - ., but
is entiT~e1y of h-a-a --I comstruct~ on .
The un~ t ban a floor area of 2~ -tC ft °.

Type 13. F a m I l y  S ou s I n g :  S t u c co :  ~n~~u~- sinai!

single fam~ ly ,  single story st. co

dwellings are pr eic -atnat -ul y for .j uril r

o f f i cers .  The u n i t  h - a c  a flc-~ r a r ea
of about  ~200

Type 1H .  Storage : A i t h ~~ugb m i n ~ -u r : -  s l a t e d  stor-
age f a c I l I t I e s  ex i s t  at i’ t .  Soe~x , a h sy

have been com bined in~~o a n i r : g l e  eio s .o

due to t h r l r  U n I l a r l  ty  ci’ na -a an— !

relatively sac- ~l con :iFui, i-or : to the

t o t a l  b- isa las-I . Phe r- ’nz - m-a n ca t 4 y e

unit is chooen to be typical of a i~~~ O O
w ar e h ou c e  w i t h  a f lc c - ; -  ar- -u of  li ,~~2l

Typo i5. FamIly Housir.g~ P.ltI lox: ThI S

is d e s t g ,n-o d t o  r- ’p r - a o - - r t  an

o~’ two Typ~ I u n i t s . Inc e n t i d  i~~f —
fe r on ce is t hat for t~dc~’ thu f l  — o: ’ ar a

( 12 , 000 f t 2 vs. 6000 f t 2 ) - f t h e -  my~ e 1,

the Type 15’s hav lass than t .~ tc -~ t :c
S -.ext -:ni or W O L I  s o s  (;~~ C i t  v :  . ‘- : O  : t  ) .

This m a c - . h a g  giv ’~s a m a r e  0 0 0 1 .: - te spa-c e

c o n - a l t  b o l t . — ~oad :aloul-P Ion ‘tans sr ~~1

t a  acbtf-vr - I 
~ :“ r~- :’a i -: ’nr i I’, t Ie type

b u i T :I r~ los-is.

_
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how these demands are supplIed , set the required power

plant installed capacity and its rated thermal—to—electIcal

energy output ratio . Similarly , the variations in the

thermal loads on these days dictate the installed system

thermal energy storage capacity required to smooth the

imbalances between the diurnal thermal and electrical

energy demand sc~iedu1es. The choice of these design days

is thus critica to the ultimate design , configuration an d

cost of the TEE ; the weather conditions must be severe

enou gh to insur~- that the system Is capable of meeting the

maximum annual nc’.zer demands , but they  must not be so

extreme as to C ~~ . se the system to be grossly over—designed

and muc h more co st ly  than necessary . As s p e c i f i e d  in

Department of Defense “Construction Criteria Manual ,”

DOD 14 770.1_ N , Oct. 1972, “En gineering Weather  Data ” AF~
88—8, Ch. 6 is used as the source of design weather data

for TDIST2 [1] simulatIons.

For simolicity, and because coInc id ent wind ve loc i ty

data was not readily available during the system design

period , a cons tan t  wind ve loc i ty  of 5 .68 mph f rom the wes t

has been assumed throughout both design days. The nominal

peak solar radiation intensity at Fort Knox for the winter

day was assumed to be 390 BTU/hr per square foot of horI-

zonta l  sur face  area ; the  summer day peak  was ~ !4L ~ ~TU/hr

per square f o o t .  [2 J  C l o u d l e s s  skies  have been  ~ s~~uau d ,

but normal seasonal atmospheric haze and diffutlon effeo~~:
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TABLE 3.2

DESIG P SAY AIR 
_____ _______

____  
Sumner Day, °F

12 11.14 81
11.0 80

2 
- 

11.14 80
3 12.5 80
14 AF~ 114.2 8].

16.5 81
6 . 19.2 83
7 22 .0  814
8 2 14 .8  85
9 27 .5 86

10 29.8 88
31.5 89

12 32 .6 89
1 33.0 90

2 32.6 90
3 31.5 90
14 PM 2 9 .8  89
5 27.5 89
6 214.8 88

7 22.0 86
8 19. 2 85
9 1~ .5 814

10 114.2 83
12.5 81

i2 11.14 81 
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Figure 3.1

( A )
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Figui~e 3.1
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Figure 3.2
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Figure 3.3
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~~g~re 3.LI

( A )
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F1~ture 3 .5
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( B )
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Figure ~~, C
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Figure 3.9
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FIgure 3.10
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FIg ure 3.11
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FIgure 3.13
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FIgure 3.124
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F~~ure 3 .15
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day reduce that b u i l d i n g ’ s heat 1n~- lead to zero , even

though the ou t s ide  aIr  t enp e r a t i re  is only 3:° to  33 °F.

Consultation with Army per sonnel at I-’FSA and an in—lc- p-;nder.t

analysis by Michae l Baker , Jr .  of Ne5 *, ~~rk , Inc . [3] have

verified this behavior for these par t~ cu1a:- b -ild in gs .)

All forced air ventilation and Induced Infiltration air

flows are assumed to be direct air exchan~Tcs b e t w e e n  the

interior and exterior of the buildings. The s1gn~ ficant

effects  of these compon ents  of t he  space cond~ t1ordn~

loads are evident in the winter demand schedules for the

hospitals (Figs.3.5—3.6), the ventilation requirements of whi ch

are large and the usage of which is fairly constant through-

out the day , and for the c ommuni ty  b u i l d i n g s  ( F i g .  3.7),

the afternoon and evening usage and large ventilation

requirements of whIch during occupancy cause bo th  i t s

summer and winter  demand curves  to be skewed s l i g h t l y  more

toward the evening hours than those  of the  other b u i l d in g

types. (The win te r  day pro f i l e  for  the hospi ta ls , w h i e

irregular , Is re la t ive ly  f l a t  compared with those of the

other categories due to the hospi ta l’ s fa i r ly  u n i f o r m  occu-

pancy cha rac t e r i s t i c s  and the  o f f s e t tin g  effectc of s l i g h t l y

higher ven t i l a t ion  r e q u i r em e n t s  and solar h e at i n g  d u r in g

the day ; the  large  v a r i a t i o n  I r .  i t s  s u m n er  dn y  decan5

occurs due to the additive effects of’ ths:me componen ts

when the  ambient  a ir  Is at  a himhc r t is- -na ture than that

) d esi r ed within tL- - bu ilding ). Th~ S t o r c —, - ( r i g .  3 . l~~ -a s i

_  _
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OperatIons (FIg. 3.9) 0 4  Itin.o ca :-cmcr !ec ~r- -- a s . ; ,:- .-:-~ cc -
‘

have no ato ccn5lttonino ( 5-7 0 -
~~ 

- -  ~~ a ~
- )  .~~~~~~:-:cC t t l o ri o-n—

dltion !s tnonsm~c ted to ct-: IS 2 : ~ s i r - - - n  ~~~~~~ -Y no

only by rr~ ui-’~ng t~~ intsrr;nl c-ocr -; c-:r - - - ac u;- - s  - - 
d i r e c t l y  wIlt th e out s  I d e  ~ I r  ‘ - c - u  — c - at-c-’ - - , S ~nc

of sun l igh t  the  uosb t r ;-d e f : o t s  o: sc-Ia :’ t~~at I : . g  - - 

small  am o u n t  of in t e r n a l  1io ~~cI r ;g - c - d -4 c - ~ ho n - c a l m - il

summer day  c-c -c l ing duacni s sac:-:n. ‘ s t.a I o -c i .  aer: Ion -c d

p r e v i o u s l y ,  t h o se den :ir ;d: an- :- crc : 11O-d I- - the ens ngy

s y s t em s  on l y  tnrougb the -o.-e of or - d f t - d  o-g~~~-c cOn~~~t ’,c-r: -~

Ing equIpmen t units. fince so al:- con Siti :strg I:

fo r  these  two c a t e g o r Ie s , tt -cio coo1Jr: .~ loads do scot

on the sys t em.  The progran  is  ac - n - -c :.o o - :  not ‘ :

CoolIng d u r I n g  the heat 1fl5 seaacrc a:;-I I- - - t I n -  iun~ n -

cooling c e a c o n .  The demand pm : Cl -~~~ Cc:’ -dl ho Icc-

Housing and F am I l y  ~oasd n; co t- co c cI - . v -~ I b Y ~

qu a l I t a t I v e  oe~-: -: v I a r , cc f l e c t i - : - t - - -  ~o-  - c ‘ o u r ’ ‘-y 3 ”

o c c u p a n c y  -c-f t hese  n m - I t s  d o m i n o  - lu ’ ~~~
‘ -

- a ar c S

evenIng h’~-cr’s an-S t h s -  i c m - l u o r ;  - - C s’~ ir  n - a t  --

the- day.
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CEA T -~3 24 - -

SCET E c - : iil:-:AI. CTTL TY FY S:E3: CFTTCCi

E r t c o m o a ~~:~~;cg an area of ap p r o x I m a t e ly  9 squ-cre  d Ies ,

c- h:- in abI~~e i eec - Ion of F:-rt Knox occupies the s o u t h —

w~ - tern of :-h-:- b - cc . (The remaInder of the base is

used for traIning c-srxds , firing ranges , etc., and has

very few ~ emma sio ; . , b 411iIri;- :  - )  Tao copulat Ion of Fort

Knox in 1985 ss expestod to be aI-pr :xImately 1F ,030.

SupolyIr~ the resIdents witri bo th t h e r m - al and e ect:loaT -

em-erg: from a sIr-ol e power plant r-cgntrcs careCs~ ly

d~~slgn ed  p i p i n g  c y o t e c s  am - i  e l o c c r i c a l  d l s t r l b u c - t o n  c l r —

cults to dcliv- thc- necessary energy at a a I m - c - : :  tota l

cost.

F i g u-~ 2 4 . 1  Is a n l a nm i n g  map fe- c Fort  K n o x  I l l u s t r a t —

ing th-~ layout of t:c-- - inhattt.e-h ar- u of the base as it is

efpect eu to a; poor Tn 1985. The ohotched areac o’e

ili’bd War 1 v~~n t a g e  temporary bui’TdIngs wr Ich are

sc d.~1ed to  be i - ; —  ; cd by b9F~~.

Or, C the Iro-sr:l rules e st a b i t o h e a  72r ’ _ :: I n  t h e  For t

K r ox o t u d ~ was t .~~t the pm cr-sod TCS be n o m I n a l l y  capab le

of sus plylng the base ’s t o t a l  a n nu a l  -onorn :: don or ; Is

re’ying upon any auxiliary capacIty from out~~t-ie c-he F-:c’c- ’ rc

b e - . m - d u s  be : - . Bce _ c - s e  scm --c loads ( a m o c o  c-:.aSitIonThg, i c-a - :—

tic hot. x i t - a r - )  r a d i l y  lend them :- ices 1.- ei. t he-s t h e r - n a l

or eb - c t r - ’ -:al e n e r - g ’ .- ~-utr1ie ~ , th -- pore T : : T t y  - ;n ’~o - : :  ~~~ 
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or tIilzIr the to  chc -~ i~ ‘ ..e ::i; .. : e :  - : t i l: -
-

arc- i 1c c es t toc -a~ cc - st thc:-cg l c ’ -c:.c~~ ;’ -l’~-l gne i

a - -c - a r - en ~Ico p-orco-nta:es :“ c-he cc -no r -r °r ’ : c 4 i j _ .c’ : c  O h e

peco r :-Thrc:’s thermal c- ,J electric al - nec.-’: o c~ r - c - tc .

ly, the- cgtlaal c y s t - - n  c~-:I ;-: ~:c-4 o be t i l t  c -  , : .- - .: ‘ ‘

wh ich , th :-cngl~:ut ntv’ o m - t t r - -  y-cc ° , c o d  : -~~ . :-~ 
- - - ct rT

and thco:.al ener-gy to ho per duced on -i c - c r c _ n o d  I n  a

such that non-c of the c-c~ o: pi~~at  ‘ s c-- c - c- = - c -m y r - i i c - m s t

w o u l d  b e was te -I . ( C h :.- t e r  ~ I l o c J S O L  :- : -e  ; ul  s n i  a

t l mi z ab l o n  p r o b l e m  un - I  itS ~--ca:ti:ol -io s~~d I -  t . : ’dorio- , )

As demand c-o:Io5l es fo r ’  f m - c  TES ic-c l 1 -: ~i , I :

general lou-i categcrt_n a:: opec -tCt-: 1 :  cpa- c- c:-n t t I c : : l : g .

serve- I t h o r - a l l y  -r  eT-cc - rrcaliy, io- -oo- r.c-d cc- -;i:

serv~oe supnlt .3 th -mmaiT y or - .lcc:~m T:c ‘:;, on ~ - . 
—

coriI t IonInm cie-strical he-s - - - , ~: n d - ~- 

lig hting, etc.). The nm -u -ce cc-m -dlttom -i :.- cc - -.i 5 :— -::

w at e r  c .:a : :: cr - c  csc --; : 5t-: - u or ;  :~:, 
d —  :1 ~~

- ._ - :~~~
-

b a s I s  to a l T ~~—~- theIr cc -c r-b y rcoc- ~s ;-.r~ -c i : c -  - 

b cm -r Ind . The r;- n—cma:e—co-n- ~~ t ’ c-’~~’: 
- c i - :’d -  - -

Is t c~~ -r: from ac:-uci n- tr - r lr ic - e~~-~l -a - a -  r -  F . : :  -- -
~- :e t r - r  r - c o d t r r - s  fr o m  ‘- -,. -,- n:-r- c o e d .  slrv- - s;nc~— - ; .1 -

Cs use Is thom at a — c r -i rm r I o  :‘~ - 5 -  ncom - c - : - -

w o u l d  t r -uiy m r—n one - ’;’ non— :pnce c- , . Sit I-c - ni ..  -: 1 - - - ‘ o l e - n t

-Jr - c - c - ’~i ’, .  T-e vabscu’ ac-il f r  t:~~ b -  — .c c .  - - - - - : 1  -

ti~~ m i n ’ ro ’o coO ’ : -r’ lIf,* C -‘ ‘ — c ’ . : . in

by u s - - of thiFT~ j i ~~, ‘. r - :  i c c : : - I c Ic ‘ - I : :
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9 15 .6

10 15 .0
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124 15.0

15 124 .7
16 13.6

17 11. 24
18 11.1

19 10.5

20 11.24

21 13.3

22

23 lO. °
224 9.0

~
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comm -stem nrc .;:-aro ,o h c:r is t h e  s u c c e s s o r  c-c I t -dc-  [2 J ,  u se d

in tb.c eor-lI- ~:’ r:- :’c- hmagg study d]. :]c~~ m - g  the t.n i thIn-;

-5 c r - I r s ’ 1 c m . : arc - i ;; a t h ~~:’ data rec-ccc -oe .c Tm - -dm -- cpter 3, TDI ST2

a~ pli~~s c-he calculated cc-no-sm-or em -on ly hem -c-n-is to e l e c t r I c a l

am..  I hot - ‘  der distributio n cetwark s. Tb -c cr-ace co;c-i:tioat r :~;

d- manS of a od Iic- .rr ac-~’ be s-u: olIe- .1 :-y The:-mal c - c - Ic- Ity

P sc-:- :: (T u b ’ hot ;-:atec’, ty at so r : t iv n  sic : aSIc -I .nin ~ or

r i c - i l i f ri c a t e r , by t o o t .  p~ ap: , by ° -c rc.: res:I-5’e - t m ecm -iicI:m - In c’

or by electr cal :cuist -m - :e hent - - rs. It— c - n c - I c  h-c t — C s e r

( s In ks , u -a shcr : , e t c . )  Is sup; .  t 1 - -.c e i t h - .n by TTS h-c t w a t e r

h s a t i n ,~ or y e l e : t:- I c - J  m - -~~ i sc -~i m - - e  h - c a t - - m s .

The pro -r -aim. .e- r- r :ay m u m -  T I t fT 2 , u s in g  c - r a n t - c u :  sn-:; -:- r ’t I - : r c- o

of c c -  .ccr  end :,: , c- t a I l o r  t h e  1cc-h o u pp l t - s - i

~ cce r p l a n t  of the T1IS. y , p  -:x arr ~~1e , a p ro _ nc  of

b u l l  i i :  ~~ m a y  r- - q - .i:’ a c € r t n l r . am o u n t  cf h e c - t i o - I . T i c - i s

h e a t l m- :  — : be s u pp l I e d  by  TP ~ :t  w a te r , 0; , hea t  c c - o p s

or by c I a - c t :  I c - c l  res~~s t am- . : e  h-cat-_n ’s . lJ: . n g  resIst c - n c - c  ic - c-ct

1 s ~- .l:e 1 cercain amount ~1 eTe :tc-I cic- ;,- , using boat

-u rap~. w Ill nec c-Ire less - : t e ct n i c i t y  (as: .1mg c-ef fIcI er ,t

-of r c e r f u r m - j r-, : E  ( C O p )  v a lu e s  ‘I; a m - c  - :slr . cc ‘d ii c c c -  _ n -~r’ d y

I n v o .  . e no a-h : i t l o n a l  ~. nei 5~c - c - c- m n :  ;: : tic:: if c - e m - c - c c-I ot .dl cc:

w - o t e  b - -at  ‘ : avaIlable. Of course , eac h of these or:-

n .cnp y optIons w I l l  have diff-:-r’e:c -t. costs. ‘dIET? Is u. - - I

to d e t c r r n t : - _ - t h e  m I x  of crc-erg;-’ s ,m ;rly 0:- c - i on s wh ich rauu 1t~

in a mIri 1;-,..~rr c c - -. : r - . r . t - - w o r ’ ’ t  cost  T - t o l  En - n m v  F c - s - t o a  _n-n—

flgurat.i---r -,. TI-,-: cr-st of the TTC In-cl c-he : ;1:ct c-il

~

,4-7

~

4

~ 
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costs, fuel costs for a thirty year p1:- nb 11Cc , the- Therm -c- I

Utility System capital costs , base electrIc al t:.ansahsslon

and d~ ztrIbut ion c -c - - st - c, ~s w e l l  as en-b use n o T  nm - cr c - c c-co o

(heat pump s, heat excha ngers , em - c.,. A compie- te -b escr ip- —

tion of the TDIST2 code Is fc c-c-rd Im - tic-c report

User ’s I-~aru .o l [1].

The TES options considered for the analysis of Fort

Knox are :

Option 1. HeatIm-~-- space  cnndltlonir .g IS suppl i ed b;~

TUS hot water or by heal. mum -cs. No e l e c t r i c a l  m e s l : t c -m c e

heaters are used for -  sr-ace ccndItI:nIng . CsclIng Is

8upplIed either by chilled water supplIed by the TUS; for

buI1d 1n~ s not- on the- ‘dP It is ::c-pplied by heat  p u m p s

running In the c o o l i ng  a -ode ,  :- - r c e st l c  hot w a t e r  Is s up p d e b

everywhere by electrical resIstance hea ems.

Option 2. Heatlnc space condItIonIng is surplled by

TUS hot water or by heat. :-sr:-s. No electr Ical resistance

heaters are used for sp-cce cor adi ti- :-ri ng . Cooling Is

supplied either by ccrop r-- sslv e air c-cm -hIt loners or by hr - cl

pumps running in the coollm -g oc’ode. Ponostic hot - w at or Is

heated by TUS hot water; or f e - n  t o c i l d i r : c - - c c - c t  on t h - -  TUS

by electrical resIstance water heaters ,

The percent ::— - : of I : - :-  c - c - a l  b o r e ’ s wi r: c -er’ h~ sIc - c: icy

space con dItlonln ~- 1 : - h  n c - c o l I c - h b ;. the- Pd I.:

as the  TU S’ s Thorn-cl/blo c ‘ c - -I o nic - Itoh rr-l: do-:- .

Therma l/E 1~~o t r i c a l  l o a d  a: ~T - V O l  ~
- - re- Ce-c’s- ‘ o ‘h r  r e m - o r - c - a - c e -

—— -

~ 

- 
_ __~~

__
~~_i_ _ 

- - - - ---4~~~~~~~~~~~~~~~~~ -- ~~~~-- -
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of the pack aIm -t ar d e s I gn  icc - I c - c - : -  1:

Hence , a Th nr-c -c-i/Fle:t rioai I- c- cd 0 1 1 1 :  .
- 

~l - c - - I ’ 1-Id

mea ns c-nat c - I ’. t -oi ldIn— -c h:i~ t ’c- :ci:- cc - c - c - c cc~ri!d - nIts

supp lle-i comp i -- t e l y by c - c- -c T~ P A Tmam- dihes10 :csl

lOad :cplIt ‘;olu-- of 0% a- ~n : c-hot all s -nc -c -: 

is being o- .,:c- lied olecc-rItc all: . c - rI r.n m . .  l 1 c - e vc- Itc-cs c-f

T h er m a c - / E l e c ’ c - I c c - I  l a d  s c c - l i t  r e f - or  c-c --- a r o r :  aix-o cr of

t h e rm  I l y  and el - s c t n i c a l l :c -  c c - c - - c I t e d  s_ n a o - c  c - cr c - i t iT.nln

The l td  Th-c- : - l / h ’ e c t r t c - c i s:o ’_ i b  c - - aI r-c- l’oc- etc -ncr’

TUS o p t i o n  regut r- -s bl at coot I -:115 tng cm- — t  . Km -ox I- -

att ach-c--h by 3ip~ ng to the TILl. F’i~~Uc-’c- 1’ l c:--.cw- to- T1’T

layout C-cr the lO .D - on-lit vc ue . TI-ce ,Lsc-hr- h It -e s

3800? h:t --rater to- am -os-- I sri -un c1r ’I-c- ’~ -‘P-’It~:- l ~ooe) . Ti- -c

d o t t e d  11cc-c- s. In-i t ma te 2°0°I-’ cc -- c - c - w - -. r . r - ( - -- - ‘- 
_
:~~

w a t e r )  d l o t r T  b - c - b l o c -  p i p I n g  (Ii-e-con -iamy b - p c . I t  cc-- - 

b ox ~-s r c ’pn - :- :er t  t c - : - c : I t o r c - r -  Cc - c - c - 3 8 I tF  c - c - -a .~~-: ’ - - I t.:  -.o ’-

t h r o u c r r  h e a t  e x c h c c p o ’ - s b- c 2~~0 C y  w~~t .-c- :’ u: 0 lange aas’nc —

t iv e  a i r  c o n d I t I o n i n g  pb - i c-It : pr :ciuc ’ ii-~ ~;-c- -~ 
- -i  c - r I t e - : ’ .

Excert. far’ th- ’ b - c - . hocpic -~ 1s , .0 r:c -il~iIn:; - - c : ~ r c I i - - o

w i t h  cO3°P h’ct wat-:-c’ cr~~~y f t P  1 5 ’F c ’c - tl It w~~:-: -’ , but.

not xlt - l bet. c -alec. a r -I — -hl’Iteh -r I o ,  c.;-It~~c - c  c - : y .  ‘Ti

a b u i l - l i n g  r I b I c -  :h i I l - -  I - : - : t . - --r c o o l i c i c  Is: - e -  um - -co - c - _ n’

h a v r -  yoo r ’— r-e.c:c- .I rIo~c-- - t I c  “ :1 ac -t o C” -
~~~ — • a T T i c

- sup~- il - -d I- -c-ct :-’:-. For ss ‘_ P i i  ‘ T a c I t  It:. or a “ I v - ’: ic - c ’ ,

- 2 c~p r r -~ ‘ es a 
-
~ v~ a second ‘- ‘ I p 1:. -~ I - -  I t o -

waY- -’ cc- -c ~l1- -~ 
-. tem m od e , c-u ’. :I~ c. - - - ’ . 5-a:-;: 
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c--a l,’ sinalc -oc-r-:cuoTi j cc nec-tIm -p . arc h cooe.lcg . ThIs mc c- Ire—

men t ‘cc-cl; c-c- -c c-c’ c--c-c-- i ’- - - -:Icc -ter—s ’ c-I cc -p or spnIm- :—e -

w e at h e r  - c o n d I t i o n s .  Ac - c-no se c - I r e - s -  s-: ’- c- , s e - c - cm - c ry C-ops

may be oecc- .- Icrc - - ad:-rInI s ’. n~i- ion b-cIIdI s n - c - -c c - i c - i m p  c - i s

condltioroirc - — --cm -lie other s c o c - m - t : c r y  Icc - pc ca y m e s - - c - r v I c c -

r e s I d e n t i al  b c-ri l J l m -~~: r c--c c u I r ’ i n c : p a c - e  m c ’~cI r c -. . Tb .:.

simulatIon cot om-ac-ical ly op-c c-ate : s e - c o n - c - l a c y  l coc - - : to  s u pp l y

t h e -  am c ’m c p :’ L a t e -  r - c - o d u c c - .

The c i r c l e - c  in  F i g .  ~4 - 1  In cil ca c- :- 1- - - -: oerc -te~~~- Fo r

p u n - p o r e s  of t h e  sIc - c --.r I t i t i n , sever -c l I - -u~~ihings in c - c - c

VlCi m -it y of a icc-h c- c - :- - - m c  ass -am-e d I-c I-c-a ~
- c- :.eir Irads

app lied at c-h-c- load :e::te-I- . fcc-c- pr - i - - a r - v  -Il : c-c ’t t ’ - u t i o - o  ‘d s - —

j tern receiv e-s --cc -c- c—c- c-c ’ 35 0°F Crc- n the- cc- n- b c- - c- ] pc-:--~-r m i -ar c-

and ~isc-ri.bume: tIc - c water to the prlrc -or y—c --c—~ ecc--rc-iao’v

heat ex cham - -— - - -rc - Fy-toirs: ac ’ -: -  lea-c-es tI--cs -c Yca e- :-: - -~ o- 
7-crs

at 150°F c-nd i-ct-arc-c-s to the cc-nc:- I s--tot io- - I T - c war cc-

F 

t e rc -p e s- c - t - c - r r  d e c r e a s e s -  a l - c : . - - t h e  1 c m - o t t :  c - I  c - i c r -  :1:-os as

heat is lost to the r’roc -src -d . Tm - c T P I P T 2  s -- I c - c - dc - c - I o n cie s:c-i b o:

t h o s e  crc-crc”,’ l o s s e s .

~ The sec-conI-ar;,- c yst- :.s pr-chic o  :-:a - r c-Ic T i lT° t  Ic : I cc

p r i m a r y — t o — s e c o n d a r y  h e a t .  ex-:h~ ccg- - - - :-s , am-I .ii:tr’ihrIe Inc -c -

wa te c - to tIc’ loch cen r-rs (con scc -m -- ns ). i-Pc-c-er ’ leave: ‘he

1cm -h cent- - m o at 50°F c-c-i c- -- - ’co’n~-’ c - c Ito ::‘i~~arv— bo—

:c- o-c - , i c - r ’;; ‘c--c -t or - c -bc - nm-c - -c’s. c -f c o o l i n g  It-. rc -- -gul n ’d , the’

p n T i c - o r - y —’ - — r - c c o n :  Ic- -c o ’ e x - -- b o n p - . - rs  b-c c -’-’c’ o~~so - - : - ’ i c - ’e 31:’

~‘oc s. Tt,e se on-ia”y Icc -ps ‘I - ’ - - - I t s - I c - I t  c- ’’-

---

~

--

~

—--

~
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~ 
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wac- cc at L~5 °F  !‘- r ch ill ed autes aIr - c ’- m -- ic - t l - O5;I m -~ - -- ate: -~~

leac--ca the 1-cad c cc-I er- cc at 55°? and re-t.-.c-c.: to c - cc - -:

c m - .d l  b c- ton i ng  p1 .-c- nt. tnc -a- ag-oIrc , tb -c T I t c T I  d:c ..lac- Icc-a

includes t:..~ e f f e c t s  cC I - - c - a t  t c- - . c c r f o r  f :  c - h o  teat to

c- ho- cIc-Itled c c - c - e r .

It. cli-:- Fort c :n .:.y s : c - h t e -~ , cc :c - : c- u t o r  clc- .c-,latl cns ha ‘c

b-c - em - run f - c - c ’  both dosI~ c-. fc- .lI-:ncc I am --: I Ccc- ‘ h-c- :’::.c-i/

E l e c b n i :  c- i Ic -c - I s p lIt  va lues  o f  t I c - I l , d l , ct- - I l , lol l , 201

:c-n o 1 . These vc - l u -_ n sc - ca n bhe cc- :..’oIc-c - -.: c-c c - cc - of c- m--c c- --c-c1/

elec tc-’lcul us-c- f r  each TUf - de -rI. ln o p t I c - n ,  1. 1C c - c - I re

p :ece -r :b—~~ rt:— T o t a l  TES root: far- ca-c - .. cc -l It -; c - I t - c -  Cc- :’

each TILt optIon ar-c also ce-c-cc-p ube S . It-creasln .I c-ne

uh ec.. .cl/c-iecc -c~~a split value fr-ocr. lCd to di , -ote , 13

acompl o1c - ec by shed-ding boIidlng~ fr- -.rc tbc - ICC Id - c rc - c - il

a tot al of 20~ of tr.e ~Int c-r p -:- .ck load h-a s b- rem - t: -c - c. s - f- :: r’c- l

to elec ’. rical sm -c- sl y. Lo-c~:s are c c -h od :c - - lec t.ic - c -’ iy Im-

dee: ’ : . : s i ng ar-u - c- of a cc~icu1-cb- - - c - crc - - v c - c - n-ri I l ,  parc_n-. te

ThI .c ~-c-r’aroebe : V -
~ g i v c - - m -  ljQ lc -  cc c r c - c c  c c-.: c I s c - c - e r  icc -c d Ccc —

toe  icop dic . c-It t.-l , tIre’ total 1 - c m - pc - h c-f pI p Imp :‘ec- Itrci

to sup - iy  th e  l o o p .  Thus ) the 1:-ac-- s c-cc-It: . - c - : - .- d r - c - c - p I t

f l_ n i t are- t in_n o - 1 1 c m -  s u p p l y  t I e ’  I c - a c t  c. -c -;-.- -.-n  w I t h  he m - c -~c - t

p l p l r . g .  U s I n g  c -h i s  cr te s ’lon , t i c - - :  : c - u n v i  Itc-cg ic - c - c -  exohrrr ,- -:-r

or a l  load cc nc --o r numb-: .’: for c--ac :- : uc-It t -.-It c--c c - c - no - l i s t e ..i in

Ap p -  ndlx C. -A rp c ’n J lx C c- Iso 1 1 c c - s  t i - c - YI1lI.c~ - dIotrIt , t . I c - c.

a s s l i : s c - r cc en t s ;  t h a t  1. , tb  --c- -er of I -u I i ln o s  cC each  1:-pc

w h i c h  cc- me a p p l i e d  t o  c - l i e  l oad  c - - c a t e r s  I:: c -he  T P I f T 2  : im- . r I t I t  Ic - cc .

A
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Pipe sizes Car c a c t i  TUS conflpucat ion are cc-ic It-c - t e a

by TDIST2 to give a mcxiccc ’.rrn f l u i d  -.‘e locit . :. of S C /sec a

the design mass flow rate tl.n_net c- a given p Ipe. ThIs’

calculated pipe slcc e is the-s. oem-pared to sel - dIes of

commercia l ly  a c - a l l - c h i c  h I g h  pressure insulated c-Ir e. Th

fInal pipe size selected is the  scoa l ies t  a- .’a t l o t I t e c - I c - c  
-

si ze which wi l l  give a fluid veloci ty  of 8 f t/ sec  or less.

Appendix C lists the  p ipes , l e ng th s  and p I p e ’  cr - cc o s - — s e c t I o n a l

areas for each pipe for each TUS dec-Id cc:m - fItu r- c-c-t IOn . 

-~~~~~~~~~~~~~~~ 1.~~
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1. d-c - Id ” c - ’ - , F . E - . ,  F e - s c - , ?. c- . ,  C c l . -~- . c -’ .,  “ Tc - ’~l t 2 ,
A Co rc -c-utc-r Pr- -co - c- c-cc- C-o r C-c ’c-- c -ni : ; i  I - I : c - - c r - g , I t — cc-- c c - t t  I c”
Am - ai y cl-s c-c- cc- i Total Fyc-e’c-’r f a s t -  fed-c-m -, c- ”c -a -a c-
Repor t , 1 c c - c -t v - c - c t  - c - c - .  :;- .~:U 2— 71 —f_ o~~J~~, tt c - - p -u c ’o ’- . - . -c c - c -
of f-c - cc - I -c - cr I- c - i c - .- - c r ’t:c - c , ‘TT , - i c - c c - - c - 197

2. Stc-tloir -, J.f. Golcay , N.L , ‘TCItT , A Fc’-- c-’c’cc: f°r
Coccru .c-ttv Fcc--o r . f -c - c - c a m - I  A c - a l e s  is- 0 I t t  c - c - i bc - c - er— , a
Syst e ’c -  F y s : 4cc - :o  T I r - c - - c ic -’. I t c- , ’ c-c- c- - e-’Ic i- - cc - c - :- ;,
Cont’.-ar- t II:. I A . : :~:.::_ lc- _ f_ -l c - . 1 F , 1-.-: . -c-:’ :c- . - c :c c c ’
IPccl~-:c in :i:c-ucc rlcc- — , FIT , Ac - c — c - s c -  19111 .

3. Ste--c-Pc”, .3. 1 ., Cc -Icy , l-’ .’~f , Fec -c -, b .c - c - ., “I - -: 1 - c c -  of a
F .-:- - r- .- -i ‘ c - cc - a l Fr - c’ - . 

‘ -sc 
Il— c-- c- c-u C a r o l I n a , ” i -r ’op~ect  c - - c - c r c - , J- ntrcc --’c- . -

CA I t — 7 1 — .’- - 0 3 C 5 , F c : a r ’ t —  of fc ’1-oc --
M I T , -Pu y 1 9 : 5 .
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In the prece :il rc- :. c-c -cc-c- :- hapte-rs, t h e  fifteen Fort Knox

energy  consur’  -r - c - a t e - o c r - It- c t ra d the layout of the t h e r m — a l

— utility system - c-p t  I -c - .r c - s a re  c - r e s e n t e d .  Th e -  ba s Ic  d a t a

requi red  tsr - c - i c - t a r - s c - i n c  the  c c - t I c - c c - a l  TES desiprc- — a f f o rd i n g

the  r I m - i c - r u m  t o t a l  - c c - s c -  over  It s  l I f e t im e  — are- the Im - stc l l-o-l

r o w e r  c- lam - I therm-It and electrical power gem -crc-c-Is -n r a m - c - c - I—

ties , the tn-c --c-c-al energo st-crc-ge- c-’ec-c-r-;olr cc -p -ao lt y , t I c - c

em - er -p : .  loss  c - a t e - s  and 51 ccc- of c - h- c - -  Ther c - c - :c - l  U t I l I t y  1

J 
(TUS ) , and the t otal enec-prc- r- - C ol n.h c-cc-c-cd ly by c-he p o se r

p iar c -t  . In o rd e r  to J e t e r c - . I r .e t h o s e -  c-c n-om - i c  s c - d y  Ic-c-put

da ta  am - c l t o  I n v e s t i c a t e  the  b - c - b c - v I m  of the  TUS c- vc -c -r’ a

r’cu n g~- o f  s e a s - o r  JiI~~; r a r 1-~i n p  rher:’c-c-c- 1 asic-i e le ct r l ca l  energy

de na r c -

~ 

schedules , cc- c ra y c -cc - p - c c - e m sic ’c -uIat i cc c - :, each covering

- . 
- a 2~ —hc-u r’ pc-ri oh , cc - a t e ’  :- - e c c  p o -r Cc - r :c - e - -d. These c a l c u l a t i r r c - s

I nvolve vrc -ryi no - the enerce c-u p-ply c-I c-Ste-a opt Ions for c-ha-

: base dur Ing six d l  fCc -r-oc. c- se-c --cc, hoc’ dat’s’ th c’ e - -uo - I c -ouc - th e ’ year .

it has been assure-h that the seasoned wcathor -condItions at

Fort Kncx arc- opp -c-c>:I :cc - c - l -ly c- yccc:ce t.nIc cc-i bets-co-sc - the sc-rim -p

and nut- c- c r c- c -. The Sari s c-h -c s-en for study hav~- ho-c-n 1es~~gnc -~te’d

as th e -  p -cal - w .Icc- ’c-er h - a c - i r c -g h--cc - - h doe , cm -  aa’-c-rage re li c-c- ’ en

day, an c-curl y s - p c - r im - n dc-c - c - (IdentIcal c- c - a late fall day), a

l ot ’- - : - c - c - I - . :- ( o a r ’ I l -  f Y I )  h a y ,  c~,s’, av~ r’a- --- s c- , 4:-- c - - r ’ l a y ,  c - c c - I

h - - p—a k c-cm -a- - :’ co- all rap h -- r a m - cl d -p-.’ . TI -c s . c-pc -crc-ce of s-dada—
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tIc -on rc- :c-s c-s -as toll— -u s:

~~~~~~~~~~~~~
- . case of reaPc c :nt-~: ic -- cc- d o - - c -  ho-un Ir~ . rc ier  t o

u c dr - - .o ac-ad , -c- ’ut c-xc h : - -  ‘er- c - -:t c: c - --m

2.. Run case a:’ cc-ak  c-c- c. .e ’r  d e s  do -c - our- In c-v-I-cr to sI z e

pipes fc. Sc c-cc-c- -.: lea.  is.

3. Coc-cc- ar~ wI rI er c--cu b and c - c - arc-Lao-c’ peak PIpe sIzes .  TI’

absorptive c-dr co .  11cc-lonlng Is specIfIed , secon dary

loop pIm - -~ s - dz—s - c-c - ill c - c - s - u - a l ly be larger in sum-ncr than

tn a.lnite-r (5u ~~ lo r-.ec a-:atlc-raie AT , 1db Ic-c- sac-c-ncr

but 120°F ira selrc -ter) . lil lect c - h-c -  i O r T - c - c t  Dir-c sI :es

from bo th s ’ c -ruc ’t~~orr s t Cc--nc . - -c ‘ l e s - I g n ’ p I pe

configuration.

14 , Using tb-c -- ‘do:. dcc ’ pipIng, n-c- ri the cases of tb- c- sIx

se ason al ‘icc-ys -‘ cc- m r -I F- ” to deteratne’ o em -p r - c - em - c - S t  cc - ra g

and c-ha- i n r c - c - a l  er c- -crgy coc rasc - ’c - p- c- ion rate.

5 .1 C~~~ y En - - c-

FI g u r e s  5 . l — 5 . 3 i  I c - c - p l a y  t h o r  v - c - - c - u i  ‘c c -  c- C c-he w Inter peak

an-i c-cr c-- cr peak desiru c - t o - u i  c - c -  i,- ’.s fox - c - c c -  c - c rc -p 1cc-c s-cm - .rc

of t he rma l  / c- ic  d c - r i  ccl sp ilt  c a l m - c c  i c r  : c- - - . c- r u e atsovptt ve

arc -h c e o - ; r -. s - m iv -o  air crc - nlltdc c ccl n :c c;-tIc - cc m . Aloc - c s-~ -rn are

the seaso rad d— - -c- l - i t t o s . n u n s  Ic- n c - I c - c 1cc - I , (Cl c-c -nc -I O~ s p l i t

valu es f-c r the cc -h mr ’ c c-ly e aIr c-c- : c - d i c - I c - - r c - . I r c - p  c c - - c - t o n .  The

fIgu res sb w ‘ cc-c di~~c-- :c-m-1 - a rc - c-d --n -of e , - o : c - s I c a I  .1- c-c a r l ,

TUS tb er ’r -r c-ì l c-c - c - -n  d c-sc - a c- cc-I , c- h -. ~
- nrc - s- .c c - c - c cr - -h Ic-s I-ac--

rem-er’-.- -Pr an-i I Ic-c inst .cuc- tar - -c- . . c - - c -  r’ b e t r p  c- ic tc.-c:’ed to

- 
----- *— --- - - - -- ~~4 ----- . -
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the reservoir . The simu lat ions ar- -c based on m -u dl ec -L r p c-c..-er

station electrIcal g o n e - r a t i o n  e f fI c I e n c y  cc - f 3~~~.

Generally, In the c lot s , the  peak hea t  ing  p o w e r  cIt c - c - am - a

occurs in the i n te r c - --d 1:00 to 3:00 1l at the colic -ct c-d.c

of the night and before the sunrise. - The pe~- kc- c - c - c lIn ic -.

demand u s u a l l y  0cc-cc’s  Ira the eariy afternc :ra . Ic - c c - c that

the hot mass in the reservoir decrease-s when the the -c-ac t

demand exceeds c-he power plant therm-al ouc - c - to c-h-a

reservoir , and that the hot mass In the r- serc--olr lica c :- --ases

when thermal demand Is less than power c - i c c - c -c- c -h er - a c - i  a - c - c - p c - c c -

to the reservoIr . The oem -c -cc -er crc- c c - ior l  of plo c- cp- e:’sdc-m-

is based on an assumption of constant therasl p c - -c - e r o p e r a —

t ion , typically required for nuclear pow-c r p l c - c - c - c - c - . c-Ic-ac- is ,

the nuc lear  r e a c t o r  core the rma l  power r e - ’ c I - c - a  - c a m - s t - c m - c -

over the  course  of a day ,  but is a l lc - -.ed to a-arc - ~oa~~cm -ady .

Thus core power ou tpu t  on c-he peak w I m - t - c - cr d e s I gn  day  c - - i - I c - c -

be a constant 150 ~-P~~t), and on the typical c-p r lim -g— sc -uc -c-r-c-c- r

day It would be a constant 70 ~i’,- ( t c ) (al c - h cc - ao - Iu ‘c- h e - c - cr c - c- - c - c - li

be capable of produ ctm -g 150 -c-4(t)). Pm - c - i -c - -c - c - h-.: c - p a r - a c - d r a g

conditions the waste heat available -c-s a s-c cult of neqc -c-Ir c-1

electrical energy generation Is stored I c - c -  c - b c  c - P ro-al

reservoIr or is dissipated In the pl c - r ut ’s o o c l l c - .g tc u - .’ev .

If more therma l energy is requIred ocv- -r :c-e c - c -c - c-se of c-he

day than t he  c-c -c c- e n e r gy  a c - - a c - l a b l e  f r -ca  e l e c t r i c al  w c : c - c  h- - c c - c- ,

the sim u la tloru am -tom -ac -daily incr~~cc-es s’-e’ c-to. ~cr to

supply the  ~~ - a1 c - h r - a c - i  energy Scm -cm -i . TypIc -a lly, dur Ing

- ~~- - - ~~~~~~~~~~~~~~~~~ -- . - - - -



cc- n

the wO a c - or’ a c - c - P l o - I c  t I cvc’- - c- ~ I e c - c - r ’ c l ocu c - c - T I  ;c -  - c-c - ‘ -

pow-:-r rad ii be ic.:-- - -3 c-i oW -er c - h u t  ne c- s Pc~- i rc-- dT~ -

elec 

:::~:~ 
i i ~~ 

~~~~

v a I u c c a , c -h-a c - - c - ac - c e heat avaI 1~~bd dccc- - c - c - c - - t o - al pr - c t c - :

Ic -  lar c - -o n ‘c-ha n ‘c- b’-’ t’c-cnncc ’c- S cc-sic -r i cc-c-i c - c  c-~v c ~’: c-, - - c- -c-~’ cy

c - c - s d I s - c r l p a t e t  I-c - ‘ rc- co-cling c - c c~ -~ r - .  T I - c -  c~-’r c-c- -.r- c o-c- l cc- ’d~

auc - c- c o c - t I c a l i I -  c - c - I c c - - c  -c - c c c - c - Pc  - 1 .  c- - c r - - q c - t v e c t  c - - c c - a - -  s - I c - c

~ lip 
: 

-a 

r- ~~

thor --c l  d e ’m - c - c - a- i, ~c - c t  a i so  on t he  d i f f c r e n c o  - - ~n rae

t r c - e c - c - a l  d ’ - ’~a~c - c -  c~~ p l a n t  c - h - - m m - a l  ‘ c - c - c c - c c - c - .  Tc- v - a f c - c r - -

f i p c - r e c  - b-m c~’, r h -  r’-’c- u i r e ’ c - r  c-’ e c- re rc - -cc l c -  - f ;- -‘ —

~~j -;m- c-i:’ - c - o n -- I I t I - r d : -c- - ep ic-d c-a Ic d~~- c - c’ c - c - t - cc  - ic- , r .  - -‘

mis ’ rc c - i t i h  of ~I - c- -~a1 cr :c -- 1 e l - c - c t :~i c-sI p c - c - a ’:’ c-- ’ i ’ - i a T

fo r  c-c - s c - -c - -  c c - c -c rc - c - re :c - c - c - I -- e sIr c :rcdc-- ;t ’d c-

t h c c ’ rn c c l — e l e c s’I c -’ c - uk  p- ’c- ; u r  :c~ -’r~J-~ -c- cd-  - . ‘

r e - c i c - I r e c i  reu c-r-. cc-c-Ic - ‘s- cc -lu - cc- c-

Tb ’  ‘n - ’c - I r  n e r  arc 1 c- :-c-crr-c-’ -
~~‘~~~ 

- : - -

s h o r a r  f-or’ the O~ t- c-c:-r -c - c - l/~ ic-cc - c - ’icc - i. sc — I I - - -s ‘

Is cc— cc-i.’3 -c’~- cc-c--I ~o c - xis in c - I c c - -c- ac - i _ r- c - c - -c rI - - -

cc -c - l i t c - c - lrS ’ c -s im - I1c w ’ nte :- -- m-s: ’lc - c - or :p-~~r . - - - -  - - c c - c

the the . ’ c - I - c - c - c - c - c - r d  Is cr c- -c- c-s to go I. a - r - . ~~
- I - 

-

c- I- c c-. ~~~ c - c - -  ~ : 1 -: s - - c ’ c c - -.:- co I - ‘c-a : - - ‘ - - -

d-a :cc cc -nd I s  m-cc r-l Ic- Pt - y c- -’c- l l c- c -n- . ‘ I c  - - - f : ’ c c - c -

I usc -s- -i oIl -
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Figure 5.1
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Figure 5.3
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Figure 5.5
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Figure 5 7
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Figure 5.9
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Figure 5.10
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Figure 5.11
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FIgure 5.13
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Figure 5.15
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Figure 5.16
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Figure 5.17
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Figure 5.19
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Figure 5.21
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Figure 522
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Figure 5.23
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Figure 5 - 2 5
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Figure 5.27
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Figure 5.29
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• Figure 5.30
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Figure 5. 33
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Table 5.1 lists the required reactor size (in M W ( t ) )

and reservoir volume for each split value for each of the

two air conditioning options for winter peak and summer

peak weather conditions . The asterisk indicates the size

required to meet the annual system power demand . Thus,

for the 100% split value of option 1 (use of absorptive

air conditioning), the required reactor size is the 97.1

M W ( t )  required for the peak winter day, not the 76i1 M W ( t )

required for the peak summer day. SImilarly the required

reservoir volume is the l1.~l x lO~ ft3 required for the

peak summer day, not the 8.9 x lO~ ft
3 required for the

peak winter day.

Trends in component sizing conform to expectations .

For Option 1, as the thermal/electrical split  value is

reduced from 100%, the required reactor sIze first decreases

to a minimum , and then Increases. At high split values

Insufficient waste heat is produced from electrical energy

generation , and additional thermal power capacity is

required for direct TUS service. The Initial decrease in

required reactor size is due to the effect of electrically

powered heat pumps replacing TUS heating. The heat pumps

have a nominal COP of approximately 2.2, so that In

• decreasing to a split value of approxImately 80%, the net

energy supplied by the core decreases although the gross

end—use heating demand re~ a1ns unchanged However , as the

split value .is further’ reduced , the Increasing amount of

--- - - - - - - - -
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~ 
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electrical power required to drive the heat pump s results

• in power plant thermal eaergy production output bei.ng

greater than the thermal demand . This r~quires an lncreased

- reactor size and results in wasted thermal energy . It Is

only at the unique split value of approximately 80% that

the waste heat from electrical production matches the day—

long TUS thermai energy demand , and results in a minimum

core size being required. This trend of increasing produc-

tion of non—usable waste heat production continues as the

split value decreases , until at a split value of 0% all of

the waste heat from electrical generation must be dissipated

fruit lessly.

Required thermal reservoir size for power sur-~mer peaks

in Option 2 are not shown, because the only thermal demand

consists of the small domestic hot water demand . This

thermal power demand Is always instantaneously less than

the waste heat power available , and therefore no reservoir

is required.

As expected , the required reactor sizes for summer peak

loads of OptIon 2 (compressive air conditioning) are larger

than the reactor sizes of Option 1 (absorptive air condi— :1

tioning). In essence , during the summer Option 2 uses only

the plant’ s electrical output , and the waste heat from

electrical generation goes unused. However , the absorptive

air conditIoning of Option 1 utIlizes this waste heat and

therefore this option requires a smaller power plant .

•-- --• — - • -- • •~~~~~~--- -- -
~~~~~~~~

- -—- - --- •- ~~-
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Oiallariy, the Q~ wicter case ( L e. , a l l  hea t  puc~p h a L i n g )

u te s  only  the  p l o n i f ’ s e l e c t r i c a l  power  o u tp u t , and w ast e s

al l  of the  thermal  energy .  Note , h c -wever , t ha t  for  t h e

0% case the  r equIred  reac tor  clze Is based or. w I nt e r  h e a t I n g

lo,is  since these  are larger than summer coolIn~ loads.

5 .2  S i z i n g  of the  Thermal  Energy St o ra re  Peservoir  -

The p r I m a r y  f u n c t i o n  of the  t h e r m a l  energy  s to rage

rese :-volr  Is to  c ipp ly  the  therma l u t i l i t y  s y s te m  pow er

~em,~~1ds durIng perIods of i n s u f f i c i e n t  po wer  p l am t  o u t p u t .

Its size th-: :~~i’-cr e depends crItically upon the a s su m e d

mode of power plant operation and upon the thermal enerpy

cupp1~ a:.~ ~~~~a~: imbalances determined by the variations

in t he  therma i and e lec t r i ca l  load s c h e d u l e s .  In t h e  p re—

~-ed1ng sec t i o n  a constan t  t o t a l  ene rgy  o u tp u t  m o d e  of p l a n t

r - o a t i c n  har been d es c r l h e d , in wh ich  th e  s t a tI on ’s e l c o —

t r i c a l  power o u t p u t  t e i l - o w s  I t s  e l e c t r i c al  d o - m o n i  sch’:~du l e ,

a 1d  i t s  therma l o u t p u t  Is b u f f e r e d  f r o m  t h e  t h e r m a l  d c m o m d

v a r i a t i o n s  b~- the  reoc~-voi r .  In gen era l , t e c au se  Fort

• :nox ’s L - h e r a a l  and e l ec t r i c a l  enero,y d e m a n d  p e a k s  are

of a c o m p a r a bl e  magni tude  for all n o n — o p t i m a l  o o n d t t l o n s

( e . g .,  a 33 % e ff Ic i e n t  power p lan t  canno t  g e n e r a lly  ‘ t d uc e

e l e c t r i c i t y  to me e t  t h —  peak e l e ct r i c a l  v o n d  and use

d i re c t ly  I ts  t~~rb 1n~ exhaust  heat to m a t c h  the  t h e r ma l

pen~: ) m : d  h ecu : ; s e  th ’~sc’ ;‘i- u~.u  occi- ’  at  d I f ~~e-~’ec, t t Ime s ~ur--

1 i ~~ the day  (se f l  S ec t I on  5 . 1) .  the  r : ser v - ai r  r~~c- t  be ~ 1: c- d 
— 

- ~~~•
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to store a relatively large quantity of hot water for

periods of 12 hours or more .  ( Prese nt t e chno logy  precludes

the e f f ic ien t  storage and retrieval of large amounts  of

energy over periods of longer than approximatel y one or two

days , except in cases of most favorable geographic loca-

tions for natuial storage [1]; therefore, seasonal energy .

storage options have not been considered as viable for this

1985 utility system.)

Figure 5.35 illustrates the proposed underground

thermally stratified HTW storage reservoir design . Euro-

pean experience with this method of energy storage, in

which the hot/cold water interface rises and falls as the

reservoir discharge s and is charged with hot water , indi-

cates that mixing of the two temperature regions is mini-

mal for reservoir charge/discharge times on the order of

12 hours or longer Cl) and that , with proper insulation ,

heat conduction to the surroundings is relatively small.

Since the proposed TES uses water at a temperature of

380°F as the primary supply  to the thermal  u t i l i t y  sys tem ,

the reservoir must be pressurized to roughly 250 psia

to prevent the HTW’s flashing to steam. To date , cylindri—

cal steel storage tanks capable of withstanding thia pres—

• sure have been l imi t - ed  to a s ize  of’ r o u g h l y  20 fe e t  in

diameter and 70 feet- long [2). From Section 5.1 , it is

seen tha t  the  2 1 , 991 o u h i c — f o o t  v o l u m e  of one of these

tanks does not  p r o v i d~ e n - o u c h  c ap a c ~~ty te  sm o o t h  the thermal
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energy supply and. demand imbalances. Therefore , the

proposed storage reservoir Is not to be a single cylIndrI-

cal tank as indicated by the dimensions referenced In

Section 5.1, but it is rather composed of a set of these

smaller tanks piped in series to provide the required

storage volume and thermal stratification .

Although the daily simulation descriptIons in Section

5.1 present reservoir sizing data in the context of systems

designed indIvIdually for each of the six days studied , only

one day out of the year actually governs the size of the

reservoir to be installed for each of the utility system

options . Since the reservoir volume is determined by the

maximum discrepancy between the thermal energy supply and

demand schedules and not by the absolute mag~iitudes of

these energy flows , the primary criterion to be net by the

storage system Is that on the most severely im~alanced day

of the year , the reservoir , In combinat ion with the therma l

energy output of the power plant , must Supply enouch thermal

energy to just meet the utility systeim demands without bclnp

completely discharged and mus t be fully recharged during

the 12—hour perIod following the maximum mismatch (to be

prepared for the next day ’s cycle). From Section 5.1 it is

seen that f o r  Option i , al t houg h the day w i th the  max im um

total ener~y concumntlon is the  peak w i n t e r  de s ign  d a y ,

the peak s:jm,mer -icy ’s t h o r m a l demand schedules exh~ h lt the

greatest varIa t~~nns , and therefore the enerry sunply and
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and demand cor .d t t  Ions on that day d -:-~ ermIne one reaervct r

3150  re :-a l r -  for  t h I s  a p t i o n .  Table 5. ::resenos the

reservc- i t rs  chosen f or  each of the utIlity system c~ t lon s

as d i c t a t e d  by these  r e c u I r e n~-m t s .  If t he  r e s e r v o i r s  are

sIzed to .~u st  m e e t  the d e s l o n  volume c r i t e rI o n  sh-o~~n ,

t h e y  w I ll  be c c ap l e t e -z dI scharged  o n ly  dur ir~ the  peak

Imbalance  d a y ,  and the  p o s i t I on  of’ the  h o t / c o l d  water

I n t e r f a c e  -dill v a r y  m~uoh less on the  r e m a I n d er  of the  d a ys

-au ~~h ou t  t h e  ye :r.

5 .3 Annu al Enerov -lemaumntlor :

U s i n g  the th e r m a l  and  e l e c t r i c a l  e m e r ~~y d e m a n d s  c c m 7 u O ’~d

In each of t ae  da ’ ly s I m u l a t i o n s , ~he annual erergy cons-nap --

t I -on  for  a g iven  ease  Is c a l c u l a t e d . Table 5 . 2  l I s ts  these

da ta . The p a r a m : t e r  snuw n  In  Table 5 .2  Is the t o t a l  cs:’e

ah e o s a l e n or r ,  ; rodu ct- durln-, the :so ar for all of the ~-as~- -o

cx  n i n ~~d.  I2Y s I n - t  e q - il to -he power d e l o v e r - s I to t o e

er : d— u s e  ec -n su : er s , b e c au s e  t h r o c y h e a t  m o s t  of t he  y e a r  the

th er a a l  d e m a n d  i n  less th in the ~cste heat ava I l a : ’~e from

aleot~~ical ~ :-r- r a t I or • , an I t h I s  e x c e s s  h e a t  t s  e xh a u s t e d  to

the a t m o s p h e ~ -~ . J~o ~l c nourptloa :‘aoes are d l o : . s : e d  I n

Sec t ion  5.

T•ahlc 5 . 2  h i -wa  t h a t , of o~ 1 t h e  oases  c~~n sI  f e r e d ,

m ax  ~rsan u r a n I u m  car •~r v o t ~ I on Is achtr~ved ty the ?C .1 spi l

re - a ~: - o t ~~~- : .  of : ‘ ~un 1. Cp~ tor . 1 fn~- l  se Is le~~ t~ •an

Or-tim y fa-: l use ~e to  th~’ con s~ p - ~ - -r rec- r~-men t

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~
. .  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

~~~ 
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TABLE 5.2

ANNU A L E ’;h~~G? COh2 ”~~T2 ~‘ O T ~ $~
THE TES COr~F: 

;~~ AT:o t~ .- : y Y2 ~-~ ~~ FF

Op tion 1 OptIon 2
Abs orpt Iv e Compress ive

Split Value Air Conditloni— Air ConditionIng
(Uni ts of iO~ ~v ( t ) h r )  (Uni ts  of io5 ~w ( t ) h r )

100% 5.3~4 6.50

80% 5.18 6.~ 6

60% 5.71 6.81

110% 7.211 8.13

20 % 8 .13  8 . 9 2

0% 10.13 10.13 (same)

‘MW(t)hr of core power generated annually.

--

~

-- --~~~~ ~~--.. - - - .
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FIGURE 5.36

FORT KNOX ANNUAL DAILY—AVERAGE

ENERGY CONSUMPTION SCHEDULE

200 -
MW ( t )

150
( 1)

Comoressive Air

i::

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

0 i tb0 R

Absorptive Air Condit IonIng

I I I I I I • i ~ i . I

J F N A N .~ J A S 0 N D J

Notes:

(1) Summer peak—si zed core power = 1112. 3 M W ( t ) ,  Or I on  2

. (2) Winter peak—sized core power = 9 3 . 1 1  -~W( t ) ,  O p t I o n  I

L~~ . -- - - -  -~~~~~~~~~~~~~~~~~~~~ - -~~~~~~~~~~~
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~~~~-“ --- - - - -  -~~~ - -~~~~~~~~~~~ - - ----- - - - -
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FI gure  5 .32

FORT K N O X  PLP.flT CAPAC:TY ~ AC2f-~

AS A FUNCTION Oy SpL I T  V ALUE

Capacity Absor pt ive
Fac tor  Air  C on d i t i o n I n g

60~ —

- CompressIve
Air  C o n d I t I o n i n g

50% -

110% -

I I I I

100% 80% 60% 110% 20%
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improve due to the increasing winter season electrical

demand . At split values above 14 Q % , Option 2 winter elec-

trical demand is small and therefore the peak summer sized

reactor operates at low power levels.  For Option 2 , as the

split value falls below 60% , better use is being made of

the reactor during the winter than is the case at higher

split values for which winter electrical demand is low .

The argument can be made that if the plants were allowed

to operate in a load —following manner , the excess energy

production could be significantly reduced , if not eliminated

entirely . However , because of the general desirability of

operating a power plant at approximately constant total

energy output levels and because operational variations do

not affect the required installed capacity of the plant , the

load—following operational characteristics for the nuclear

option have not been studied in depth. It seems, however ,

that because of the relatively large electrical demands

and relatively small thermal demands for most of the year ,

operating the power plantf in a load—following mode would ,

at best, reduce the excess energy generation but would not

completely eliminate it. Section 6 discusses the character—

istics of the fossil—fired central station option operated

in a load following mode.

---‘ ~~~~~~~~-~~~~~----- --- --~~~~~~~~~~~~~~~~~~~ -~~~~~~~~~~ -- ‘ - -  - - - --- - --- - -~~~~~~~~- ~- _ _
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CHAPTER 6

ECONOMIC OPTIMIZATION

6.1 Introduction 
-

The economic optimization of the TES is discussed

in five parts: the economics of the nuclear power plant as

developed by Metcalfe et al. [1], the economics of the

CGGT plant , the economics of the TUS, the economics of —

the electrical transmission distribution and end —use

equipment , and the economics of the combined Total Energy

System (TES). The standard of economic comparison used in

this report is the cost of the proposed system in l9~ 5

dollars. However, the data base and escalation rates used

to project current costs to 1985 costs are also presented . -

6.2 Nuclear Power Plant Costs

The size of the nuclear power plant required to supply

the Fort Knox TES Is presented in Section 5.1. Calculation

of the component costs of the plant is detailed in Appendix

D.1. The cost items considered are the capital cost of’ the

power plant , the capital cost of the fossil—fired backup

power source for the TUS, the present worth cost of thirty

years of’ fuel and operation and maintenance (O/M), and

the capital cost of a cooling tower (sized for peak plant

capacity). Table 6.1 lists the cost of’ each of these Items

and the total cost for both the absorptive air conditioning

— -

~ 

--- - —~~~~~~~~~~~~ - - -—-~~ - -- - - - -— ~~~~~-- - --~~~~~~ - - ~~~
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osalon ani the :- :orr-es sj- ,’~- aIr c - o : . i l t t e n l n g  o p t I c ’~~~~ No

f c o :  1 — f l r e e  :~~c k u p  heat source  is  l st ed  for  the  Of

-~~~~ rotl ’elo-c t rIc spl It  va lue  l e t t u c e , f-o r  t h i s  Sp 1It  v a l u e , -j
no ~US e x I st s  to re~~u t a e  l.a-skup su p p o r t .  The nuc l ea r  power

r I m e Is ccns1d ~~red t o  ha-s e I ts  own e l e c t r i c a l  b a c k u p

s y s t e m , bu t  e l ec t r i ca l  b a c ku p  for  the  base Is supplIed  by

a t i e — i n  to  the  local utility grid.

Note t h a t  p caer  p l an t  c a p i t a l  c o s t  and f u e l  a r - i  0/N

cost c a rn p : Is e  95% of the total  present  wor th  n u c l e a r  option ,

n-s rJ’at e:’ror~ In ov e r e ct l ma t i r o, the cost  of the f o s s i l —

f I r e d  b a c k u p  or uooilng tower oversizing h a v e  a smal l  e f f e c t

on  the overall  cost  t o t al . Detai led c a l c u l a t i on s  of nuc l ea r

,,ower p lant  capi~~o1 cocts  are presented in Appe ndix 0.1.

In b r ie f , thc- o i ; t a1  cost  of th e  p l a n t  Is c a l c u l a t e d  by 
-

ev a lu a t i n p  the f un c t i o n a l  i ep € - n l e n c e  of c a p i t a l  cost  ve r sus

size , as giv~rr ~ by  N e tca l fe , us ing  the  COU ~ E~~T 211 code ~lJ .  - ‘

Vh~ cos t  of the f : s s I l— f I : od  toas kup po -~er p l a n t  for  the

-~~~ decreases  w i t h  -orer ~sI r.~ va~~ues  of t h e r m al/ e l e c t r ic

~oad Sp l It , due to the  reduced sIze of the 025 .

.3 Coal  f a s l I  I:- t I c r ,  Ias V ur b i n e  ( I G O T )  F I a n t  7 o t s

S e c tio n  2 . 3  lI st s  the i rnpor tant  p a r a m e t e r s  c -I ’ the C G G T

c-oar -one : . t , , . E no o rau in g  the  cost  of g a s i f i  c a l l er ,  ~-~~~Ipmo:~t

I s  comp lica ’ - ‘d t y  ‘,2~ : de p e n d e n c e  of e q u l n o en t  cost  on c o a l

ty po a i rj  by the  r ’- l u d t - o n c e  of vezrd oru to  commit th r-.oo ves

to st a t 005 r n t s  of unit  cost -la ta .  P r oj e c a In ~ c o s t s  in t o  the

- ---- -  -- -- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - ---- ---- - - - - ~~~~~~~~~~~~~~~~~ -- ~~~ - -
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TABLE 6.1

NUCLEAR S2’2E P PL~°::7 -7 220 OONPONENTS*

Nuclear - FossIl— Fuel
Split Power Fired + Cooling Total

Plant Backup O/M Tower

ABSORPTIVE
AIR CONDI-
TIONING :

100% 102.211 5.95 514 .6 2.51 165.3

80% 100.26 - 11 .90 52.9 2.141 160.5

60% 111.90 24.03 58.3 3.00 177.2

140% 138.13 2.511 73.9 14.56 219.1

20 % 15 1 .7 5  1. 55  8 3 . 0  5 . 119 2 141 .8 
-

0% 171.11 NA 103.5 6.97 281.6

CO~ PR~ SSIVF .
AIR CONDI-
TIONING:

100% 122.01 6.15 66.7 3 . 56  198. 14

80% 123.91 5.08 66.0 3.67 198.7

60% 125.35 11.15 69.5 3.76 202.8

110% 136.914 2 . 6 1  8 3 . 0  1 1 . 1 1 8  227.0

20% 15 0 . 96  1 .58  91.1 5.1114 2 1 1 9 . 1

0% 171.11 NA 103.5 6.97 281.6

‘In un~ t: cf 1935 a I l l~~ons of d o l l a r s . 
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by adding the electrical gas consumption to any extra

h e a t I n g  gas consumpt ion , and conver t ing  gas c o n s u m p t i o n

to coal consumpt ion  via the  gas i fie r  convers ion  eff i -

c iency,  
-

5) The yearly coal consumption for a given therm al/e le~ tr Ic

load split is found by repeating steps 1 through 24

over the desired range of annual weather variation.

This provides the ba~ ic data for the annual  fue l  con-

sumption I n t e g r a t i o n .  In p r a c t i c e , an average w i n t e r

day, an average winter—spring day, an average spring—

summer day and an average summer day s I m u l a t I o n s  are

used to calculate annual fuel consumption . Fuel con—

) 
sumptIon Is then in tegrated over the year to ob t a in

total annual fuel consumption. Steps 1 through 5 m u s t

be repeated for each the rmal /e lec t r i c  split of Interest.

Additionally, the winter peak and summer peak desIgn

day simulations must be performed , since these days

determine the TES maximum load and hence the required

equipment- capacitIes.

Table 6.2 lists the annual coal consumption for each

thermal/electric split value for both t he  ab so rp t i ve  and

compressive air conditioning design optIons. Note tha t

the r e l a t ive  consumpt ion  of’ fuel (coal) between Option 1

and Option 2 has shifted as compared to the fuel consump tion

(uranium ) for the nuclear power plant . This is directly

- -  a t t r i b u t e d  to  the fact that the COOT p l a n t  operates in a load

_ _ _ _ _ _ _  

--~~~ -—--- 44
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TABLE 6 . 2

A N N U A L  COAL coh su :-:p TIob I’-TE S~

OptIon 1 O p t I o n  2
Spilt Value f’bsorptive CompressIve

Air ConditionIng Air Cond iti on Ing

100% 1.90 1.76

80% 1.89 1.81

60% 1.87 1.85

14 0% 2.03 2.08

20% 2 .2 1 4  2 . 2 9

0% 2.62 2.62

‘Coal c o n s u m p t I o n  rates are stated In u n I t s  of 1O~ t o r r s / y e o n ;

S ee  ~,~~-endIx D.3.l for coal analysis.

L ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
-- - --
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following mode- W i , - as t he  m a c t e a r  rsow-~r p l a n t  is c o n s t r aI n e d

to opera te Is. a cc-n:  t a m ’; core  0:-son m a d e .  Thus , d u r I ng  o f f —

peak dema n d  p e r l o d , the  c o a l — f i r e d  u n I t  can r e d u c e  power

and conserve fuel. 
-

Tables 6.3 and ~.24 li st , f-~r all plant options , the

number of FT11C turbine unIts and t h e ir  net  cos t s , the number

of Lurgl gasifiers and their net costs , auxil iary boiler

costs, the p r o s e - nt  w o r t h  dl’ a t h I r t y  y e a r  coal  s u p p l y  (at

$27/ton), ar-al the present worth of thIrty years worth of

operaliran and  nalrrt ’ -rr a r:oe c a s t s  (a t  14 mllls/KW (e)hr ) . It

Is interestlr:r to note that local m inima appear to occur in

the to ta l  pre:’-nt worth costs n it  t h e r m a l / e l e c t r i c  split

values of 100% and 6 0 % .  Thi s  behavIor  Is due  to the  modular

(and therefore Incre rort— il cost) nature of the COOT plant

model. That in , tb; gas turbine and gasift-a r component

costs do not  vary uniforaly and contl ruous y with thermal

electric split values. ThIs is- clearly seen in Figure 6 .1

where th e  : :m s l r r n r l  n p i ’ a i  c o s t  of th E -  oar - - t u r b i n e s  an d

gaslflcrs is plit ’--sL Th Is effect is reasonab le- and to be

expected. A ning ’e FT1I C gas t u r b I n e  has a c a p a c i t y  of

2 6 . 3  ~3’1(e); t - o o r ” f s r -  I t  can  h a n d l e  a range of electrical

demand . In :. ;1n ~ fr-a n r o e  t h e r ma l/ e l e c t rI c  s pl i t  value ~ o

anoth~ a , t b-c-  I n c :- - o - n d ccl :‘lc demand n-crc ’; n-s t exceed

t t c ’ p r o ’.’ ’ ’- as elect :’l-rrl copae t’-, ar,I ic a d — i I t I o ’ c a l  t u r b i n e

is ad-ac- cl to the- :y : t~~m.  -nr ~ l y ,  s in ce  the  n u c l e a r

p l o r t is e p e — t a l l y  d e s i c o n c - I for  a ~ Iv - s - n case , t h e  ‘ c o t  I c a p a r l  ty

var ies  a — : ’ m r - s  r i p  ar -c a th e re  f - r e  cost  a lso  -.--c r or  c-:rctIna r ’ : : r ~~y .

I— ~_- _~~~~~~~~~~~~ - -~~~~~~~~~~ - -  -- - - -~~~~~~~~~ - ~~~~-- - - - -- - . ---- ---—— --
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TA bT c-; 6 . 3

2T~~ Gl:l~ :TAT:-D’; 1 07  :2;.I:-::

API-?5J 7171 — 
- ‘ ‘h- ‘ T C P ” h  0721 It

Sp l i t  T -r r : I n e  C - a : t f I e r  Coa : - . .  . t - r x t  1~~c~r-; ,- -

Value Cos t  ‘ lost  Coot  - 
~ ~o :i e r -  - - -

l O O f t  (2 uo~i t s )  (14 urc~ ts 
t3.~ 7.07 6 . 3  107. 1

80’ 2 2 . 5  38.5 11° -, -. - - - -

~ (3 unIts) (5 u n l t o )  ~~ 
- .C~ ~~~. -

, 2 2 . 5  38.5 , - -. -

( 3  u n I t s )  (5  u n i o n )  ~~~ .0 — . -

14o~ 
30 .0  ~6 . 2  ,- ~ -, ç

~ ( 14 u n I t s )  (6 u n I t s )  ~~~~~~~~~ .~~~ - - ) -

20% (5 un~~t s )  ( Y u r c t t s )  C 7 . 0 - 3 .3  ( 2 )

~ 37 .5 O~9 .3  — -,

(5  o m i t s - ) (9 unIts) ~~~~~~~~~ ~~~~~~

ha t  es :

( 1) In  un I t s -  of m I l l I o n s  -o l’ 11 :’: I a
Section 2.1 for u:h t camr- :n- -:t c : 3 .

(2) TL-n rr--_ l hors - ’:. It -  I by  - - - s t  21cr Ic :  o a p i a l t .  -

(3) ho T2C n .~ -u t r l n - : Pac~~’cp .

L ~~~~~~~~~~~~~~
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TABLE 6. 14

COAL GASIFICATION GAS TURBINE PLANT COSTS~
’
~

COMPRESSIVE AIR CONDITIONING OPTION

Split Turbine Gasifier Coal 0/M Aux iliary TotalValue Cost Cost Cost Boiler

100% 
~ i t )  (5 j,0~~ 

2414 .8 6.5 6.8 119.1

80% (14 unIts) (5 nits) 146.1 6.7 14.3 125.6

60% ( 2 4
3
u n l t s )  (5~~~j~~ ) 147.1 6.9 1.9 1214 .3

140% (24
3
~~~ t s)  (6

24 
~t s)  53.0 7.7 ( 2 )  136.9

20% (5 u n I t s )  (7 u n i t s)  58. 14 8.5 (2 )  158. 14

0% 37 .5 6 9 .3  66 6 9 7 (3) 183 2(5 units) (9 unIts)

Notes:

( 1) In u n i t s  of’ millions of dollars In 1985; see
Section 2.1 for unit component costs.

(2 )  Thermal backup supplied by gasifier boiler capacity .

(3) No TUS r e q u i r in g  b a c k u p . 
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FIGURE 6.1

cO!~B I t E D  O L S I F I E ~ AtD T U R B I N E  C C I T t

~TFR 5rS T; ; lA! /~~IEC T ?TC SPLIT V 2 L C E

100 -

C~.plta1 -

Cost (2 ,

(millions
of do l l a r s

i n 1985) - !. (2) 
-

( 1)

50 —

100% 80% 60% 140% 2O~
Thermal/Electric lp l It V a l u e

(1) Absorpt Ive air conditioning option

(2) Same cost for both options

--

~
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6.24 Thermal Ctllio ’ f;st-sn C— - t s

Therma l UtIlIty 7-ystem (TUS) costs are composed of

the cost of the pinln : (Includlnc Insulation and Installa-

tion), the cost of’ ho pumps , the cost of the heat exchangers

and the cost of the’ t h e r m a l  s to rage  reservoi r . Ca lcu la t ion

of the costs for each of these items is detailed in the

following sections. Table 6.5 lIsts the piping costs , the

pump costs , the heat exchanger costs , thermal reservoir

costs and total costs for each TUS studied.

There are sever-al Items to note In Table 6.5. The

compressive a i r  c o n d i t i o n i n g  sys tem opt ion  pipe costs  are

lower than the absorptIve aIr c o n d I t i o n i ng  sys tem pipe costs

because the absorptive s- : ;s tem o pti on secondary  p ip ing is

larger than thy cmmpr’e ssl-:e s y s t em ’ s s e c o n d a r y  p i pI ng .  The

absorptive system s~ condary p I p I n g  Is larger because It

must  h a n d l e  t he  much hIgher water f low r a t e s  of the ch i l l ed

water summer cooling loads. Recall that secondary loop

heating is sup~ ]Ied by water at 200°F and returning at 80°F,

cor r o-s -p- -c n - 11n 7 to a 12°°S t e m m e r a t u r e  drop . Eowever , secon-

dary loop co-a lt o - Is supp lied by chilled water supplied at

145°F a n d  r-’ . u r ’ n r - --i at ~5°F , w i t h  o n l y  a lO~~F t e m p e r a t u r e

chanFm - . TL~- r’;2c- r - - , f nr  a g i ’~’eo m a g n i  l ade  t h e r m a l  load , t h e

ch U  led w l er  s y n t  m no .s- -’ ;-ur . p o u c h  is - s-re w a t e r  t han  the

heatlnc- sys -’~-’o . Th~~s in~ r~r - -Os - ed 21 -r ’ : r n t t e  r e c u i r em e n t  Is

r e f l e c t - -  a 1 II: • p 1;- - - ‘ c n d pump- c o s t s  of the  tw o  desi r r i

a r x  ~- orr - , ; ’— - r 0 0 5 ’ S a re  v t r t u ’ i i v  I d e n t i c a l  

—- - - - -- _ - - ~~~~~~~~~~~~-
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TAPLE 6.5

s - -- ’ ’ :’ -
~~~~

-
~~‘ - *

Split PIpes Pumps 
~ xc~~~~~er~ 

l e s - e r v o lr  T o t a l  

- -

A b s o r p t i v e
Air Condi-
tioning:

100% 2 4 6 . 8  .140 6. 9 3 .7
80% 37 .3 .37 5.8 3. 0 141. 7

60% 30.3 .31 1 4 °  3 0

140% 19.2 .18 2.14 7.24 2 14 .2

20% 12.7 .114 1.7 2.3 16.9

Compressive
Air Condi-
tionIng:

100% 33.7 .28 6. 9 2 .7

80% 25.9 .22 5.8 2.7 ~~~~~~~~~ :

60% 21.0 .16 14.6 2 . 6

140% 13.1! .10 2.14 2 . . 13- .

20 % 8.6 .07 1 .7 2 .3  i I . 7

‘In units of millions of d o l l s - i r s -  in l 35.

a

~

- -- _ -
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since heat exchanger sizes are determined by peak winter

loads which are essentially the same for both op t ions .

Thermal storage reservoir costs for the compressive

air condi t ioning option are less than or equal to reservoir

costs in the, absorptive air conditioning option. Again ,

this is a direct consequence of the cooling mode selected.

Compressive cooling reservoir sizing Is based on winter

peak load mis—matches rather than summer peak load mIs-

matches , since the demand on the compressive system TUS

during summer is not for cooling but only for the small

domestic hot water load . The absorpt ive  cool ing reservoIr

sizing must handle the large thermal mismatches caused by

summer—peak air condi t ion ing  loads.

A det ailed discuss ion of each cost c omponent In Table

6.5 is given in the following sections .

6. 14.1 PIping Costs

The piping specifications and layout of the pIp Ing for

the TUS is carried out with the guidance of the “~I an u a l

of’ Design Cri ter ia  for Mi l i ta ry  Const ruc t ion  for HIgh

Temperature Water Heat ing  Systems wi th  Forced C i r c ul a t i o n

Boilers ,” EM 1110—3245—162, prepared by GeIringer , P .L .

Al l  piping in the system consists of insulated supply and

return l ines  bur ied  in a common t rench  at a dep th  of s i x

feet. Table 6.6 lists the net cost of pIping, insulation ,

- _  ~~- - -- - - —----- -- --~~~~~~~~~~~~~ -- - ---- - -



~ - -~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - ~~~~~~~~~~~~ - —-------
~~~~~~~

‘- - -
~~~~~

--

~~~~~~~~~~~~

124 2

TABl E 6.6

TH EFIIAL U I I L I T Y  SYSTEh PIPE COST FILE ’

Pipe SIze c t( N ominal  dia m e t e r -in c h e s (Doll~~~s/Foot )

1 28

2 70

3 92!

24 98

6 138
8 166

10 209

12 288

11! 301

16 397

18 1468

20 523

22 570

214 609

‘Stated in un i t  costs in 1985 dollar s per linear
foot of pipe installed .
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excavation and ba:o-:fI l l  on a unIt length basis for the

pipe sizes used in :~ tgn -of ’ the  Fort  Knox  TUS . The

base cost data ust - I a oro-luce thIs table are presented

in Appendix D.6 to-m t her wIth listings of length and

internal cross— seetlona l area for each pipe used in each

TUS simulation. A s sugges ted  b y  Gelringer , pipe sizing

is based on a r,os--inal 8 ft/sec at the pipe ’s design mass

flowrate. The cro ss -— ner t t onoal area so calculated will

u s u a l l y l i e h e t : s e — --s - Iw o  - a v a I l a b l e  p i p e  sizes; the larger

pIpe is t h e n  sele- : t s- d as the  d e s Ign  p I n e  sire. Selecting

pipe  s izes  In t h I s .  s -ann - sr I n o u r e s  a r e a l I s t I c  s i m u l a t i o n

( I . e . ,  c o m m e r c I a l l y  a v a i l a b l e  p i p e s  are u s e d ) ,  and it -

i n c l u d e s  a ; - r u d o r ~t m a r g i n  f o r  sy s t e m  e x s - a n s l m n .

Th- - total cost of ~ I s in g  f-a r a g i v e n  TU S des ign  is

c a l c u l a t e d  b y  u s i ng  t o e  cost  t u l : I e  of  Table 6.6 together

with t h e  p 1cc lIstings of Appendix D.E- . The TDI ST2 simula-

t i o n  c h e c k s -  tb , e p i p e  cost  fI l € -  to d e t e r m i n e  the cost per

l In e ar  f r et  fn r ’  a p ip e  ze a nd  m u l t I p l I e s  t h i s  by the pipe

l e n g t h .  In t h I s  w r y ,  T U T S T 2  c a l c u l a t e s  the  t o t a l  cost  of

the pipino us-ed l. a t h e  s I m u l a t i o n .

In p r a c t i c e , h swe - ,’er , not every b u I l d I n g  on a base is

e x p l i c i t l y  c o n n y c n -  1 t o  t h  TI’S by  a p i p e  in the  TUS s imu—

la’ Ion. ~ s I s - -  d i s o -u s s - sol in Sect  h o  24 , bu Ildings are

a g g r - e r - r t - - u  I s - n o  li -ad c e n t er  g r c -u p s  w h I c h  are used t o  s imula te

the  h o r l l d i r r  shm - a c s .  - -,- r-:’ ,’ : a t I d i n g  so  toe  b a s e  is

accounte d f r  w n I  r e g o r o s i  I s -  I t s  eI . -~ t r i c a 1  and t h e r m a l
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demand , but not all pipIng Is losI-u d -s I exnl: :Icl~,— in to -

TUS s i m u l a t i o n .  in e f f e c t , the ‘272 z muta . I:s- n s ’~~-~r t s

the pipe that connects an Ir~ s~~s~~~1 saIlrha to th~ .~a t - n

main In the street (which u au a ly Is  e x p l i c I t l y  l is ’; -:- to

the TUS simula tion). F-or example , t h e  t O O l  ‘2TS fo r  F : r t

Knox lists 122 macsr pices of pipe . Os. total s-.ucser of

buildings descrIbed In the system os l~~9 O .  The cost Cl. th-

piping required t-o connect these bu Ild in g s- to t m - ~

main in the street is an Important , but not a -do m inat:

Item In the t o t al  pIping cost. ms cost ul.’ ptpI-:g

to connect buildings t - c  the s t ree t  m o l a r s  is c a l c u l a l s d  I- --

correlating p I p e  length w i t h  B T J  delivered , -as seth i so

Appendix D 8. Resulting piping costs arc  , o :-wn l i i  U s - t I e

6.14.2 Pump Costs

Based on the 5i~ C sizIng criterdor discuss-sd ~n Coc~~I;r:

6. 24 .1 and the bu ll-ding I c - a d s - , lb  corn— uI cr sh-ul - -~ I - -n c o l c u —

lates the pro  -su re  drops expe rt  e n : -  I b y  t a r  ~‘I I t o  h~

TUS. F ump s Ir e  i s  de t e rmined  t y  I s - - - sy.- :e-s - -  de~~. rn . f l l-~--n’ t c : ’-

and pres s-Jr-c dr ops. Or- cc- t h e  p a r :  r a t i o s -  Is - n  -~~ n .,  no

costs are evaluated ‘usInin the c-~r~ e1.~ Iic’: p- r cs - -- -~~t - d 10

Append ix D.7. AlU endix P.7 also- lists t o e  1c-ss-~~~~ - a s - i

rating of each pumP In ev--r y  T . S -~ s -t  Is - n slud ”-d . be : ~-use

the secondary loops are rrlat iv - l- -- i f l l y ’ d i r - I I’ ar e

another , he sectroln ry 1- -
• ~u”r s - n t i s - s do - t chs-~s-. --’o m l . —

ficantly i r a n .  s I o u l a t d o - r r  s ic a a I c - rr (of  s e a :  se , s-es- sn l a r y

~
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loops disappear as the thermal/electric split value Is

decreased) .  However , each thermal/e lect r ic  split  value has

a unique primary loop configuration and ~ urnp r a t i n g  r e s u l t I ng

from branches of the primary system being dele ted as the

thermal/electric split value Is decreased. Pump costs are

shown for each TUS option in Table 6.5 .

6.14.3 Heat Exchanger Costs

The TUS heat exchangers used in the TDIST2 simulat ions

are single-pass , counterflow units with 1” O.D. tubes and

1” I.D. channels Is square bundle matrices. Appendix C.l

details the design heat transfer coefficients of these heat

exchangers and l ists  their  required heat  t r an s f e r  areas

and costs.  Total heat exchanger costs are also l is ted in

Table 6 .5  for each TUS opt Ion .  The cost f u n c t i o n  used in

computing the capital  cost of these heat exchangers — given

in Eq. (6 . 1)  — is re la t ive ly  I n s e n s I t i v e  to the de ta i l s  of

the heat exchanger conf igura t ion , requ i r ing  only. a specifi-

cation of the total  heat t ransfer  area of the u n i t .

= 506,000 + 5 .9 A (6. 1)

where

= heat exchanger cost (dol lars  in 1985), and

A = total heat transfer area (ft 2) .

Although originally derived for 1971 costs [14], the coefficIents-

in Eq. ( 6 . 1 )  have been exca] .ated to  1985 do l l a r s .



Consumer heat exchanger costs (for indIvidual buildings)

were estimated by a technique- similar to that used to deter-

mine building connection pipe costs. As outlined In

Appendix C.2, a calculation was performed on a generic

consumer heat exchanger to determine the average heat trans-’

fer characteristics , in particular the thermal energy

delivered per unit heat transfer area. Then, realizing that

consumer heat exchangers are low pressure/low temperature

heat exchangers, Eq. (6.1) was altered to the form of

Eq. (6.2), 
-

= 5 A  (6.2)

where

C~ = heat exchanger cost (dollars in 1985), and

A = tota l hea t t ransfer  area (It 2 ) .

It is felt that Eq. (6.2) probably overestimates the

costs of the consumer heat exchangers  since this equation

was originally developed to describe the cost of heat ex-

changers bui l t  to operate under much more severe conditions

of temperature and pressure. In any case , inaccuracies in

consumer heat exchanger costs would have a small effect on

overall TIJS cost , since consumer heat exchanger costs make —

up less than 2% of the total TUS cost.

6.14.14 Thermal Energy ~tcrr.se Reservoir Costs

In computing the costs of the thermal energy ssox- a~ e -‘

reservoir for each system option , the 1973 benchmark cost 
—
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of $1 per gallon of stc-rage :a~- -e:1ty used by Nida [5] is

doubled for con serv rtl.-,’-: estlmrtion and is escalated at 6.2%

per year  tc- ~~ . l2  per  g a l lo n  In 1985. Since  the reservoi r

is composed of an Interconnected set of from two to eleven

identical tanks , it is assured that this unit cost applies

uniformly to all desIgn s, Ind pendently of their total

storage volume . Table 6.5 lIsts the costs of the units

considered for instal l otI s-n.

6.5 ElectrIcal Traasnlesi2 s - rrit - -utl.or . and  End Use

~~ u ip m en t  Cos ts

Detailed calcul ations of’ the  c o s t s  of electrical trans—

mission , distr Ibution and end use e q u i p m e n t  are presen ted

In project . reports [~~~,5] .  The c a l c u l a t i o n s  of e l e c t r i c a l

end use cqu ip r s - - :n t  cos ts  are p e r f o rme d  In a m a n n e r  s imi lar

to the calculation of TUS p i p i n g  c ost s .  Peak w i n t e r  and

summer wea th~-r sI mulat Ions are ran for a given TES option ,

and t h e  m a x I m u m  ic -ad  ( h e a t i n g  and  c o o l I n g )  l.’or each buildIng

t ype  Is used  t o  — i e t e n ’ n n r l n e  the catn acitv ol.’ the electrical

end use equip s-rent - f : : ’  tb -at  b u I l d I n g  t y p e .  The total equip-

ment cost is th - -n f:-und by m u ltiplyIn g ‘-he  u n i t  c o s t s  by

the nurs -b -:- r s- f 1 l d t n g  s :1 that type w h I c h  are served electri-

cal ly. For ex a r s -p l r - , fo r  the 100~ TUS spl it value , all

b u i i d~ n ’ s -  - :- : - -u l -d be s ’ ccl for c s -nc. ; n’- ssl ye a Ir  c on d I t I o n i n g ,

and cons eq- r-r :.’ ly ‘b co r i p r - - - s s iv o  a I r  c o n d I t I o n I n g  cost would

- ~~~--- -~~~~~—--—--~~~ -~~ -- -
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be at a maximum . For Intermediate o s - l I t  - --- ~I~~-:s ( I . e .  scncc-

buildings heated by TUS hot water , and sore heated by heat

pumps)  those b u i l d i n g s  hea ted  by hea t  r u m s — s are a i ru m - s d to

be cooled by the  heat  pump s in summ er  ar id  t h e r e f o r e  are

not charged the additIonal cost of corrressive aI r  condI-

tioning. Electrical end use e q u i p m e n t  Is  con s i d e r e d  to

consist of heat  pumps , compress ive  air c o n d i t I o n I n g ., ab-

sorptive air conditionin~,, baseboard electrIc resIstance

heater& and electric hot water heaters . The tota l costs of

the se co mpo n ent s fo r each TUS o p t i o n  -are  shown in Table 6 . 7 .

Electrical transm ission and distribution costs are

made up of the cost of transmission lines , transmissIon sub-

stations, primary distribution lines , dIstr ibutIon sub-

stations , line transformers and rnc~ters .- rans- :sIssIcn and

distribution costs listed In Table 6.7 are the m a r s - I n s - i

costs of that option ’s transmIssion an-I dIstr IbutIon system

compared to the transmission and dIstributIo n system re;ul.rel

to supply the base ’s electrical n o n — s p a c e  c on d i tI o n In g  l o a d .

Marginal costs rather than total electrical costs are -used

because the v a rI a t I o n  of the c o s t s -  in e l e c t rI c a l  supp ly

service Involves only th i s  f a c t o r  ( i . e .  an ir r e d u c Ib l e  mInI -

mum electrical service is i n e s c a pab l e , ari d Is r e f le c t e d  In

total electrIcal service costs). The ca lcaia t l.c -n s- f t rans-

mission and Ilsnt :’Ib-utic- n costs Is deta Iled in Ref. [14]. It

involves- correlations of cost d e pc-: J I r c s-n t::~~l ax -c a

served , magnitude -sf -he demand a a d  t h u  t y p o  dI’ con- a m e r .
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TABLE 6.7 - -

ELECTRICAL END USE EQUIPMENT, MARGINAL

TRA N SMI SSI gN AND DISTR IPU TIO N COSTS *

S lit Heat A Ir  E l ec t r I c  T r a n sm I s s i o n  T ~
- 1Pumps Conditioning Hot Water & Distribution o~ a

Compressive
Air CondI-
tioning
Option:

100% NA 3.145 0 8.18 11.63

80% 10.59 2.86 .0149 8.52 22.02

60% 19.141 2.33 .0996 8.77 30.~ l

140% 35.15 1.1414 .11495 11.53 148.27

20% 1414 .42 .721 .2055 13.68 5 9 . 0 3

0% 60.03 0 .228 16.86 77.12

Absorptive
Air CondI-
tioning
O p t I o n :

100% 0 10.90 .22’~ 5 . B  16 .3 1

80~ 10.59 9.35 .228 7.18 2 7 .~~~

60% 19.141 8.18 .228 8.7C 3E.~~

140% 35.16 5.15 .228 11.914 52. ~E

20% 1414 .141 3.71 .228 13.914 6z.2Q

*Costs stated in units of m illions of 1985 dollars.

— ~~~~~~~~~~ - -—-
~~~~~~~ - - . - —~~ —~~~ -— - - -~~ — --
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The cost of t he  base case e l e c t r i c a l  t r a n s mI s s i o n  a n d  d i s —

tributlon system (supplying ohly non—space conditioning

demand) was calculated to be 55.9 million dollars .in 199 5 .

6.6 TES Cost Minimization

Tables 6.8—6 .9 list the costs of the central r.uclear

power station (HTGR), the coal gasification—gas turbine

plant (CGGT), the Thermal Utility System (TUS), electrical

equipment CE) and total cost for each TES option. The

total TES cost is foun d by adding the component costs of

the system. Fig. 6.2 shows the TES costs as a functIon of

thermal/electric split value . It should be noted that the

discontinuities in the CGGT-TES cost curves are due to

incremental additions of either-- turbine or gaslfler units.

Not surprisingly (for these plant sizes), the CGGT—TES

is everywhere less expensive than the HTGR—TES for a unit

coal cost of $27/ton. The breakeven coal cost for the

compressive air conditioning CGGT—TES compared to the com-

pressive aIr condItIoning HTGR—TES is $69.8/ton, and remains

near this value over the range of split values. The

breakeven coal cost  for the absorptive air conditioning

CGGT—TES compared to the absorptive air conditioning iTGR—TES

is $145.6/ton at a split value of 80%.

The comp ressive and absorptIve air  cond i t ion ing  :p t ion

cost curves converge at 1 -ow thermal/electr Ic split vs- l ies

because as the split value decreases bet-h options C1C!ely 
—

__________ — - - - -~~~---
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TABLE 6 . 8

TOTAL E~ PPflY ~ ‘r’fT~~-I C~~~T f *

ABSO HPT IVE A I R  :C iT~~lI ; : t- 3  C~ T I O~

Split  H T G~ C G G T  TUS E Total

100% 165.3 57.79 16.31 239.14

107.6 57.79 16.31 181.7

80% 160.5 4 4 6 . 6 6  27.35 2314.5

119.9 146.66 27.35 193.9

60 % 177 .2  3 8 . 2 2  cG .72 252.1

117.5 38.22 36.72 192. 14

40% 219.1 214 .15 52. 148 295.7

135.5 2 14 .15 52.~~3 212.1

20% 2141.9 16.99 E 2 . 2 9  321.0

156.7 16.88 62.29 235.9

0% 281.6 0 77.12 358.7

183 . 2  0 7 7 . 1 2  2 6 0 . 3

*Costs stal ed In uni ts - of mill Ion s- of 1985 dcils -rs .
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TABLE 6. 9

TOTAL E N E R f Y  SYSTE: !~ ~ ‘T2 *

COMPRESSIVE AIR CONDITI ’~T:bl

Spl it HTG R CGGT Tt~S F

100% 198. 14 14 3 .67 11.63 253.7

119.1 14 3 .67  11 .63

80% 198.7 3!,.53 22.02 255.3

125.6 314 .53 22.02 192.2

60% 202 .8 28.36 30.61 261 .8

1214.3 28.36 30.61 183.3

140% 227.0 13.25 1 4 8 . 2 7  2 9 3 . 5

136. 9 18. 25 ‘~ 8 . 2 7  203.

20% 2149.1 12.71 59.03 320.9

158.4 12.71 59.03 232 .1

0% 281.6 0 77.12 358.7

183.2 0 77.12 260.3

*Costs stated in units of millions of 199t- -dollars .
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FIGURE 6.2

TOTAL E N E R G Y SYST E M COSTS’S

Total
Present Worth
TES Costs
(millions of
dollars in
1985)

400

Elec trical fInd Lse
100 Equipment Cos tsTUS Cost s

100% 80% 60% 40% 20,. 0~.
Thermal / E l e c t r i c a l  Sp l i t  Value

*Soljd lines Ind i cate Crr~apres sive Air Conditioning ~~t ien ; dashed lines
indicate Absorptiv e Air Conditionin g O pt i on
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resemble each otr-ier. The crossing of the HTGR—powered TES

curves between 60% and 140% thermal—electrIc split value s is

due to the sh i f t  in the s izing requirement of the compressive

air conditioning option plant. At high split values, the

compressive option plant size is based on summ er peak air

conditioning loads, but at a split value 01 140% the plant

sizing Is based on winter peak loads. The absorptive option

HTGR size Is always based on winter peak loads. Below a 140%

spilt value, both options are based on the same winter peak

load, but the higher piping cost of the absorptive option

forces Its total TES cost above the compressive option cost.

Further discussion on these data is presented in the conclu-

sions of Section 7.
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CHAPTER 7

C O N C L U S I O N S  AND R2C?Mt-U-U .n-: 0:’’. -

7.1 Conclusions

From the economic analysIs of C~ apter 6 , It 1: s- -

- i
that the global minimum cost TES occurs a t  a t n - : r r n - 1” -~~e c t r ~~c -j

spli t value of 100% for the ccal powered c - z - : - r - -- . I ’ .’~- -a I r  c- - ::-

ditionlng option. Further consIderatI— ~r, Cf t~~-:- c — n - i  c c n o - r r ~~—

tion and capital cost curves of’ C h a p t e r  6 lea do to t h-: cm n—

elusion that the actual minlmun lies so’-’ ~ r~- t - - t w c - ~-r the

80% and 100% split values , at the ps - ta t wh ir— - daze e l - - o t r i c i l

demand Is just satisfied by the three FT14C tu:’rln c-s of ~he

100 % sp l i t  and coal consumpt ion  has bee n r~-d~~- - - - I  ~ y - : t t i r I s I r i ~

the consumer end use-equipment mix. Pr - icti-i -~lIy , t h i s  Is -an

advantageous characterIst Ic because It I n d i : a t - ~c ~h~~t c o s t

reduct ions can be achieved by sheddIng  - d I s t a n t .  ~.-:ad. m the

TUS (thereby reduc ing TUS costs) and shIft -I:- - - ti— c l o a d s  to

e lectr ical  power (op t imiz ing  the eq u tpm- -n s- m I x )  t h c : ’ e :y : - e - d  ~:t r ~~

annual coal consumption. ThIs of ccur s-- --- is - the ron-s-on f-cr

which various thermal/elec tric split vatu ~ o are

It Is in t e re s t ing  to note In Tables 5 . 5 — 4 . 7  an d :-‘i . c .  6 . 2

that the compres s ive  air c o n d i t I o n in g  TE2 cp ’  I : : .

the lowest cost over life . Intuitivejy it -c seem that

absorptive air conditionIng, u t - I l l s - Inc s - h -  waste heat avaIl-

able due to electrical product Ion wo ul d give th - - IC -c - St s -OS ’ S .

However , thIs IS not t he  case .  For a l m o s t -  i - .- - r y  I t e m , t h e  

_ - -- ~~~~ - - ~~~~~-- ~~~—- - -~~~-- - - - — .~~~~~~~-—-~~ -~~~~~~~ - ----~~~~~~~~-~~~~
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comparative cost of the compressive versus the absorptive

system favors the compressive system; however , the cost

differences between the two systems are sn~al l.  From tables

in Chapter 6, the major penalties associated with the ab—

sorptive air conditioning system compared to the compressive

system are the Increased cost of’ secondary pipe required In

the absorptive air conditioning TUS secondary loops (compared

to compressive air conditioning TUS secondary loops) and the

Increased cost of absorptive air conditioning units compared

to compressive air conditioners (on a unit capacity basis).

The only signifIcant cost items which penalIze the  compressive

air conditioning option are the increased costs of plant

capac ity and the electrical transmIssIon and dIstrIbutIon

system. It should be emphasized that the cost margin separat

the absorptive air conditIoning system cost from the coropres—

sive air conditioning system cost Is too small to justify

unequivocally the preference of’ one option over the other.

Secondary characteristics of either option may be - the deciding

factors In system selection , or future change s in component

capital costs could change the result .

Compared to a similar TES analysis studying Fort Bragg,

N.C. [1], the optima l thermal/electric split- value has been

increased s l i g h t l y  from a 75% thermal/electric splIt value

to an 8O~ splIt value . This shift is due to includIng elec-

trical transm IssIon , distribution and end use equipr.ent costs

in the TES costs. The Fort Bragg analysis assumed this cost 
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to be approximately Independent of splIt vaThe. Calc~~~at i : n s

have now shown that the actual electrical system costs

increase as split value is reduced. This tends to shIft the

minimum of the total cost curve to hIgher split values ,

explaining the Increase In the optimum split value . It

should be emphasIzed that, In general , the optimum splIt value

will not be in the 75% to 80% range . The optimum split value

depends on the climate at the site and the operatIng charac-

teristics of the end use equipment . For example , extreme

northern sites would be unable to use heat pumps profItably

and therefore the optimum split value would probab ly be near

100%. Alternatively, the split value would change if portions

of a base were selectively excluded from some service. For

example , if air conditioning were restricted to admInistration ,

training and senior officer home s, this would change secondary

loop pipe sizes and shift the optimum split value . SImilar

optimum values of thermal/electric split for Fort Pragg and

Fort Knox were expected since end use equipment specification

and climate are similar for both sites.

The economic data of Chapter 6 and the Append Ices may

be used for approximate analyses of alternative combinations

of end use equipment. For example , the approximate cost of

a TES supplying only heat , non—space conditioning electricity

and domestic hot water may be found by summation of the costs

of the absorptive air conditioning sI:ed o~~-t:’ol plant , the

Costs of the compressive air condi’. lcnlr; ~- sIzed I N S , the costs

L —~~~-- - --~~~~~~~- — - — - -~~~ - - - -  - - - - - ---~~~~ --~~~~~ - - ~~~~~~~~~~~~ --- - - “---
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of e l e c t r i c a l  e n d — -i r e  c~~u I r m e n t  sised fc— r absorptive air

condltlonlnc (s-u t - s -ta o s - Inc the capItal costs of the absorptIve

air cond ItIon-or: ) and addIng e l e c t ri c a l  t r a n s mI s s I o n  and

dictrlh u ’ Ion co :t- c far the absorpt Ive system. UsIng this

t e c h n i q u e , rough su r v ey  c a l c u l a t i o n s  may be p e r f o r m e d  of

other Interesting t-oc -sIble TUS c o n f i g u r a ti o n s  as the interest

arises.

Using total en er gy  syste cis -- to supply a base ’s thermal

and electrical needs o f f  s an o p p o rt u n i ty  to conserve valu-

able fuel resources. However , Table 7.1 shows that , with the

coal cas if ’ i c a t i o n — g a s  t u r b l n c -  e q u i pm e n t  co r s --aer c i a l l y  a v a i l a b l e

today, the most efficient energy conservation strategy will

not be realized. Table 7.1 lists the annual total of’ electri-

cal and therro-a l dema nd s s u p p l i e d  by the  CGG T— TES , together

with the annual coal concurs-st-Ion of the CJGT—TES. Also shown

is the coal consumption which would occur if e l e c t r i c i t y  for

the base were supnlied by a 33~ — e f f I c i e n t  coal f i r ed  e l e c t r i c

powe r plant - , and with coal also beIng consumed on the base to

su~-p y the- required hose TUS demand . The c e n t ra l  c o a l — f i r e d

electric plant is assu-aed to ops rate without waste heat

recovery, and s -h— base ’s coal— fired boiler is assumed to have

an efficien cy :1 SOC . The equivalent comb ined efficiency

fo r - elec s-rical pr~ -iir t ios of the coal ma sl floation— gas turbine

p l a n t  i s  o n l y  20 ° . Thus , a l t  r i -o u g h  t h e  COOT p l a n t r ecove r s

e n - - r - g y  f r ’n - m  s - n - -  rd -toe- c’ xan -u st for th e P12 , t he overall COOT

• ef ?icd’iricy Is so 1 - -.-: ti - n - I increased coal cc-nsirrst Ion results

L - -~~ ~~--- - 
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TABLE 7 .1

COMFA ~~:sCt t  oy :::~-: -2C~~L -72h 112TlI~N ~
-
~ y

AND FOP

AN EL E CT~~~7 :TI~~:TY AND C’l-2-’- OF T F ~
’- -- i~T - l : P 2YdTPIt

Annual ElectrIcal Annir~l T h a t - a o l  O n t i . a l -Jc-~•l
Energy Demand Enerot .- - a-ri I Ic-es- r s -  :1 on
(Units of (UnIts of (UnIts of

l05~.D~e-hr) 1 0 ’ -h-t-br ) 1000 - os- )

Compressive Air
Conditioning
Option 8O~ TUS l.L~5 2.12 181

Conventional
UtIlities~ l.~15 7 5 . 9

2.12

Total Coal 
- -

Consumption 127.

‘.~ssumes coal heatIng value of 9,500 Btu/lh; el- tot -r Ica ?. gen s- i n --
e f f I c i ency  of 33% and boi ler  e f f I c i e n c y  of 80L 
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f rom i ts  use.  This point requires  f u r t h e r  d i s c u s sI o n .  It

must be emphasized that usually total energy uysterr s- are

expected to save energy compared to separate electr Ical and

thermal energy p roduc t ion , as In th- case of dIesel coginec

dr iving e lec t r i c  generators wi th  heat  r ecove ry  from t he

diesel e x h a u s t .  This sys tem burns  d iese l  oi l  and  does  o f f e r

high energy efficiency. The coal gasification-gas turb ine

plant discussed in this report begIns with a solid fuel ari d

converts it to a gas. The gas Is then used in a turb in-c

generator set Including waste heat recovery frets the turbIne

exhaust. Note , however , that the overall cycle must not-;

include the gasification energy conversion efficiency. F-cr

this study an efficiency of 70% was used. [2] A turbine

average electrical generation effic iency of 217 was assume- :1

to apply. The maximum electrical conversion efficiency for

the FT14C turbine is 27% [3]. Thus , parame ters used in this

study fall within the nominal rang-: of expected compon ent

performance. The final answer m u s t  b~ t h a t  C O O T  technology

is not yet sufficiently advanced to offer fuel savings in tb-s

type of mixed energy product requ ired for a total energy

system.

It may be that a coal fired Ranklne cycle plant - using

a back pressure turb ire or a steam extraction t urbine could

supply base energy dem ands at higher net efficienci es , but

this would require further :-tjd ,. Such a s y st e m  :- ;o -uld be able

to comh-u r--t coal dIrectly, but w o u l d  have the addI tIonal

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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problems of sulfur and particulate removal fr~ :c stack gases .

Herein lies the desirability of using a coal gasification—

gas turbine central station. The coal gasIfioatior~ process

allows easier and more convenient and more effIcIent removal

of sulfur and partlculates from the product gas. RemovIng

sulfur and particulates from the product gas is necessary to

protect the internals of the system ’s gas turbines. However ,

It automatically insures that turbine exhaust will meet

sulfur and particulate clean air standards. In addItIon ,

the gasification process produces elemental sulfur , rather

than the obnoxious sulfur sludge produced by conventional

stack gas scrubbers.

Table 7.2 lists the cost of electrIcity for the 80% TUS

compressive air conditioning option. This cost of electrici•t-y

is based on a nuc lear  cen t ra l  p lan t  cost of $132 .68 mIllion

(1985 dollars), annual fuel plus O/M costs of $7.00 million

(1985 dollars) and a 10% cost of money, giving a busbar

energy cost of 1110 mills/KW (e)hr. Also shown in Table 7.2

is the equivalent cost of gas , based on a gasiuier cost of

$38.5 million (1985 dollars), annual fuel plus 0/M costs of

$ 5. 59  million (1985 dollars) and a lO~ cost- of money, giving

a lev~~ized gas cost of 392 cents per million Btu.

Figure 7.1 shows the capital cast of’ the nuclear—

powered and coal-fired total energy c:- -; - - -- c , replotted from

Fig. 6.2. The error bands associated with the coal—fired

option indicate the effect of chang Ing coal prices. The base 

—- —--- ---- -
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TABLE 7 . 2

E Q U I V A t - E I I ; T CC -OTO oF OA f AND E L P O T P T O I T Y~~~

FOR ‘1 ~h-~ C O O T  TE S

HTGR C a p i t o l  cost ( 2 )  $132.7  m i l l I o n

Annual Fu-t l and 0/N Costs $7.00 million

E l e c t rI c a l  P r o d u c t - I o n  114 5 m I l l I o n  Kt~( e )h r

2--vc-lizei Cost of’ Elec tr’icIs --y 1110 mIlls /H.-?(e)hr

Gaslfier Cap ital ~-:-sas~~~ $38.5 m illion

Arinjal Fuel and O-- ’t- Cost  $5.59 mill Ion

Annual Gn-s- Hr-- cdu ~-s-Ion Rate 2.141xl012 Etu

Levelizeed Cost of Gas 392 units per mi llion Btu

Notes:

( 1)  Co s t s  n - i - c  h- s-j :ed os-i s - h o SOC TUS cos~rr-cssive air condl—
s - t o n i n g  op s-~io; ; nIl coos -s st-or-co in  1955 d o ll a r s ;  and
l O P  cost of m o n e y .

(2) HIGH niccc-d for LeaP; sooner’ electrical d--mond .

( 3 )  Irirlui-os cost of gasl fi ’rs f- -it excLrles s--o rb- t ri o c -c - st - s.
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FIGURE 7. 1

EFFECT OF I : : :RPASET COAL COST S

COSTS OF N U C L E A R  N0 C O O L  ? T P E D  71 7P~- L  
_____

Total
Present Worth

TES Costs
(Millions of
dollars In

1985) ~~~l)

Coat FIred OFf

100 —

100% 80~ 610 ~~~ 201
Th- ’rma l/Ftectri- : fp lit ‘,1i

No tes:
(1) Based on coal cost of 90 (-h ~llors-/ton )
(2) Pas’-d on c oa l  ceo~ of 7 ?  i -~- l 1 o o ~- ‘ c m )
( 3 )  ~ -osei on - s - c a l  cost of 50 ( d o l i a r s - -” n n )  

~~-- -~~~- - -~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - -- -~~~~~~~~~ - - - --_
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case is c a l c u l a t e d  for  a coal p r ice  of $27 per ton , but

the e f f e c t s  of $50 per ton and of $70 pei~ ton coal are

shown . Thus the breakeven cost of coal may be seen con-

veniently at any thermal/electric split value .

Figure 7.2 shows the sensitivity of total system cost

to variations in the base case component cost. The para-

meter plot ted is given by Equat ion (7.1)

t~ Total Cost
— Total Cost -Z — 

~~ Componen t Oo~ t-
Component Cost

where

Total Cost = total Present—worth cost of a gIve n
TES option

Component  Cost  = p r e s e n t — w o r t h  cost  of a g iven  cars - i- c’- —
nent (e.g. the TUS c ost )

t~ Component Cost = the assumed change In component cost-

~ Total Cost = the change in TES cost due to the given
change  in c o m p o n e n t  c o s t .  -

As e xpected , Fig.  7 . 2  shows the  large e f f e c t  t h a t

change s in the central station power plan s- cost vould have

on overall TES costs. A surprIs~ ng feature of t h i s  h i n t s - -

gram is the relatively small effect played by e lec tr i ca l

end use equipment . -

~

--- —— - -

~

- -- - - -

~

- -

~

-- ---- -
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PIGLT.E 7.2

S E N S I T I V I T Y  i-F T O T A L  cOSTs~~~ TO U IO T I ON S~
2
~

: ‘: CO:- :FO’:~~iT -COSTS

Nuclear F o w e r  Flar-s- -

COOT Power  P l a n :

Nuclear I
TU S -

Coal 1

Nuclear
Electri cal

End Use
Eq u 1 o me n t _____

Coal 
~~~~~~

Nuclear
Electrical

Trans mi ss ion
&:)~ st r I bu t1on Coal

.~~ .~~ .; .~~ .~~ .~~ 
.; . 5

Notes:

( 1)  The f i g - o r e  shows the se r i s i t tv i  s- v of t o t a l  c c s t s  o ~b ar .
in comn-oren t cost for the 80~ ‘C’IS somp resstve aIr s - oc - II t Is - -~ t ’ -.

option ; both the nuclear and coal f I r e d  o p t t c ’ - n s  ar e -  a~ - - ~ l - ,- .
( 2 )  A ss - ,un -s a 2O~ c h a n g e  in  base cost of comp onent. 
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The fIna l se leo s- in ’ ci - a pc -n - r source Cm the Fort

Knox TEl’ mu ’-t to b a r e - i  O r ,  I : - r - o r t a r c s- crIteria In  additIon to

e xp e c ’ ed nc-n- ; s-mv c o st .  P t  t i - t n  the accuracy of the calcu—

l as-I  - n o , the  : s h I m n l ’ -0 -000 TEl ’ c o o s -  Is 152 m Ill ion dollars

(1985), wh i c h  I~ much less expensIve t~ a the o p t im a l  n u c l e a r

ot t - i on . T h i s  n - d e n - n t ;- - coutd be c-n -o Ily negated by rapidly

rising cc-al cc-s - t o . A it :- :-r s-t iv el y, cos t overruns on the

no--le n-i’ power p] -n-n -t ccu ld si—n iflcantly increase the cost

of t h e  nuclear -o~ tIn-n . Ia actoI tlor ., each system has Impor-

tant - se - :o n d s-r y  oh oroo tor iss-ics wh Ich argue in favor of ’ its

select -ton fin s 20-7’ use.

Son— of tic -: me ro Io:cort-or:t power plant selectIon trade—

offn ar~ - rru ;- -aori -:- i In I-cO le 1.1. For example , the COOT

syrtem has the ad-iar - s - a g- of’ m- -iular add—on potent ial growth.

It t s  relative ly e asy  t o  n o t  n - t i  an o t h e r  gaslfler or gas

t u r b i r o  o t t  t o  the -v-o r r -tant as is requIred by the expan—

of the base TEl’. The n u c l e a r  power plant is limited

r - v - v e r ---1 - ‘ in  I t s  mi t—on - -c ’

The n c i ; i e o r ’  n l -o r : t does h-av ’- a signift cant. advantage in

Li - -  dep- --rH h ti t y s ts - s Co 1 supply. A f r e s h l y  f ueled

t!T O, w : c 1  i-c exme cs-~ - i -‘- s i s — o l y  C rc — n 3 to 6 years of

r’- crvt ”: i -cf  - r ’ - C u e ) t n - -s- w- --u l d  no r e q u i r e d .  Conve r se ly ,  

of mr -c -  r i - a n n- C- - - -.- r— --’ - a s - : ” - s’ o u r - s l y  — ‘ f c - n - n - i  on base

s c - rn  t o n : -  v~t - t  cal  b e c a  s-c of  ‘he  I n r g  c l , ;  of  s u c h  a coal

i I

—- --- 
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The ultimate selectIon of i-b.c pc- car p lun~ t y o - a  .o t  b - c

based on the user ’s prenent ar -I rr-c ,~ecteJ n- oecs net cn1~

for electrical and thermal power , b-c t also for

with experience in new technologIes. A s dIre cted by s -n e

President , the Department of’ De fense r a y  w I n —  t - s -  gn - icc

operating experience w i t h  coal gaslflca :Icn technc I-ogl es .

As coal come s into increased use , the favorac le sulfur

removal characterIstics of the coal gs-rifI catIc n process

may become a mandated part of the solution t o  the s-tack on-s

clean—up problem.

Survey calculations of TUS pipe costs were p~ar:’:r:-~~I

using plastic pipe in the low tempera s--o re and is;; pseosore

secondary loops. Plastic pipe data was c b t a t r c ;- -d :‘r’o rri am

Oak Ridge National Laboratory report [-1]. C- s-ee l p ipe

(listed in the l0O~ TUS absorptIve at:’ c:r,~ s - I c - r I n g  op tI on)

in the secondary loop s Costs 22.6 mIlIl:- n dollars (1985).

It plastic pipe could be used , the ::rrercp. ;, - It. rc g s-c-st wc’,lJ

be 7.2 million dollars (1955). -O v e ra l l  p t p -  c o a t  srcvin -cr

are not as dr ama t Ic. The all—steel c - t-rs - on-s s 36 mi ll Ion

dollars (1985), while the steel arc -i r lao s - ic sys ’ -:s-. co.s-~ s

20.6 mIllion dollar s (1985). ;1s-hou -i- ~- :n - s- ’ is - p t c -  I S  n —c t

yet authori:ed by the LOP for h e a - t r g  hot w a s - e r  d i S t r ib u t I o n

sys tems , the  p o t e n t i a l  Sav in g s-  ar ~. - So larg -c  t h a t  corcO Ir ~o-~

interest is warranted.

in ~h I~ 

c o n c l u s i o n , 

~~~~~~ :~ 
: 

I e~

~~~ II~4IIII_ _ ~~~~~~ —,,. —,_1~~r-1r,~ =E _.St ,n ,, - - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - - —
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- - - and economic factors pertinent to the analysis of mixed

- 

- product total energy systems . It is felt that the economic

analyses presented in this report are based on reasonable

j - assumptions and should provide useful estimates of antici-

- 

pated costs. -

I

I

t 

———----~~~~-----—-‘_ ---— -—~~~~- ---~~~~~~-- ~~-.-- ~ ---~~~ -
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APPEtLs -IX A .l

FUEL l’AVT Ii - i- bY A CENTRAL TAT OO

T O -110,?;’ ;T 100AL H EA T . N-O

Cent:’ n - i  I t  - a s - I  o r :  C r c — t I r e  Heater Efficiency

= 
~~~~~~~

-
~~~~~~~

- 
~~~~~~~~~~~~~~~~~~~~~~~~ 

= 70% [6]

Indlv iacrl “Hen-- - ” C a n — E t r e d  Hon - s-er EffIcIency

= 
~~~~~~~- - 

_ 1~~~~~~~~~; = ~0% [6]

Avera~ - Cr-action of s-h-:- c~-o1 loa d recovered by Tur bi ne

Exhaust Waste heat ex - -’hangers = 82.5% for 80% thermal

split ab sor-p tlv - - aI r  c orciii - loning optIon .

Assume i--:a’. load of 103 units

1. ‘ Hare ” Heat ei~S would require

- = 250 u n I t s

2. C e r c t r a l  l-’ t a s -  i on  TUS wou ld  r e q uI r e

l0C (i — .825) 
= 25 units

Thus t h -  (‘~
--n - t ii Station TRS r-’duces fue l consumption by

225 u n i t s  — -—- -
250 u r i c ’ s

-‘- ---- —-~~~~~~---~~~~~~~~~~~~~ 
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A~ . 17:L:X A. 2

COST OF ENEPOY STORAGE AS HOT WATER

C O M P A P E D  TO G~ I I T OR A GE

- I. Gas Storage at 300 ps i  c o s t s  ~12 /ft 3

For our system gas H.V. = 125 BTU/SCF

- Cost of Energy Storage as Gas at  300 psi =

$12 SC? f t 3 $1.96
125 BTU 57~~~ sc: — F~TU

- 

II. Hot Water Storage $7.5/ft3

Energy stored in each f t 3 =

ib
~~

°F (380°F  - 150°F) = 13529 B T U / f t 3
m .0 17 f L ~

-

* 

Cost of energy storage as hot war -cr =

~~ 
= 00055

Clearly it Is less expens l-.’e tc ;c- i - cr- c -onerpy as h-c t

water than gas.



173

APPE NDIX B - -

FORT KNOX CON SW’IER SPECIFIC AT IONS

In order to be able to compute the conduction , solar

incidence ,, ventilation and internal heat generation compo-

nents of the space conditioning demands and the domestic

hot water usage for the specified energy consumer categories ,

TDIST requires the following data for each building type

to be analyzed : the explosed areas and therma l resistances

of’ walls, windows , the roof’ and the basement; the building

height ; its orientation; the outer wall and roof surface

materials; the wall and roof solar absorptivities; a cornpo—

site internal room and glass material window shadIng coeffi—

cient ;  the shading of each wall  and the r o o f ;  the  n o m i n a l

maximum desired ventilation air flow rate; the total connec-

ted electrical load in the building, exclusive of any elec-

trical space conditioning equipment ; the maximum rate of’

domestic hot water usage ; crack lengths and flow coeffi-

d ents for openings around doors and windows and cracks in

the structural walls; a desired internal room temperature

profile to be maintained by the space conditioning equip- .

rne nt throughout the analysis period ; a schedule of build-

ing use factors relating appliance , lighting and ventila-

tion requirement s to the building occupancy; and a schedule

of’ domes tic hot water usage .



~ ~~~~~~~~~~~~~~ 

Because n-ucb of t hese  data d e p e n d  s t r on g l y  upon t

precise nature of the building types chosen to be analy

Army personnel were requested to supply as much of . the

formation as possIble tar each of the representative Eu

Knox building categories. Ner’cters cf the project from

together with FESA representatives , conducted an Inform

gathering visit to Fort Knox. Tn-is visit greatly facil

tated identification of building types on the base and

allowed estimates to be made of such intangible factors

as building and window shading coefficients.

Army personnel lifestyles , military energy usage ,

conservation regulaticns expected to be in force in 198

were used in establishing building use schedules and

space conditioning indoor temperature requirements. In

particular , special care was taken in specifying the

building shading coefficients , Infiltration air flow co

ficlents , ventilation requirements and building use pro

files , since it has been found that solar radiational h

ing and the combined effects of infiltration and forced

air ventilation air flows contribute significantly to t

total building space conditioning loads. Large variati

in these coefficients in the available lIterature , a ~~~~

lack of detailed information from direct field mea sures-c

and the individual bu ilding—specific nature of suJc f’ac

as tree shading an-i window weatherstripping made the to

of formulat ing these s p e c i f i c a t i o n s  for a “ t y p i ca l ”  bul
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unit- especially d~~ffIcu2t . -

VerificatIon of TRIST? load calculations was perfo

by comparison of TL IT2 u-ui-n- -us- wIth measured data for a

large multi-family dwellIng. Details of this analysis w

presented In the October l976 Nc-r’uhly Progress Report un

this contract. In Cener-al , TR 1ST2 calculations were sho

to be within lO%— i50- of measured data and of the same

a c c u r a c y  as NPI T E 3~ - ccd E—Cub e [2] calculations.

Tables  P . 1 — 1 6  and associated figures present the f’

d a t a  s p e c i f i ca t I o n s  ari a a s s u m p tI o n s  made for  each of the

f i f t e e n  u onsur r i e r  c a t e g o r i e s .  Pho tographs  of some of the

mrat generalized buI ldin g categories , such as the wareho

or c- -oanurc t ty cen ter , ar e no t ava i la b le since no single

building is suffIciently representative .

__ _  I
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TABLE B.].

BUILDING INPUT DATA

Type 1: Family Housing

Unit: Dup lex, Large

Wall Area: 3080 ft2

Wall Composite Thermal Resistance: 3.1! hr•ft2°F/BTU

Window Area: 13110 ft2

Window Thermal Resistance: .89 hr.ft2•°F/BTU
Single pane, no storm windows

Roof Area: 3000 ft2

Roof Composite Thermal Resistance: 16.67 hr .ft2°F/BTU

Basement Ground Contact Area: 3000 ft2

Basement Wal l Thermal Resistance : 11.91 hr.ft2 O F/BTU

Building Height: 17 ft

Building Orientation: 115° from Nor th

Wall Surface Material: Brick

Roof Surface Mater ial: Asphalt Shingle

Wall Solar Absorptivity : .70

Roof Solar Absorptivity: .80

Window Shading Coefficient : .50 (50% of incident radiation
transmitted

Wall Fraction Lit: .90

Roof Fraction Lit: 1.00 (no shading)

Door Crack Length: 120 ft

Door Air Flow Coefficients: C:110 N:0.50 (see Table B.l6)

Window Crack Length : 280 ft) .
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TABLE 8.1 (Continued)

Window Air Flow Coefficients: 
•
C: 1.7 N: 0.66 (see Table 8.16)

Wall Air Flow Coefficients: C: 0.01 N: 0.80 (see Table B.l6)

Peak Ventilation: 600 CFM —assumed one air change per hour
as per Army measurements and typical
residc ntial data

Connected Electrical Load : 3.66 KW) primarily lighting at
0.87 watts/ft2 total floor area

Peak Domest ic Hot Water Demand: 26,000 BTU/hr
Assumed peak of 118 gal/hr for

. a total of 16 adults

Winter Room Tempe:a t~ire: 68°F (minimum)

Summer Room Temperature: 75°F (maximum)
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TABLE B.] . (Cont inued )

Building Use Fac tor Domestic Hot Water
(for electrical equip— Use Factor

Time ment and vertilatiori (ref. ASHRAE )

12 .81 .17

1AM .67 .111

2 .61 .13

3 .58 .10

11 .52 .11

5 .119 .10
• 6 .52 .10

7 .59 .13
8 .66 .15

9 .69 .25
10 .79 .21

11 .90 .19

12 .93 .17

1 .96 .18

2 .96 .15

3 .93 
- 

.13

11 .95 .12

5 PM .93 .12

6 .98 .15
7 1.00 .19
8 .99 .21
9 .96 .18
10 .93 .15
11 .87 .13
12
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Figure B .2

Type 2: Family Housing
Unit: Two Family Brick Duplex
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TABLE B.2

BUILDING INPUT DATA.

Type 2: Family Housing

Unit: Two Family Brick Duplex

Wall Area: 117811 ft2

Wall Composite Thermal Resistance : 3.7 hr~ft
2
~°F/BTU

Window Area: 330 ft2

Window Thermal Resistance: 0.89 hr•ft2•°F/BTU
Assumed single pane, no storm
windows

Roof Area: 1519 ft2

Roof Composite Thermal Resistance: 16.67 hr.ft2•°F/BTU

Basement Ground—Contact Area: 1821! ft2

Basement Wall Thermal Resistance: 11.91 hr.ft2•°F/BTU

Building Height : 13 ft

Building Orientation: t4 5~ from North

Wall Surface Material: Brick

Roof Surface Material: Asphalt Shingle

Wall Solar Absorptivity: 0.70

Roof Solar Absorptivity: 0.80

Window Shading Coefficient: 0.115 (115% of incident radiation
transmitted)
Assumed blinds or drapes as in
typical residences

Wall Fraction Lit: 0.70 (30% of each wall shaded)
Assumed , based on photographs of Fort Knox
housing

Roof Fraction Lit: 1.00 (no shading) 

~~~~~~-— •~~~-. •~~~~~~ - •- — .~~~- . — — -  ~~~~~~~~~
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Crack :~ength : 31 ft 
-

~oc~ Air Flow Coefficients: C: 110 ~ 0.50
See Table B.l6

W !ndow Crack Length: 195 ft

Window Air Flow Coefficients: C: 1.7 N: 0.66
See Table B.16

Pe&k ier.tilation: 702 CFM
Assumed one air change per hour as per
Army measurement s and typical residential
data

i:~~~~ted El~ctrica1 Load : 3.17 KW
Primarily lighting at 0.87 watts!
ft 2 total floor area

‘eak Domestic }ot Water Demand : 13,018 BTU/hr
Assumed peak of 211 gal/hr to
serve two families as per

• - - — • - ASHRAE Systems, 1973 [1)

;.~n~ z~L’ floom Temperatures: 68°F (minimum)

Surr~: r  R-~~i Temperatures: 75
0F (max imum)
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TABLE E.2 (Continued)

Building Use Factor Domestic Hot Water Use
(for electrical equip— Factor (from Ref. 1 for

Time ment and ventilation Apartments)

12 .81 .17

1 AM .67 .111

2 .61 .13

3 .58 .10
Li .52 .11

5 .119 .10

6 .52 .10

7 .59 .13
8 .66 .15

9 .69 .25

10 .79 .21

11 .90 .19

12 .93 .17

1 PM .96 .18

2 .96 .15

3 .93 .13
ii .95 .12

5 .93 .12
6 .98 .15

7 1.00 .19

8 .99 .21
9 .96 .18

10 .93 .15

1]. .87 .13

12 .81 .17

-
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B u i l d i n R  3 .3
• Type 3: Family Housing, H~ w

• Unit : Four Family Dwelling
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TABLE B..3

BUILDIN G INPUT DATA

Type 3: Family HousIng, RQw

Unit: Four Family Dwelling

Wall Area : 5250 ft2

Wall Composite Thermal Resistance: 4.00 hr~ft
2 °F/BTU

Window Area : 532 ft2

Window Thermal Resistance: 0.89 hr ft2 °F/BTU
Assumed single pane, no storm

• windows

Roof Area : 3 66 14 ft 2

Roof Composite Thermal Resistance : 11.55 hr•ft2.°F/BTU

Basement Ground—Contact Area: 3750 ft2

Basement Wall Thermal Resistance: 11.91 hr•ft2•°F/BTU

Building Height : 17.5 ft

Building Orientation: 45° from North

Wall Surface Material: Brick

Roof Surface Material : Asphalt Shingle 
-

Wall Solar Absorptivity: 0.70

Roof Solar Absorptivity : 0.80

Window Shading Coefficient : 0.50 (50% of incident radiation
transmitted)
Assumed use of blinds or drapes
as in typical residences

• Wall Fraction Lit: 0.90 (10% of each wall shaded)
Assumed, based on photographs of Fort Knox
housing

Roof Fraction Lit: 1.00 (no shading)

:-

~ 

4
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• TABLE 8.3 (ContInued)

Door Crack Length: 132 ft -

Door Air Flow Coefficients: C: 110 N: 0.50
See Table 3.16

LLndow Crack Length: 306 ft

~~~~ Air Flow Coefficients: C: 1.7 N: 0.66
See Table 3.16

‘all Air Flow Coeff~~ients: C: 0.001! N: 0.70
See Table B.l6

F-~a~ Ve:;~2 lation: 1103 CFM
Assumed one air change per hour as per Army
measurernent~ and typical residential data

Connected Electrical Load: 6.53 KW
Primarily lighting at 0.87 watts !
ft2 to tal floor area

~eak Domestic H~ t Water Demand: 39,055 BTU/hr
Assumed peak of 72 gal/hr to

• serve up to six families as
per ASHRAE Systems 1973 [1] •

Wi:~ter Room Temperatures: ~8°~ (minimum)

Summer Room TCr . .peratures: 75°F (maximum)

I
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TABLE B ,,3 (continued)

Building Use Factor Domestic Hot Water Use
(for electrical Factor (from Ref.l for

Time equipment and ventilation) Apartments)

12 .81 .17
1 .67 .111
2 .61 .13
3 .58
i~ p.j~ .52 .11
5 .119 .10
6 .52 • .10
7 .59 .13
8 .66 .15
9 .69 .25

10 .7 9 .21
11 . 90 .19
12 .93 .17
1 .96 .18
2 .96 .15
3 .93 .13
LI PM .95 

- 
.12

5 .93 .12
6 • .98 .15
7 1.00 .19
8 .99 • 

.21
• 9 .96 .18

10 .93 .15
11 .87 .13
12 .81 .17 

• • ~~~~~~~~~ • • • ~~~~~~~~~~~~~~~~~ _ _
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Type ~ : F~ariillv li ush:g
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TABLE B.11

BUILDIN G INPUT DATA

Type ~i : Family Hous ing

Unit: Single Family Detached Dwelltng

Wall Area : 5244 ft2

Wall Compsite Thermal Resistance: 3.115(hr)(ft2)(°F)/BTIJ

Window Area: 901$ ft2

Window Thermal Resistance: 0.89(hr)(ft2)(°F)/BTU
‘Assumed Single pane, no storm
windows

Roof Area: 2325 ft2

Roof Composite Thermal Resistance: l6.67(hr)(ft2)(°F)/BTU

Basement Ground—Contact Area: 2074 ft2 -

Basement Wall Thermal Resistance: 4.91(hr)(ft2)(°F)/BTU

Building Height : 28.5 ft

Building Orientation: 45° from North

Wall Surface Material: Brick 
-

Roof Surface Material: Asphalt Shingle

Wall Solar Absorptivity: 0.70

Roof Solar Absorptivlty: 0.80

Window Shading Coefficient : 0.50(50% of incident radiation
transmitted )

• •Assumed use of blinds or drapes
as in typ ical res idences

Wall Fraction Lit : 0.90(10~ of each wall shaded) •

•Assumed , base d on photogra phs of  Fort • , 
4

Knox housing
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TABLE B.4 (continued)

Roof Fraction Lit : 1.00 (no shading)

Door Crack Length: 30 ft.

Door Air Flow Coefficients: C: 140 N: 0.50
‘See Table 8.16

Window Crack Length: 296 ft.

WIndo~. Air Flow Coefficients: C: 1.7 N: 0.66
See Table B.16

Wall Air Flow Coefficients: C: 0.01 N: 0.80
‘See Table 8.16

Peak Ventilation: 987 CFM •

‘Assumed one air change per hour as per
Army measurements and typical residen-
tial data

Connected Electrical Load: 2.08 KW
Primarily lighting at 0.50 watts!
f t 2 total f loor area

Peak Domestic Hot Water t)enand: 6509 BTU/hr •

Assumed peak of 12 gal/hr
for a family of four as per
ASHRAE Systems, 1973 [ 1)

Winter Room Tenperature : 68 °F (minimum)

Summer Room Temperature: 75 °F (maximum)
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TABLE B.1$ (continued)

Building Use Factor Domestic Hot Water Use
(for electrical Factor (from Ref.l for

Time equipment and ventilation) Apartments)

12 .81 .17
1 .67 .111
2 .61 .13

3 .58 ’ .10
11 AN .52 .11

5 .119 .10
6 .52 

V .10

7 .5 9 .13
8 .66 .15
9 .69 .25

10 .7 9 .12
11 . 90 .19
12 . 93 .17
1 .96 .18
2 .96 .15
3 .93 .13
11 PM .95 V .12
5 .93 .12
6 .98 .15
7 1.00 .19
8 .99 .21
9 .96 .18

• 10 .93 .15
11 .8~ .13
12 .81 .17
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F i g u r e  B . 5

Type 5: F t .  K n o x  Large Hosjlltal

• U n i t :  Large H o sp i t a l
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TABLE 8.5

• 
- BUILDIN G IN PUT DATA

• Type 5: Ft. Knox Large Hospital

• Unit: Large Hospital

Wall Area: 20,700 ft2

Wall Composite Thermal Resistance: 14.0 hr’ft
2
’°F/BTU

Window Area: 13,200 ft2

Window Thermal Resistance: 0.89 hr.ft2•°F/BTU
Assumed single pane, no storm
windows

Roof Area : 8000 ft2

Roof Composite Thermal Resistance: 16.0 hr’ft2•°F/BTU

Basement Ground—Contact Area : 11,000 ft2
• Assumed one underground •level

• Basement Wall Thermal Resistance: 6.5 hr’ft2’°F/BTU

Building Height : 81 ft

Building Orientation: I$50 from North

Wall Surface Material: Concrete

Roof Surface Mater ial : Asphalt

Wall Solar Absorptivity: 0.91

Roof Solar Absorptivity: 0.95

Window Shading Coefficient : 0.110 (110% of incident radiation
transm itte d )
Assumed use of shades as shown in
hospital photographs

Wall Fraction Lit: 0.95 (5% of each wall shaded)
Assumed , based on photographs

Roof Fraction Lit: 1.00 (no shading)

Door Crack Length: 1117 ft

Door Air Flow Coefficients: C: 110 N: 0.50
See Table B . l 6
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TADLE 8.5 (Cqntinued)

Wi~ d~w Crack Length: 5,6~~ ft 
-

Window Air Flow Coefficiei~ts: C: 2.2 N: 0.66
See Table 8.16
Based on non—weatherstripped V

window in masonry frame with
caulking - •

~‘211 ,ir Flow Coefflolents : C: 0.0011 N: 0.70
See Table 8.16

Peak Ventilation : 17,000 CFM
Assumed three air changes per hour as
average of Army recommendations for various
areas in a hospital ranging from one to
twelve air chance s per hour .

Connecte-~i Electrical Load : 31 KW
Average of t o ta l  demand given as
.82 watts/ft2 total floor area

~~ak Domestic Hot Water Demand : 230,000 BTU/hr
Assumed peak of L1.25 gal/hr
per bed , 100 beds .

- inter Room Temperatures: 711°F (constant)

~umrr1er Room Temperatures: 711°F (constant)
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TABLE B.5 (Continued)

Building Use Factor Domestic Hot Water Use
(for electrical equip— Factor (varies with

Time ment and ventilation) building use)

12 .53
1 .111

2 . 111
3 .41

4 .41

5 A M  .38
6 - .53

7 .60

8 .71

9 .88
10 .91$

11 .98

12 .99
1 1.00
2 1.00

3 1.00

.99

5PM .93

6 .79
7 .70
8 .70

9 .68

10 .59

11 .56

12 .53

• — •
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Figure 8.6

Type 6: Ft. Knox Smafl L~~~p i t a 1
Unit: Srna’~l Hospital
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TABLE B.6

BUILDING INPUT DAT A

Type 6: Ft. Knox Small Hospital

Unit: Small Hospital

Wall Area: 13,200 ft2

Wall Composite Thermal Resistance: 3.45 hr•ft2’°F/BTU

Window Area: 2,775 ft2

Window Thermal Resistance : 0.89 hr.ft2•°F/BTTJ
Assumed single pane, no storm
windows

P oof Area : 9, 600 ft2

Roof Composite Thermal Resistance: 20.0 hr.ft2.0F/BTU

Basement Ground—Contact Area : 11,800 ft2
Assumed one basement level

Basement Wall Thermal Resistance: 6.5 hr.ft2•°F/BTtJ

Building Height: 30 ft

Building Orientation : 1$50 f rom Nor th

Wall Surf ace  Ma ter ial: Brick

Roof Surf a c e  Ma ter ial : Slate

Wall Solar Absorptivity : 0.91

Roof Solar Absorptlvity: 0.80

Window Shading Coefficient : 0.110 (40% of incident radiation
transmitted

• Assumed use of shades as shown
V in hospital photograph

Wall Fraction Lit: 0.85 (15% of each wall shaded)
Assumed, based on photographs

Roof Fraction Lit: -1.00. (no shading) •
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TABLE 3.6 (Cpn t i r iued )

Door Crack Length : 93 ~~ 
V

DC Dr Air Flow C o e f f i c i e n t s :  C: 140 N:  0 .50
See Table B.l6

~Jindow Crack Length: 1,665 ft •

~-~L•Jc ~w Air Flow Coefficients: C: 3.2 N: 0.66
See Table B.l6

Wall Air Flow Coefficients: C: 0.0014 N: 0.7
See Table B.16

teak Ventilation: l2,~500 CFMAssumed three air changes per hour as average
of Army recommendations for various areas In
a hospital ranging from one to twelve air
changes per hour

Connected Electrical Load : 20 KW
Average of total demand given as
.82 watts/ft2 total floor area

Peak Domestic Hot Water Demand : 115,000 BTIJ/hr
Asstimed peak of 14 .25 gal/hr
per bed , 50 beds

winter Room Temperatures: 711°F (constant)

Summer Room Temperatures: 714°F (constant)

- V~~~~~~~~~~~ -•- -• ~~~~~~~~~~~~~~~~~~~~~~~~~~~ • - - •
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TABLE 8.6 (Continued)

Building Use Fac tor
(for electrical equipment , ventila—

Time tior-i and hot water usage )

12 .53
1 .41

2 .11].

3 
- .11].

11 .111

5A M  .38
6 V • .53

7 .60

8 .71
9 .88
10 .911

11 .98

12 .99
1 1.00
2 1.00

3 1.00
11 .99

5 .93
6PM .79

7 .70

8 .70

9 .68

10 .59 V 

- 

4

11 .56

12 V 

~53

S
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TABLE B.7

BUILDING INPUT DATA

Type 7: - Community

Unit : Recreation/Community Center •

Wall Area : 10,556 ft2

Wall Composite Thermal Resistance: 3.l3(hr)(ft2)(°F)/BTU

Window Area: 300 ft2

Window Thermal Resistance: 0.~~9 ( h r ) ( f t 2 ) ( ° F ) / flT~J 
V

Assumed single pan? , no stcrr.
windows

Roof Area : 20,369 ft2

Roof Composite Thermal Resistance : 5 . 8 9 ( h r ) ( f t 2 ( ° F) / E ~ U

Basement Ground—Contac t  Area : 20 ,1486 ft 2

Basement Wall Thermal Resistance: 5.27(hr) (ft2)(°F)/LTU

Building HeIght : 15 ft.

Building OrIentatIon : 14~ ° from North

Wall Surface Material: Concrete Block

Roof Surface T-~aterial: Asphalt Shingle

Wall Solar Absorptivity: 0.68

Roof Solar Absorptivity:. 0.80

Window Shading Coefficient : 0.7O(70~ of inc~ dcnt rad~ aUiori
tram sm It eli)
Assun ’d , hn~~ I un~ n pLctJ~ ra-lh
of conr.uuitt y center

Wall Fraction Lit: 1.00 (no shading)

Roof Fraction Lit : 1.00 (ma oi-.ading)
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TABLE B.? (continued)~

Door Crack Length: 66 ft.

Door Air Flow Coefficients: C: 110 N: 0.50
See Table B.l6

Window Crack Length: 150 ft.

Window Air Flow Coefficients: C: 3.0 N: 0.66
• .See Table B.l6

Wall Air Flow Coefficients: C: 0.0011 N: 0.80
See Table B.lG

Peak Ventilation: 25,6211 CFM
•Assumed five air changer per hour as per
Army measurement s

Connected Electrical Load : 30.73 KW
Primarily lighting at 1.5 watts !
f t 2 total floor area

Peak Domestic Hot Water Demand : Unavailable

Winter Room Temperatures: 68 °F (minimum)

Summer Room Temperatures: 78 °F (maximum) 
- 

V
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• TABLE B.7 (continued)

Building Use Fa ctor• (for electrical equipmentTime 
— 

and ventilation)

12 .15
1 .15
2 .15
3 .15
11AM  .1.5
5 .15
6 .15
7 .15
8 .15
9 .25V 

10 • .50
11 1.00
12 1.oO
1 1.00
2 1.00

3 1.00
11 PM 1.00

5 V 
1.00 V

V 6 1.00

7 1.00
8 1.00

9 .90 • 
• 

V

• 10 .90
11 .80
12 .15
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TABLE 8.8

BUILDI NG INPUT DATA

Type 8: Administration and Training

Unit: Training Building

Wall Area: 111,782 ft2 -

Wall Composite Thermal ~esistance: 11.00(hr)(f t-2 )(°F)/BTU

Window Area : 5666 ft2

Window Thermal Resistance: O.89(hr)(ft2)°F)/BTU
Assumed ~ ingie pane ) no stom a
wi ndows

Roof Area: 8135 ft2

Roof Composite Thermal Resistance: 20.00(hr)(ft2)(°F)/ii U

Basement Ground—Contact Area : 8135 ft2

Basement Wall Thermal Resistance : ~ .0 ’l ( h r ) (f t ~~) ( ° F ) / ~3 T:i

Building HeIght : 35 ft.

Building Or ien ta t ion :  145° from N o r t h

Wall Surface raterial~ Brick

Roof •Surface ~ateria 1: Slate

Wall Solar Absorpti’ii ty:  0.9 1

Roof Solar Absor~ t i v i t y:  0.80

Window Shading C o ef f i c i e n t : 0 . 6 ’ ( 6 c ~ of i~~~ic~en t  r ’~1 :i . -at.
t r a n :~n~ tt.t2 ~

~A c s u r ~ u se  r~~-des  a:; r i :
in tra i ~LZV ~ ~n1 I i i i  I V _ pb~~~~~~ 1 J V ~~~ .

Wall Fraction Lit : 0 . 9 0 ( 1 0 5  Qf ~~~~~~~~~ ~
.V
~ll H-~~~:~)Assuv~c I 

1 0:; .: • rig
photo{-~r~

__ _ _ _ _  V . ~~~ V V V~



TABLE 8,8  (continued )

Roof Fraction Lit : 1.00 (no shading )

Door Crack Length: 90 f t .

Door Air Flow Coefficients:  C: 110 N: 0.50
See Table 8.16

Window Crack Length: 13011 ft.

I: Window Air Flow Coefficients: C: 3.2 N: 0.66
•See Table B.16

Wall Air Flow Coefficients: C: 0.004 N: 0.80
•See Table B.16

Peak Ventilation: 7813 CFM
•Assumed 2.5 air changes per hour as per
Army measurements and typical off ice
building data

Connected Electrical Load : 72.311 KW
Primarily lighting at 3 watts!
f t~ total floor area

Peak Domest ic Hot Water Demand : Negligible

Winter Room Temperatures: 68 °F (minimum)

Summer Room Temperatures: 75 °F (maximum)

_ _ _ _ _ _ _ _ _ _  
V _V~~VV -- ~~ _ V  

-V V —V V -
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TABLE B.8 (continued)

Building Use Factor
(for electrical

Time equipment and ventilation)

12 .05
1 .05
2 .05

3 .05
Ij AM .05
5 .05
6 .10
7 V 

30
8 .80
9 .95
3.0 .95
11 .95
12 • .75
1 .7 5
2 .95 

V

3 .95
11 PM .50

5 .30
6 .10
7 .10
8 .10

9 .10
10 .05
11 .05
12 V .05
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FlRure P.9
Type 9: Opera t ions  and Maintenance
Unit: Machine Shop

:~~~:T V:IV.. ~IT~~
V ~~ .

Bui ld i ng number  5935

r___
Bu 11d in ~ nunb  r 5935

L . .V .V VV V V ~~~~~~~~~~~~~~
V_ . V . V  

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ V V  •~~~~~~~~~~~~~~~~• .
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TABLE B.9

BUILDING INPUT DATA

Type 9: Operations and Maintenance

Unit :  Mach ine Shop

Wa ll Area : 17, 800 ft2

Wall Composite Thermal Resistance: 2.63(hr)(ft2)(°F)/BTU

Window Area: 3560 ft2

Window Thermal Resistance: 0.89(hr)(ft2)(°F)/BTU
Assumed single pane , no storm
windows

Roof Area : 141,850 ft2

Roof Composite Thermal Resistance: 5.26(hr)(1t2)(°F)/BTU

Basement Ground-Contact Area: 141,850 ft2

Basement Wall Thernal  Res i s t ance :  Z l .0 0 ( h r ) ( f t 2 ) ( ° F ) /BTU

Building Height : 20 ft. 
-

Building Orientation: 145° from North -

Wall Surface ~aterIal: Concrete Block/Brick

Roof Surface MaterIal: Asphalt shingle

Wall Solar Absorptivlty: 0.70

Roof Solar Absorptivity: 0.80

Window Shading Coefficient : 0.80(80% of incident radiation
transmitted

V Assumed windows generally dirty
and partly obstructed

Wal1~Fraction Lit : 1.00 (no shading)

Roof Fraction Lit : 1.00 (no ~V h r i 1 I r i g )

V _ V VV
~~~~~~~~~~~~~~~~~

V -V
V~ V~~ -V V

VV ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ VV V -V VVV V



209

TABLE B.9 (continued)

Door Crack Length: 158 rt.

I’,or Air Flow Coefficients: C: IsO N: 0.50 
V

See Table B.l6

Window Crack Length: 3816 ft.

Window Air Flow Coefficients: C: 3.2 N: 0.66
See Table B.].6

Wall Air Flow Coefficients: C: 0.0011 N: 0.80
See Table B.16

Peak Ventilation: 13,958 CFM
~Assumed one air change per hour asrecommended for light manufacturing
facilities

Connected Electrical Load : 111.85 KW
Primarily lighting at 1.0 watt!
ft2 total floor area V

Peak Domestic Hot Water Demand : Negligible

Winter Room Temperature : 65 °F (minimum)

Summer Room Temperatures: Not air condit ioned

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ V — --V-V-
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TABLE B.9 (continued)

Building Use Factor
(for electrical

Time equipment and ventilation)

12 .15
1 • 

.10
2 .10
3 .10
1 1 A M  

- 
.10

5 .10
6 .10
7 .10
8 .50
9 .75
10 . .80
11 1.00
12 .95
1 .95
2 .90
3 .90
11 PM .75
5 .75
6 .35
7 .15
8 .15
9 .15

3.0 .15
1]. .15
12 .15
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- 
Figure  P .10

Tyo€- 10: Troop H o u s i n g :  B r i c k
U n i t :  Bar racks

BuiUling number 5937

- i 1 \ f l

~~ 
~~~~

B~iI 1 d in g  n u ~~h er 59~~7 V
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I
TABLE B.].0 -

BUILDING INPUT DATA

Type 10: Troop Housing: Brick

Unit: Barracks Unit

Wall Area : 2~,598 ft2 
V V

Wall Composite Thermal Res istan ce: 2 . 63 (h r ) ( f t 2 ) (°F) /B TtJ

Window Area: 526]. f t 2

Window Thermal Resistance: O . 8 9 ( h r ) (f t 2 ) ( °F) / B T U
•Assumed single pane, rio storm
windows

Roof Area : 18,685 f t 2

Roof Composite Thermal Resistance: 5.26(hr)(ft2)(°F)/BTU

Basement Ground-Contact Area : 18,685 ft2

Basement Wall Thermal Resistance: LI.00(hr) (ft2)(°F)/BTU

Building Height : 28.5 ft

Building Orientation: 1450 from North V

Wall Surface Material: Brick V

Roof Surface Material :  Asphalt shingle

Wall Solar Absorptivity : 0.70

Roof Solar Absorptivity: 0.80 
V

Window Shading Coefficient : O.5O(5O~ of incIdent radiationtransmitted)

~Assumed use of shades as intypical residences

Wall Fraction Lit : 0.80 (20% of each wall shaded )
~Assumed ) bar~.~ on p~ to~ rapi~s of t .yp:calreside n c
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TABLE 8.3.0 (cont inued )

Roof Fraction Lit : 1.00 (no shading) V

Door Crack Length: 811 f t .

Door Air Plow Coefficients: C: 110 N: 0 .50
See Table B.16 -

Window Crack Length: 2368 f t .

Window Air Flow Coefficients: C: 3 .2  N: 0 .66
- •See Table 8.16

Wall Air Flow Coefficients: C: 0.00 11 N: - 0.80
~See Table B.]. 6 -

Peak Ventilation: 13,397 CFM
Assumed 1.5 air changes per hour as per
Army measurements and typical residen-
tial data

Connected Electr ical Load : 127 .110 KW
•Primarily lighting at 2.5 watts/
ft 2 total floor area

Peak Domest ic Hot Water Demand : 113 0 ,100 BTU/hr
•Assumed peak of 3 . 8  gph per
person, 200 residents, as
per ASHRAE Systems , 1973E1)

Winter Room Temperatures: 68 °F (minimum ) -

Summer Room Temperatures: 78 °F (maximum )

-V —V .- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~V V V  -V~~~~~~~VV ~~~~ -V VV ~~~~~~~~~~~ - - V  -V -V~~~~ V V
~~~
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TABLE B. l O (continued )

Building Use Factor Domest ic Hot Water Use
(for electrical Factor (from Ref.]. for

Time ~q~4pment and ventilation) Dormitories ) 
-

12 .20 .33
1 .20 .26
2 .20 .18
3 .20 .11
1 AM .20 .03
5 .2 0 . 011
6 .50 .01
7 .90 .11
8 .30 .18 

V

9 .30 .21
10 .30 .22
11 .50 .18
12 .80 .211
1 .50 .16
2 .30 .13
3 .30 .16
14 PM .50 . 211 

V

.70 .20
6 .80 .26
7 .8o .30
8 .80 .29
9 .80 .16
10 .50 .26
11 .20 .37
12 . .20 .33

_  V V~~~~~~~~~ - -~~~~~~~~~~~~~
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Figure  B.1 1

TYrVC 1: Tr-~~~p Housir~~, Blo c K
J n i t :  B a r r a c k s

~~~~ ITJ1

~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -

L: V _ _ _  _ _ _ _ _

Builiing number 23714

B u i l d i n g  number  237 14

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~ - V - V V~~~~~~~~~~~~~~ V , VV V
~~~ 

V - V - V
- 
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TABLE B.ll

BUILDIN G INPUT DATA
- Type 11: ~roop Housing : Block

Unit : Barracks Unit

Wall Area : 21,000 f t 2 V -

Wall Composite Thermal Resistance: 2.1114(hr)(ft2)(OF)/BTU

Window Area : 5720 f t 2

Window Thermal Resistance: 0.89(hr)(ft2)(°F)/BTU
~Assumed single pane , rio storm .
windows

Roof Area : l7, 2~0 ft
2

Roof Composite Thermal Resis tance:  5 . 26 (h r ) ( f t 2 ) ( ° F ) /BTU

Basement Ground—Contact Area : 17,200 ft2

Basement Wall Therami Resistance: 1I.50(hr) (ft2)(0F)/ETU

Building Height : 30 ft. 
-

Building Orientation: 1450 from Nort h

Wall Surface Materal: Concrete Block

Roof Surface Mater ia l :  Asphalt Shingle

Wall Solar Absorptivity: 0.70

Roof Solar Absorptivity : 0.80

Window Shading CoefficIent : 0.60 (60% of incident radiation
transmitted)
•Assumed use of rTh-~des as In

V 
. typical residences

Wall Fract ion Lit : 1.00 (no shading)

- Roof Frac tion Lit : 1.00 (no sL-~t 11r f ’ ) -

L.. ~~~~~~~~~~~~~~~~~~~ V~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ V V~~~~~~~~~~~~~~~~~~~~~~~~~~~ V V ~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~..- 
.
~~~~~~~~~~~~~~~~~~~~~
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TABLE B..ll (continued)

Door Crack Length: 88 ft.

Door Air Flow Coefficients: C: 110 N: 0.50
•See Table B.16

Window Crack Length: 22611 ft.

Window Air Flow Coefficients: C: 3.2 N: 0.66
•See Table B.l6

Wall Air Flow Coefficients: C: 0.0011 N: 0.80
.See Table B.16

Peak Ventilation: 12,818 CFM
Assumed 1.5 air changes per hour as per
Army measurements and typical residen-
tial data

Connected Electrical Load : 127.110 KW
.Primarlly lighting at 2.5 watts !
ft 2 total floor area

Peak Domestic Hot Water Demand : 311 14 ,932 BTU/hr
•Assumed peak of’ 3.8 gph per
person, 160 residents , as
per ASHRAE Systems, 1973
El]

Winter Room Temperatures: 68 °F (minimum)

Summer Room Temperatures: 78 °F (maximum)

~~~~~~~~~~~~~~ -V~~~~~~~~~~~ V —- - - V - V . - - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ VV V V V V - V V V V
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TABLE 8.11 (continued) 
V

Building Use Factor . Drunestic Hot Water Use
(for electrical Factor (from Ref .] .  for

Time equipment and ventilat ion) Dormitories)

12 .20 .33
1 .20 .26
2 .20 .18
3 .20 .11
11 AM .20 .10
5 .20 .10
6 .50 .10
7 .90 .11
8 .30 .18
9 - .30 .21 V

10 .30 .22
11 .50 .18
12 .80 .211
1 .50 .16
2 .30 .13
3 .30 .16
1~ PM .50 .211
5 

- 
.70 .20

6 .80 .26
7 .80 .30
8 .80 .29
9 .8o .16
10 .50 .26
11 .20 .37
12 .20 .33

~ 

. _ __
~~
__ -V V V V~~~~~~~~~ _ _V~~~~~~~~~~ V V -V_~~~~~
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F I ~~~r~ ~~~~
Typ :~ 12: F~~ri~ ~y Housing

Unit: Wo.;d Duplex

B u i l d i ng  n u m b e r  7528

j

I

_ _ _ _ _  _ _ _ _ _ _ _ _  V
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TABLE B. 12

BUILDING INPUT DATA

Type 12: Family Housing S
Unit: Wood Duplex

Wall Area: 1356 ft2

Wall Composite Thermal Resistance: 3.7 hr..ft2.°F/BTIJ

Window Area: 11414 ft2

Window Thermal Resistance: 0.89 hr~~f t 2 • °F/BTU

Roof Area: 1250 ft2

Roof Composite Thermal Resistance : 16.67 hr•ft2~°F/BTU

Basement Ground—Contact Area: 1250 ft2

Basement Wall Thermal Resistance: 14.91 hr•ft2- °F/BTU

Building Height : 10 ft

Building Orientation : ~I5° from North

Wall Surface Material: Wood

Roof Surface Material : Asphalt Shingle

Wall Solar Absorptivity: .80

Roof’ Solar Absorptivity: .80

Window Shading Coefficient: .50

Wall Fraction Lit: .80

Roof Fraction Lit: 1.00

Door Crack Length: 20 ft

Door Air Flow Coefficients: C:  140 N :  0.50 (see Table B.16)

Window Crack Length : 140 ft

Window Air Flow Coefficients: C: 1.7 N: 0 . 6 6  (set Tabi e  B . 1(

-- - V -V - V- V - V  . V
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TABLE 8.12 (ContInued)

Wall Air Flow Coefficients: C: 1.2 N: 0.66 (se~ Table 
3.16-)

Peak Vent ilation : 208 CFM
(one air change per hour )

Connected Electrical Load: 0.9 1 
~~ 2(lighting .87 watts/ft

Peak Domestic Hot Water Demand : 6,009 BTU/hr ( 14 pe op le)

Winter Room Temperature : 68°F (minimum)

Summer Room Temperature: 75°F (maximum )

_ _ _ _ _ _  __ _

~~~~~~~~~
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~~~~~~~~~~~~~~~~~
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TABLE 8.12 (Continued)

Building U8e Factor Domestic Hot Water Use
(for electrical equip— Factor (from

Time ment and ventilation) — ASWRAE)

12 .81 .17
1 .67 .3~
2 .61 .13

V 3 .58 .10
V 11 . .52 .11

5 AM .49 .10
6 .5-2 .10

7 .59 .13
8 .66 .15

9 .69 .25
10 .79 .21
11 .90 .19
12 .93 V .1?
1 .96 .18
2 .96 .15

3 .93 .13
11 .95 .12

5 .93 .12
6 PM .98 .15
7 1.00 .19
8 .99 j21

9 .96 .18
10 415
11 .87 ~l3
12 .81 .117

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ V
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TABLE 8.13

- BUILDING INPUT DATA

Type 13: Family Housing’

Unit: Single Family

Wall Area: 11120 f t 2

Wall Composite Thermal Resistance : 3.7 hr~ f t 2
~~°F/BTU

Window Area : 180 f t 2

Window Thermal Resistance: .89 hr•ft2•°F/BTU

Roof Area: 1200 ft2

Roof Composite Thermal ResIstance: 16.67 hr.ftZ.0F/BTU

Basement Ground—Contact Area: 1200 ft2

Basement Wall Thermal Resistance: 11.91 hr’ft
2•°F/BTU V

Building Height: 10 ft

Building Orientation : 145° from North

Wall Surface Material : Stucc o

Roof Surface Material: Asphalt Shingle 
-

V 
Wall Solar Absorptivity: 0.50 

V

Roof Solar Absorptivity: 0.80 
V

Window Shading Coefficier~~ t~.50 (50% of Incident radiationtransmitted)
Assumed used of b l i nds , shades
or drapes as per photographs

Wall Fraction Lit: 0.80 (20% of each wall shaded , as per
photographs)

Roof Fraction Lit: 1.00 (no shading)

Door Crack Length: 21 ft

Door Air Plow Coefficients: C: 140 N: 0.50 
V

See Table 3.15
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TABLE 3.13 (Continued)

Window Crack Length: 1011 ft

Window Air Flow Coefficients: C: 1.7 N: 0.66
See Table B.16

Wall Air Flow Coefficients: C: 0.0011 N: 0.70

Peak Ventilation: 200 CFM
(Assumed one air change per hour per V

typical residential data)

Connected Electrical Load: 1.01111 KW 2
.Prlmarily lighting at .82 KW/ft
of total floor area

Peak Domestic Hot Water Demand : 6,509 BTU/hr
Assumed peak of 12 gal/hr to
serve one family as per
ASHRAE Systems , 1973

Winter Room Temperature : 68°F (minImum )

Summer Room Temperature : 75°F (maximum)

-i
i 

-V



-V

‘V

TABLE B . l3 (Cont inued )

Building Use Factor Domestic Hot Water V

(for elec-trical equip— Use Factor
Time ment and ventilation (Ref. ASHRAE)

12 .81 .17
1 .67 .111 V

2 .61 .13
3 .58 .10
4 AM .52 .11

5 ,149 .10
6 .52 .10

7 .59 .13
8 .66 .15
9 .69 .25
10 .79 

- 

.21
11 .90 .19

- 
12 .93 .17
1 .96 .18
2 .96 .15

3 .93 .13 V

1~ PM .95 .12
5 .93 .12
6 .98 .15
7 1.00 .19
8 .99 .21

9 .96 .18
10 .93 .15
11 .87 .13
12 .81 .17

I
4 . -
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TABLE B.114

BUILDING INPUT DATA V

Type l4 : Storage

Unit : Warehouse :~

Wall Area: 71014 ft2

Wall Composite Thermal Resistance: 3.70(hr)(ft2)(°F)/BTU

Window Area : 11420 ft2

Window Thermal Resistance: O.89(hr)(ft2)(°F)/BTU
~Assumed single pane , no storm V

V windows

Roof Area : 11,1421 ft2

hoof Composite Thermal Resistance: 3.33(hr)(ft2)(°F)/B’ru

Basement Ground—Contact Area: 11,1421 ft2

Basement Wall Thermal Resistance: 6.0O(hr)(ft2)(°F)/BTU

Building HeIght : 15.75 ft.

Bui ldlrV g Orientat ion : 14 50 from North

Wall Surface Material : Concr ete Block

Roof Surface ?-~ateria1: Asphalt Shingle

W211 Solar Absorptivity: 0.68

L~of Solar Absorptivity: 0.80

Window Shading Coefficient : 0.80(80% of Incident radiation
transmitted)
~Assumed some windows dirty or
blocked by stored goods

Wall Fraction Lit : 1.00 (no shading)

Roof’ Fraction Lit: 1.00 (no shading)

Door Crack Len~~t - h :  176 ft. —

--V- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —- - -V - V -  V - V V V V V V V~~~. V V . . V~~~~~~~~. . -V
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TABL~ 8.114 (contInued)

Door Air Flow Coefficients: C: 140 N: 0.50
•See Table B.16

Window Crack Length: 222 ft.

Window Air Flow Coefficients: C: 2.2 N: 0.66
•See Table B.16

Wall Air Plow Coefficients: C: 0.01 N: 0.80
See Table 8.16

Peak VentIlat ion : 3001 CFM
•Assumed one air change per hour as con-
servative requirement

Connected Electrical Load : 22.84 KM
- •Pr~marily lighting at 2.0 watts !ft total floor area as per

Army specif~jcations

Peak Domestic Hot Water Demand : Negligible

Winter Room Temperatures: 140 °F (minimum)
V 

Summer Room Temperatures: Not air conditioned

I

- - - -V --V 
- - V~~~~~~~~~~~~~ - V - - -V - — --- - -

~~~~~~ 
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TABLE 8.114 (cont inued ) I

Building Use Factor V V

- (for electrical equipment
Time 

- 
and v e n t il a t i o n ) V

12 .10
1 .10 V
2 .10 

V

3 .10
14 AM .10
5 .10
6 .10

7 .30
8 .30

9 .95
10 .95
11 .95
.12 .95 - V

1 .95 1
2 - .95
3 .95
14 PM .95 

V 
-

5 .50
6 .10

7 .10
8 .10 V

9 .10
10 .10
11 .10
12 .10

h. ~~~~~~~~~~~~~~~~~~~~~~~ V V V  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ V
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TABLE 8.15

BUILDING INPUT DATA

Type 15: Family Housing V

Unit: Multiplex

V 

~~~~ Area: 5220 ft2

WaLl Composite Thermal Resistance: 3.14 hr•ft2.°F/BTU

Window Area: 2600 ft2

;~1ndow Thermal Resistance: .89 hr ’ ft
2
~ °F/BTUSingle pane , no storm windows

Ro~ f Area: 6000 ft2

Roof’ Composite The~ma1 Resistance: 16.67 hr~ft
2
’°F/BTU

V Basement Gr o Ln d — C o n t a c t  Area: 6000 ft2

Easement Wall Th~~;’rnal Resistance: 14.91 hr. ft 2.°F/BTU

Building Height: 17 ft

B u I l d i ng  O r I e n t a t i o n :  145° f rom Nor th

W~~1 Surface Material: Brick

Roof’ Surface Material: Asphalt Shingle

Wall Solar Absorptiv lty: .7

Roof Solar A b so r p tiv lt y :  .8
Window Shading CoeffIcient: .5

Wall Fraction Lit: .9
Roof’ Fraction Lit: 1.0

D~~r Crack Length: 2140 f t

Door Air- Flow Coefficient : C: 140 N: .5 (see Table B.l6)

Wi r ~1o~i Crack Lengt~-~: 520 ft

Window Air ~
‘]V -

~
’

~ Coc ff ~ c.1.e n ts :  C: 1.7 N :  .66 (see Table  P . 1 6 )

-- - -V  
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ V - --- ~~~~~~~~~~~~~~~~~~~ V
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T~J~LE P .1~ ( C ~ r t 1 n u ~~~)

Wall Air Flow Coefficients: C:  0.01 ~: S ( S e ~’ Table 3.16)

Peak V e n t i l a t I o n :  1200 CFM

Connected E l ec t r i c a l  Load : 7 .32  KW

Peak Domes t i c  Hot ~i ,atV ~~r Derr~V n ö :  142 ,000 3 T. 5/ b r

Winter Room Temperature: 68~F (minimum )

Summer Room Tempera ture : 75°F (maximum )

V 
~~~~V-V~~~~~ V ~~~~~~~~~~~~~~~~~~~~~~~~ VV - V~~~~_ ~~~~~~~~ -- ---V —V -V -V --~~~~ -V - -V
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TABLE B.l5 (Continued)

Building Use Factor Domestic Hot U ;t€~
V (for electrical equip— Use Factor

Time ment and ventIlation ~(re
’._ ASHR~~~

)

12 .81 .17
1 AM .67 .111
2 .61 .13
3 .58 .10
14 .52 .11

5 .149 .10
6 .52 .10
7 .59 .13
5 .66 .15
9 .69 .25
10 .79 .21
11 .90 .19
12 .93 .17
1 .96 .18
2 .96 .15
3 .93 .13
1~ .95 .12

5 PM .93 .12

6 .98 .15

7 1.00 .19

8 .99 .21

9 .96 .iE

10 .93 .15

11 .87 .13

12 .81 .17

~~V V~~ -V-V 
V~~~V V ~~~~~~~~ 

V -V
~~~~

-V-V-V-V 
~~~~~~
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TABLE 8.16

INFILTR ATI ON AIR FLOW COEFFICIENTS

(from Table A.l7, Ref. 3)

Note: These coefficients are used to determine the Infil-
tration air flow rates through:

i = c ~p
N

where I = Infiltration , CFM per linear crack foot
(or per square foot of wall area)~~V t~P pressure di~fference across opening, ininches of water

V C N
1. Double—hung wIndows (locked)’ 

— —

non—weatherstripped , loose fit 6 0.66
average fit 2 0.66

weatherstripped , loose fit 2 0.66
average fit 1 0.66

2. WIndow frames~
masonry frame with no caulking 1.2 0.66
masonry frame with caulking 0.2 0.66
wooden fra.’ne 1.0 0.66

3. SwingIng doors’
1/2” crack 160 0.5
1/11” crack 80 0.5
1/8” crack 

- 0.5

11. Wal1s~~8” plaIn brick 1 0.8
8” brick and plaster 0.01 0.8
13” plain brick 0.8 0.8
13” brick and plaster 0.0014 0.7
13” brick, furring, lath and plaster 0.03 0.9
frame wall , lath and plaster 0.01 0.55
214” shingles on lx6 boards on 111” centers 9 0.66
16” shingles on lx14 boards on 5” centers 5 0.66
214” shingles on shiplap 3.6 0.7
16” shingles on shiplap 1.2 0.66

~‘Va1ues of’ C listed for these openings are p’-r ft. of’ )~~n’-arcrack i : ~~th.

~~~~~~~~ of C l1~ tVed for  the walls arc per unit nr zi o. t~~~~C V

wall :V V U r 0 ~~~C e .
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APPENDIX C.l

HEAT E X C E A N G E R  DESIGN

A wide variety of heat exchanger sizes and designs

are commercialJ y available to achieve a given desired

heat transfer rating. The ultimate heat exchanger choice

for a given applIcatIon will depend upon the size and

design of the associated piping system and upon energy

consumption and capital cost criteria established by the

designer . Tube fins and vanes and mu1tI—pa~ s flow geome-

tries are commonly use i to increase effectively the heat

transfer area of’ a u n i t  without greatly altering its physi-

cal dimensions. Tradeoffs among the number of tubes , their

lengths and their d~ anc~ters also affect the total heat

transfer area and the r u ~ d pressure losses in the exchan-

ger for a gIven fluId mass flowrate. Because of its design

simplicity and ease of analysis in calculating flowstrearn

and energy transfer effects , a single—pass , counterfiow ,

straight tube heat exchanger geometry was assumed to be

used in all of’ the utility system simulations . The final

system design and optimization criteria will not be signi—

uican~ 1y affected by the actual heat exchanger geometries

chosen as long as the ~
V

V ;
V
~~

V
V C ~~~~f IV ec1 heat tr ~ r~~fe r  rat th~~s are 

V

met and the pr-ess :r~ losses through the units do not great—

ly exceed thc ’s~- ca1cula~ ei for the straight tube models

used In sizinC the d1~ t :~~but~ on loop pip ing and the circula—

_ _ _ _ _ _ _ _ _ _ _  

_



I
236

V tion pumps.

The Tubular Exchanger Manufacturers AssocV! :~ticn (TV V V~~~ V )

has established a set of design and c o nst r u o t I~ ,ri stas h .

V 

to be met by commercially available heat exchan~~ r.;. ~1]

Table C.1 lists their preferred tube gages for Class C

heat exchangers designed for commercial and ~-e er-al ~~~~S~~
V V V V

cess applications. The standard tube bundle patterns ar’e

triangular and square matrices , and pressure ratings va:’:~
from 150 to 2500 psig. [1] All heat exchangers t-V

~ r the

proposed thermal utility system were assumed to have “
O.D., 114 gage steel tubes in square bundles with ]“ dii—

meter interstitIal flow channels. The tube dtace ter~. wet- .

chosen to provide “reasonable ” physical dimensions for t

heat exchangers within the geometrical constraints of the

computer models , but no additional optimizat~ cn of’ t h e  ~~~~~~~

changer  s izes  was performed . The same tuti-: w n i ~ c- assu~~ V ‘I

to be used In  each un i t  to provide  u s 1 f V :~~-m d V ~~~~~~~
-V

V fl c r i te r ia

for all the heat exchangers. The heat transfer coeff~ ci::..~

for a tube in one of these heat excha r1V~ rs can be CSI V V J ]

through :

____________________ 
1

V A A
U = 

~~~~~ 
+ r0 + r

~ 
+ r1 ~~~ 

+ (C.l ’)
0 1 i i

where U = heat  t r a n s fer  co~~f f i c i  c-: t. in  } T C / h r - t h  2 °F ~~~~ V~~~~~ V V

~~O tVV h ~~’ ~ V U t  fl V~~t~~~~

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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-

TABLE C.l

V TEMV4 PREFERRED TUBE GAGES FOR CLASS.C HEAT EXCHAUGERS

(from Ref. 1)

Tube O.D., inches BWG Wall ThIckness, Inches Material

1/14 214 .022 Copper

3/8 22- .028 Copper

1/2 20 .035 Copper

5/8 18 .0119 Copper

3/14 16 .065 Copper

114 .083 Steel

18 .0’9 Alloy

1. 16 .065 Copper

114 .083 Steel

1—1/14 114 .083 Steel

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ V -V - V - V - V - V -V -V
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p

h = film coefficient of fluid outside tube,

= film coefficient of fluid inside tube ,

r0 = fouling resistance of outer surface of tube ,

r1 = fouling resistance of inner surface of tube , 
V

r
~ 

= resistance of’ t u be  wall referred to outer

surface,

A0 = tube outer surface area , and V

A1 = tube inner surface area .

According to El—Wakll [2], the film heat transfer coeffi-

cient for water can be approximated by:

V0.8 
V 1~

h = O.001314(T + 100) 

~~~~ 
(C.2)

where h = film heat transfer coefficient in BTU/hrft2°F,

T = bulk fluId temperature or mean film temperature

If temperature drop across film is > 10 °F,

V fluid velocity in ft/hr , and

= channel  d i ame te r  in f t .

The thermal resistan~ e of the tube wall referr~ J to its -

outer surface is given by TEMA as:

l2 1
(d _ t

~~ 
(C.3)

_ _  _ _  _  

I

-V
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where  r
~ 

wall th~rn:ii resistance In (BTU/hrft 2°F~~
’,

= tube ~a1l tbic~ ness in inches ,

tube wall t~~~ernVi l conductivity In BTU/hrft°F, and

d = tube O.D. in inches.

Finally, the fouling resistance m ea sured  for a wide variety V

of water types and flaw velocities is approximately 0.002

(BTU/hrft 2°F)~~ for water tenseratures above 125 °F. [1]

If an average water tenporature of 300 °F inside the

tubes , a water temperature of 200 °F in the channels and

fluid velocities of 3 feet/second are assumed , the heat

transfer coeff~ cient between a 1” O.D. , 114 gage carbon

steel tube arid a 1” I.D. interstitial channel is easily

calculated .

1. Tube outer surface film coefficient : 
V

(3 3600)~~h = 0 .0 0 13 1 4( 2 0 0  + 100) ~ 
0.2 V

= 1113.78 BTU/hrft2°F V

2. Tube inner surface film coefficient :

h = 0.001314(300+ l00)[(3X 3600)
0.8

(.8314 ) 
V

L 12

= 1539.95 P? i/hr~ t 2°F

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ V -V-V V 
V V~V V -V -V ~~~~~~~~~~~ V -V~~~ -V V -V-VV~~~~~~~~~~~ V -V V V V-V
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3. Tube wall thermal resistance:

(thermal conductivity of carbon steel = 29 BTU/hrft °F)

.083 [ i 1r
~ 

- 

~~~~~~~~~~~~~~~~~~~~ r - ~
-
~~j I . 

V

0 .00026  ( BTU/hr f t~~~F)~~~

Lj~ Outer/inner surface- area ratio:

A0 ird 0L d 0 1 
—- 

~dI1. ~~~~~~~

-

~~

- - 1.199

5. Fouling resistances:

r0 = r1 = 0 0 02

6. Heat trarisfe: coeffic~~ea t :

U = ~ V - V - V - V V - V - V - V  V __-V~~~~-V V-V~~~~~~~V V V~~~~~~~~~~

~ .002 4 . 0 0 0 2 6  + .O 02(1.l~~9) + V~~~~~~~~~~ t1~~~~c )

= 157 .67 G/h~ bt 2°F.

U: ~ V V V  V V V~~~~ V ( ~ of t .:at t r ~~ V~~~~5f ~~ V : V  
~~~~~~~~~~~~~~~~~~ 

, -- th• .

dC 5~~~~
’

V fl V V V

~~~~V V V V IV V ; : V.
~~.5 a s~~~ n~~X~ rVun t V  ‘~‘ V V V

~~~ a~~
V V V V

~~~ lca~ s , 4V %V V V V V V

r eqa~~r —  V V~~~~~~~~~ r V i r r ~~~~V 5 ~~~~ as 5~~ 
V V ~~~~~~~~~~~~~~~~~~~~~~~~~ T a h t V  ~

C .lO lIrt V V~~ V~~ V
j

V~~~V~~~~~ ~~~~ 
V V

~~C
V
~~~~~t C.V r-:nb er , h:a~

t r a :~~~P, r . a r V VV a S  ~~~~~~~ ( ‘05 5.

V ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~- V - — -V~~~~~~~~~ V~~~~~~~ - V - V - V  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Table C.l2 lists load center identification numbers

and the build ing type distribution applied to those load

centers. To find the number and types of buildin~ s

applied to a given load center, one must first locate the

number of the load center (in the lefthand column), then

read across (under the building—type columns) to the number

of buildings of that type applied to that load center.

Usually, a given load center will have only two or three

V different building types applied to it , since actual

building distribution on the base tends to be- clustered

according to function. Broadly speaking, the distribution

for the entire base consists of an inner core of’ administra-

tion and training buildings , surrounded by troop and family

housing.

In Table C.12, load centers are grouped by blocks

according to thermal/electric split value . Individual load

centers are deleted from the TUS as the split value is

reduced. Table C.13 lists the load center blocks from

Table C.l2 which are used to construct a given TTJS. For

example , Table C.l3 shows that a 60% split value TUS is made

up of load center blocks A, B, Cl, C2 and C3. The 0% TUS

shows no load centers because the 0% TUS assumes all loads

are supplied electrically and therefore no TUS exists.

Pipes, heat exchangers and load centers are identified

by a f o u r — di g i t  code number .  Figure C .i  shows the  supply

V V - V V * - V  -V V V
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FIGURE C . t

~~V V~~~~~EM ATI PV~~~
A G F V V

~~~~ 
OF FO R T KNOX S E C O N D A R Y  LOOP NUMBER ~7

V 

V

Primary Heat

Exchanger

£‘Io . 7

-~ — ~- -‘ ‘
~~2~

V O~ter 
_______ ____

7,2,3,1 7,2,2,1

- CenterE

) 

V 

Center 0
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V

T;VPLE 0.2
V 

] V O V 0 TU S H E A T  U V
V ~ U ; V H  DEFTCN ARDA~ AN D COSTS 

V

Opt ion  1

Heat Peak NisV ter  Heat Cost
Exc hanger Ex~ han~~ r Are~~ (Unit s of

V Number (Untts af 1000 ft  ) ~~ 0O , 0OO ~~~n 1985)

1 3.53 5.27

2 1.52 5.15

3 2.51 5.21

14 1.90 5.06

5 1.92 5.07

6 2.21 5.19

7 .9149 5.12

8 .961 5.12

9 2.141 5.20

V 10 2 . 146 5 .21

13 2.97 5.214

V 
114 1.08 5.12

Tctal Cost 61.96

~~~~~~~~~~~~~~~~~~~~~ -V V - V V~~~~~~~~~~~~~~ V -V~~~~~ V -V V -
~~~~~~~~-~~~~~~~~~~~~~

V - V- -V-- ~~~~~~~~~~~~~~~
V
~~~~~~~~~~~~~~

- V V -V V - V -V -V~~~~~~~~~~~~~~~~~~~~-V V V V V V V V _
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TABLE C . 3

80% TUS HEAT E XC HA! V~GER DESIGN A F1~~ ‘~N N COSTS

Opt ion 1

Heat Peak WInter heat Cost
Exchanger Exchanger AreaV, (uni ts of
Number (Un its of  1000 f t ’)  

~~~2 1~~ V ’VV22 2 
in 1 9 V ~~~~~~

1 3.53 5 . 2 7

2 1.52 5.114

3 2.51 5.21

14 1.90 5.17

5 .192 5.07

V 6 2.21 5.19

7 .950 5.12

- ~~~~ - - -‘3 ~~~~~~

9 2.141 5. O
V

V

10 2 . 56

Total C C Vi 3 ~~V V ~ 1.7

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —-— - -—~~~~-~~~~~~~~~~~ —-~~~ ~~~~~~~— ~~V_ -V-V~-V -V V_-V~~~~~~~~~~~ -V
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TABLE C .14

60% TUS HEAT EXCHANGER DESIGN AF EAS AND COSTS

Option 1

Heat Peak Winter Heat Cost
Exchanger Exchanger Ares (Units of
Number (Units of 1000 ft ) $100,000 in 1985)

1 3.53 5.27

2 1.53 5.15

3 2.51 5.21

14 1.90 5.17

5 .192 5.07

6 2.21 5.114

7 .952 5.12

10 2.117 5.21

Total Cost 141.4

V - V V V ~~~~~~~~~~~~~~~~ V V ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~ V 
~~V V~~~~ V
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TABLE C .5
14 0 % TUS HEAT E X C H A N G E R  DESIG N A RE AS AND COSTS

Option 1

Heat Peak win ter Heat Cost
Exchanger Exchanger Area (Units of
Number (Units of 1000 ft 2) $100,000 in 1985)

1 3.514 5.27

2 1.53 5 V ~~
5

3 2 5 2  5 .21

14 1.90 5.17

Total Cost 20.8

~~~~~V V V V V V VV V-V V-V V_~~~~~ V V _-V — ~~~~~~~~~ — 
V -V —

~ V-V-V ~~~~~~~~~~ —— -V V~~~ _ ~~~V~~~~~V~~~~~~~~~V~~_ V~~~ — — —  V V_~~~~~~~~ V -V —
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T.V~BLE C.6

200 TUS HEAT EXCHANGES DESIGN ~V PEVA S AND COSTS

Opt ion  1

Heat Peak WInter Heat Cost
Exchanger ExcG-iang er Area (Units of
Number (Units of 1000 ft 2 ) $100 , 000 in 1985)

2 1.53 5.15

3 2.52 5.09

14 1.-9l 5.17 
V

Total Cost 15.4

V-V -- - —— -V— -V-V -- -— -V -
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V TABLE c. 7

V 
100% TUS HEAT E X C H A N G E R  DESI GN ~ V R U V V V V3 A ’T 0 G E V

V 

Option 2
V 

Heat Peak Winter Heat Cost
Exchanger Fxchanrer Ares ~UnIts af
Number (Units 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~V

-V

L~~~V 21~~~V~~~~~

1 3.6 5.2’?

2 1.52 5.15

3 2.57 5.21

14 1.99 5.28

5 .192 ~V .O7

6 2.32 5.20

7 .99 0  5.12

8 .~~72

9 2.141

10 2 . 149 5 .21

13 3 . 0 3  5.2~4

114 1.10 5 . 1 ?

TV . t S l  Coo’ . 
V
2 l

-V-V--V ~~~~~~~~~~~~ V~~~~~~~~~~~~~~~ - V - V  ~~~~~~~~~~~~~~~~~~~~ V 
VV ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ V -V~~~~~~~
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TABLE C:8

8o~ TUS HEAT EXCHANGER DESIGN AREAS AND COSTS

Option 2

V Heat Peak Winter Heat Cost
Exchan ger Exchanger Area

� (Units of - 
V

Number (Units of 1000 It ) $100,000 in 1985)

1 3.54 5.27 V

2 1.52 5.15 V

3 2.115 5.20

11 2.0 5.18

5 .192 5.07

6 2.31 5.20

7 .983 5.12

8 .95 5. 12

9 2.36 5.20

10 2.il8 5.21

Total Cost 51.7

-- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~ V V V
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TABLE C.9

60% TUS HEAT EXCHANGER DESIGN 2 E V E A S  AND COSTS

Option 2

Heat Peak Winter Heat Cost
Exchanger Exchanger Area (Units of
Number (Units of 1000 ftc ) $100,000 in 1985)

1 3.55 5.27

2 1.53 5.15

3 2.145 5.20

14 1.99 5.18

5 .192 5.07

6 2.31 5.20

7 .985 5.12

10 2.148 5.21

Total Cost 141.14

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ V~~~~~~~~~~ - V - VV V ~~~~~~~~~~ VV ~~~~~~~~~~~~~~~~~~~~~ - V V~~~~~~ -V VVV V - V ~~~~~~~ ~~~ -V --V -V
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TABLE C.10

~~ V 0 0 TUG H E A T  E X C H A N G E R  DESIGN AU~ V A S AND COSTS

Option 2

Heat Peak W inter Heat Cost
Exchanger Exchanger Area

� (Units of V

Uunber (Units of 1000 ft ) $100 ,000 in 1985)

1 3 . 6 2  5 .27

2 1.53 5.15
V 

3 2.57 5.21

14 - 2.00 5.18

V 

Total Cost 20.8

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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TABLE C.ll

20 % TUS h E AT E X C H A N G E R  G O SI GN ;V V
V
V 1 V V~V V V V~ AND cosT.(’

Option 2 -

Heat Peak Winter Heat Cost
Exchanger Exchanger VA S V ( ’ a (Units of
Number (Units o f’  1000 f~ 2) ~~~2 V O~~ V .

V
V V D  i~ 

I T V
V

V 

V

2 1.53 ~.15

3 2.58 5.21

14 2.00 ~.lB

Total Co st  15.5

~~~~~~~~~~~~-V V~~~~~~~~~~~~~~~~ V-V_ VV
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TABLE C.13 
5

LOAD CENTER DISTPTRUTTGN AS A FUNCTION OF

T H E R M A L / E L E CT RI C OF L I T  VALU E

The rma l /E l ec t r i c
Spl i t  Value 100% 80% 6 0% L I 0 % 20% 0%

Load Center Block

V A X X X X X

B X X X

Cl X X X

C2 X X

V 
C3 X X , X

D X

E X

F

~~ -V -V __________________
-V _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _
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V piping for Fort Knox secor .Thr-y 1 0Cr  ~~~~~~ 
-V
~~~ ‘ 

~~n 1nary

heat. exchanger number 7 r ece ives  ~~
Q 0

~ 
• V ~~~V VV V •~

V 
primary distribCtlcr systen p1~~ nunb~~- ~~~~~~~~~~

exchanger 7 s i p ~~~~es 2 0 007  wate r  to p~~r .’: (7, 1.~~,1), whIch

carries water to a branch p o l r .’t  r - V~~:r ~~ V ’; I ~~
-
~~

-- 
j~~~ V rV - s  (7 ,2,1,1)

and (7,3, 1,1). Pipe (~~,3, l ,l) O C r  ~~~~~~~~~~~~~~~~~~~~~~~ to  lo~~
center number ~l. P~ re ( 7 , 2 , 1 , 1)  V: 

-V
~~~1l V -V

~~ ;V V
V
~~~~~~V -V

~~~
V 

t Vr

branch point o ylr.~~ p c s  (7 , , 2,1) anV~ ( 7 , 2 ,~~, 1)

These pipes surrly ~~~~~~ wat-:r t - ;  r V
V

:V t ~~ : V V V  ) V ~~ ~~~~~ Vj L~~~

respective y. For a c : r r r V l e t —  h~~~~~~~~-~~~~~~~~~~~~Vr~~
-
~ of the  T V C 2

n u m b e r i n g  con- ;e: t I on s , r o f- -n  ;o t h e  T7J~~~ t -er ’ r Y~ : . V

[3). Br~ -ofly, e~~oh con~ rn~ n’ in the TNt. r: it~~t t on  t~

l oca t ed  i n  ac c o:- C  r~~~c ;‘.i :. ~~~~~~~ V
V V _~~~V V ~~~~~~~ V V V r  ~~~~~~~~ Th- f~~V : V 0

number  in the  ~~r o l~~n i d- ~~ r I t i f~~~e~~~V OIC IV V l oop In 4 0  c : i  h o

nent opera~ oc , t t V O r - -V -:: r.c~, ~~~~~~~~~~~~ 0:- i f oV 0 ’h  V I~~~
;-V
~~~~,: j

V 

t he  p ipe  in t O V V V l oop .  T a t i e  C i ~ 11~~t r h o o ’  -o h ~-

load c e nt e r  O~~~~~ Vt  V r~ to~~e h - -r  w ‘h t h V V 
~~~~~t V  s 0 ~~ 

( h  t he ’,’

are a t t o o h e - 1  ~~ th~ TT VJ$ . T o o  19 ~~t~ 
V .V V~~~ thi ~~~V U ~~~~~~~~~~ V _ ~~

code , ~~~r 1 V~~~~~~y_ V V V : V _ e ? ~~
V _-V

V i : : :
V V

V
. h ’ 0~~ o~~: V ~~h o ’  V — . -

~~~~~
.V V -V r ~~

-
~ lts ’ - ~

the n~~~~Vh o r  of j V -VV $ V ~~~~~~~~~ V l O O P  ~~ht C O  ~V h V: V
Y ~~~ . V 1y For-

e x amp l e , h • V V O ’V e XV :~~V O : V  n u n h o r  1, i c c ot €  i f l4 j~~~-~ ( 1 , 1, 3 ,

~~~V V V~~ •~~ , •  O V Vh VS ~~ V loon :- ‘V : : V t V~~~- r -  3. T~~~ :
V V V1r V,O

0 1 5  — C . 1~? 1~~ :V t  ~~~(
•

V . ‘~~~~ , : ~~~~~~~~~~~~~~~~~~~~~~ ‘~~~~-~ 
~~~, p r e  - r h ~

and cros o— r ’ - c tt . V 1  V~~~ V~~V~~V • C ~~~~~~ eaeo  ~V V V ? f’or coot ~~~~~~~~~~~~~~~~~~~~~~~~~ V

‘ ;b l o s  0 . 2  ~hr’ : j -h 7.19 u:’ o c ::-r -leL o- ~~V :V V~~~~ V~~~V) ~~~(‘ 

~- l’

and heto tx ” V V VV VV V ~• V1~1. , : o e i  ~~o tJV , V  
~ e ’o

c l V r V1 1 0 t  :s .

LV VV ~~~~~~~~ V~~~~~~~~~ V V~~~~~~~~~~~~~~~~~~~~~ . V V V V VV
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TABLE C.l~4

HEAT EXCHANGER AND LOAD CENTER

NODE IDEN TIPI CA T I ON SYSTEM 
V

Component
Number I J K I, Loop

1 1 2 3 1 13
2 1 2 2 1 2
3 1 2 1 3
1$ 1 3 1 1 V

5 1 5 2 1 5
6 1 5 3 1 6
7 1 4 2 7
8 1 4 3 2
9 1 4 3 3 9

10 1 6

11 4 f 3 0
V 12 ‘i 4 5 4 C .

V 13 1 44 44 2 11
V 144 1 4 4 3 12

V 15 13 2 1 1 C
1~ 

‘16 13 3 2 
V V

1

V _ - V - V  

C 
V

17 13 3 . 3 2 C
13 3 3 3 0

V 19 2 44 1 1 0
20 2 2 1 1 C

V 21 2 3 3 . 1 ‘
~~~~

2 3 2 
V

23 2 3 2 2 C
24 3 44 1 1 C
2! 3 2 3 1 C
26  3 2 2 1 0

‘ V - V  V 27 3 3 3 1 C
3 3 2 3 C

29 3 2 2 0
C 3 3 1 0

V 31 4 3 2 1 0
32 2 3 1 0 

~~~~~~~~~~VV V

33 2 2 1 41
3L~ 5 3 1 

-V
1~~~~~~~

V

LV V V V V V V V~~~~~~~~~~~~~V V~~~~~__~~~~~~~~~~~~~~~~~~~~~~~
_ V _ _ _ _
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TAB LE C l ~ (Cont~.nued)

M E A T  ~~~~~~~~~~~ A N D  TV V 7 A D  C E N T E~~V

V 

NODE I D 7 ~ T T F I 7 A T T V N  SYSTF ~

V Coro r Vo r Ve n t

NumbF- r I J K L Loop
5 2 1 1

V V V 
~~

36 6 3 1 1
37 5 2 3 3 0
38 6 2 3 

- 

2 C)
39 6 2 2 2 t

6 2 2
‘.1 7 3 1 1 0
‘.2 7 2 3

7 2 2 1 0
L~L~ e 2 3 1 0

6 3 2 1 C
e 2 3 ~~~~ 

V

L 7 E 2 2 2 C
148 2 2 1 0

S 3 3 C
3 

- 

2 0
51 5 3 2 3 0 

V

52 5 3 2 -V
~
-V’
~~2~ 

~~ V • V V V V - V  
C

V

53 5 2 2 3
54 ‘—‘ 2 3 2

2 2 3 C
5 6 5 2 2 2 0
57 11 5 1 1

S8 3 0
59 2 1

€0 hI 2 1 0
El 3 3 3 0

3 2 C
63 IC 3 2 1 0

11 S 1 1 C
65 11 44 1 1

2 1 1 C’
3 14 C)

68 ~ 1 3 2 1 0
3 3 3 fl

70 11 3 3 2 
~

-V 

0
71 12 3 3 1 C
72 i2 3 2 3 0
73 ~2 2 1 1 C

12 3 2 2 3

L V V V V V V  V~~~~~~~~~~~~~~~~~~~~* V~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ V ~~~~~~VV V~~~
_ _ _
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TABLE C .15

100~ TNO F:FE D V t T A

J l~ L ? ? ~ LEN ( ’,T M PT P ~ ~ PE~ P I P E  A~~E A
(1) (2)

1 1 ~ I 16C’.’C. 1.3~~~~0l~ 1.3960”
1 2 2 1 t~00. ~ C .19844~)1 2 44 1 9CC. ‘2”~~ C.’~G0~5’)1 4 1 1 9200. c~.5U~ 5O O.54475C
1 44 3 1 3~ O-’. ~~ S ? 2 C ~~~~~ 0 . 2 00 6 ”
1 44 3 3 720C. C .20C6~ C.20”6~)1 44 44 2 800. 0.20~ 6C) 0.20060
1 14 5 1 12 1f . “ .2’Y’.60 0 .2 1C60
1 4 5 3 ~~ C.  C’ . r ’-~~ 0’~ 0.~~060~1 5 1 1 232t ’ . ~‘.2 ” 0 6 ’~ 0 . 2 0 0 6 0
1 5 3 1 2 C ) ( ~. 0 . 2 0 C 6 ~ 0 .2 0 0 6 0
2 2 1 1 1200.  C. ’~~~T 4 4 0  0.~~233o
2 3 2 1 ~4 143 !” . 1.3~~6 0C ’  C . R~~2 3 2 3 - 5”‘. “.344’~ ” 0. ’~233C
2 (1 1 1 2~~~” . 0.~~475° C. 0513’)
3 2 1 ~~~~~ ~‘.3 4 4 7 4 4 0  0.”2333
3 2 2 1 720. C.’02~ 0 C.0223~3 3 2 1 1690. C.77’30 C’.C)8944~3 3 . 2 3 °60. f’~.3 4 1 7 4 4 ’~ 0.”2331
3 44 1 

~ 3’344C. 0.93 0.F-’384C
44 2 1 1 32~’. C.  54475’~ 0. ~“513’)4 2 3 1 1180. 0.’~11’~440 C.O5~ 30
‘4 3 2 1 116r ’.. ~)•c44-’51) ~~~~~~~5 1 1 1 50. C.341~ ’4
5 3 1 1 V R0~ . C.2o”~ ” 0.0233~6 

- 

2 1 1 16~’.. ~~~~~~ 0.20C6’~6 2 2 2 880. C. C44751 0.05130
6 2 ‘ 1 4 4 0 0 . 1.1~ 600 0.20~ 6~6 2 3 3 160( ~. 0 . ’7 ’~~0 0.~~98~~o7 1 1 1 320. 1 S3 9 6 . ,~~ 0.2016~‘7 2 2 1 

- - 8t’0. (~.~~~44 7 t ~C C.”.233’)
7 3 1 1 120” . 0. 777 ’O 0.~~5130

V 8 2 1 a~~ C~ 0 .~~~U~~~~~2 0..CBa44’)
8 2 ~ I 22442. #“. . cjq~~~~~ 0 844’D
8 2 3 3 400. C.S44752 C. (~894428 3 2 1 8CC. 0.~~2 3 7 0  0 .00602
9 1 1 1 4 R 0 . 1.’6”02 0.3L~7409 2 2 1 244”.. C. ’7731” 0.08~ 43
9 2 2 3 1200. CS~~~~U744” 0.C51Y~q 2 3 2 129~ . 0. ?2”6’~ ~~~. 02330
9 3 1 1 41CC. 0 .71’~~’ 0 . 2 0 0 62
9 3 2 2 1120. C . 3 ~I ’LL ” 0.05130
9 3 3 1 560. 0.344’7412 0.05131
~ 3 3 3 320 . C.20~~~ 0.02330

10 2 1 1 1?OC . C . 5 L I ’5’~ C.”BPU”
‘0 3 3 1 1 6 0.  C.2D~~ 4~ C.~~23~~10 3 3 2 1200. C.314’C (’ 0.05130
1-1 C 1 112 ” . C’ . ~~~~~~ C’ . C ’ P~~t~44 3 1 1 2 0 .  ~~~~~~~

No:
( 1)  ~~~~ o : ‘ : ; :V 1  0 - ‘ -  ah~~or~-t ~~ve a~ r c o n d i t i on i n g
(2) rtp -- r - rtood f~:’ w Int e r - p-’oP load



-V V~~~~~~~~~V - V - V~~~~~~~~~~ 
V V ~~~~~~~~~~~~ V- V~~~~

2EO
T A D h E  ‘ .I 5  ( C r n t I n u~~ V o )

— ‘ - 

~~i i 1 0 ~~~~~ -‘ ‘ “

11 3 ‘
~ 1 1200 . 0~~~7 ’o 1~ C. - V 2~~

V
~~~~~~

11 3 3 1 1200 . ~~~~~~~~~~~~~~~~ 
f l. ’ ’ ’

11 3 3 3 r • —~ 0 . 0 9 9 1 ’
11 L4 1 1 9”0 • C .~~ ~~~~~~

12 1 1 ~~~~~~~~~ ~~~~~~~~~~~~~~~
-- c.:~ ~~ 

V

12 3 1 2Q 1” Vl

12 3 7 2 2C . “.‘ 4~~~r 3  0 .  I~~~~1’
12 3 3 1 50. t 1 -  C . .  V

13 2 1 1 CR 0 . O . ’7 7 ” 1 l -  ‘. ~~~~~~~~~-

13 3 2 1 u P C .  ~~~~~~~~~~~~~~~ C . 9 ” 2 ’ ~~ V

13 3 3 2 ~~~~~~~~~~~~~~~~~ 
C.co ~ -.

V_ V V 1 2 - V i 1 V V V V ‘46110. ~~~~~~~~~~~~ c - - V
- V

1 2 ~ ~320 • 2.li”9-Y ” r -’ - - ’ c ~1 3 ~ 50. ~ C . 2 1~~1 44 2 1 8 . .  ~~~~~~~~ r .~ c’~~’1 44 3 2 P” . “.‘~~~3” p
1 14 11 ‘V0 0 0 .  C.2~~~~ C.? C0
I Li ‘4 ~122 . 0 . C I ~ 2 C V V ~~~~~~~~~~~~~~~~

1 44 5 2 82.  0~~~o ’~~’~1 11 5 44 2322. 0 . C 0 ~~0~ C ’ ~~~ :1 5 2 1 ‘122. ~.021’’~ 0.0� 1 ’
2 1 1 1 5” . 2 .1R2Y C.~~~r :’, 0

2 3 1 . 1 962. 1 . 3 ~~~ c’~~~ ~~~~~~~~~~~~~~~~~

2 3 2 2 p02. ~~~~.7 3(~ ‘V~~~~~~~~~~~~~~~’

2 3 1 ~;‘i , (‘ . 0 P ’ . -~’ C . 0 2 ’’
3 1 1 1 (i02. 3.1 L,2’) “‘.3 - .o ’
3 2 2 1 50~ C . 3 8; ’ V:~~) C ,  I
3 3 1 1 1202 . 2 , ’ ~~~~
3 3 2 ‘1 5e0 .  r’ • 

V,~~~~~ - V

3 3 ~ 1 ~C0. 
l , ’ ~ c V ” - ’. C . 9 R ~~~ 

V

11 1 1 1 51 , ~~~~~~~~~~~~~~~~~

41 2 2 ‘ V * 2 ~~~~’~ (~~ ‘~~ - 23 ~ 1
41 3 1 1 4192 . 1 .3QcZ ’~O 2 .2- ’
II 3 3 1 a00. ~

‘
~~. ‘1V 7 ’ l

5 2 1 1 ~~~~~~o. V

€ 1 1 1 53,  2 .~~’4 ’’) ’ ~~~~~~~~~~~~~~~~~

6 2 ~, I 9~~ . 
r~~c:~~q~~~ ç ,

6 2 “ 3 32” . ~1 .~~ o 15 C~~~~~ 
V -V

6 2 7 2 L1C ’0 . ‘ . _ 7~~~-’

6 3 1 1~~~’42 • 
(~. :~~oc-~ ~~~. :-:

7 2 1 1 1402 . ~~~~~5~~~ 7S0V C.0 - ’ ‘ ‘  V

7 2 7 1 ~~~~~~~~~ 
~~~~~~~~~~~~~~~~~

8 1 1 1 52. r~~~~~~ 7~~~~ C~ . 0~~~~~l
P 2 ‘

~ I ~~~~~~ 0~~~~~~~p r ~~ V~~,’~ C . 0 2 ) ~~ V

8 2 3 “‘90. 0 .0 231 :  ~~.0:~~~~”

8 3 1 9 0 0 .  C ,~~~~~~~~~:i~~~- 0.72~~~
8 ‘ 

~ 1 R P ~~~ . “.2’13- ~’ r’.-c- ’- -  -

-V V~~~~~~~~~~V V V V VV V V V~~~~~~~~~~~~~~~~~
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TABLE C. 15 (Cont inued )

9 2 1 1 22446. 1 .3960? 0.20-060
9 2 2 2 175f l , 0.544752 0.05132
9 2 3 1 400. 0.547~~ 0.089~~
9 2 3 3 ~0C’. 

0.3447442 C.05~ 3?
9 3 2 ~ 1202. (~• 5 L ~75(’) 0 . 2 8 8 4 4 0
9 3 2 3 2140. ~,‘~‘4”440 0.05132
9 3 3 2 V 22L1A . n .2005r) 3.32370
10 1 1 1 4480. 2.1821’ C) 344’144’)
10 3 1 

~ 2~~0. C,77~ 31 0 ,-3884?
10 3 3 1 900. 0. 5 147C 2 O . 2 ~~13?
10 3 3 a~~, 0.20060 0.02 31’)
11) 1) 7 ~ 900. 0.3t4~~LiC 0 .~~~~~V5 3C

11~’ 5 1 1 120’). 0 , 3 4 1 7 1 1 ’ )  0.25130
.11 ~ I 1606. ‘~,9397” 0.2006)

11 3 2 1 720. 0.51475” 0.251?~~ 
V

j I  3 3 2 502. ‘~.2 C C 6 ”  0 .0233 ’)
11 3 14 1 90” . 0.20~ 6” 0.’~233~
11 5 1 1 126C’. ~,541’1c’) C.’513”
12 2 1 1 ~~~~ 0.2”0 6? 0.32332
12 3 2 ~ 2326. 0.77730 ‘)~~~~~~~P 9 ’V L3

3 2 3 120’) . f . 3 4 1 7 f 4 0  0.C511~
13 1 1 1 16 0 .  3.141222 0.7’47u~

~ I I 1q20. 2.~ CO1” 0 .34 ’7110

~~ 3 3 1 1682 . 1 ,3q ~~O ~~~~~~
43 3 3 3 221i~ . ~~~7 7 7 3 f l  C . 0 9 8 C 0

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~V V V V V V - V - V  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ V V V~~~~~~~~~~~- V V~~~~~~~~~~~~~~~~
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TABLE C.16

8o~ TtJ S PIPE DATA

I ~J V K L P P E  LENG 0~ - PIPE’ !A P IP E  ~~~~V (1) (2)
I 1._ ‘1 I V V 16C00. _

~~ V 0.93970 0.93970
1 2 2 1 Ur)0. 0 .293442 0.08840
1 V V 2 41 1 820. 0.20262 C.20060
1 14 1 1 8200. C ) , 3 4 1 ’ 1L i3 0.3tl 7~ 2V 

1 - 4 V 3 1 V 3600. C .20” 6” C.20060
1 14 3 3 32”0. 0.2206” 0.20060
1 4 5 2 V V _ V  V~~~~V V V V V  PC’ . V V 0 .2 V O I I c O 0.202 50
1 4 5 44 2320. C.0-D~ C0’ 0.00600
1 5 - 2 1 720 . 0.22330 - o .on~~o2 1 1 1 50. 2.19200 0.20060
2 3 1 1 ~60. V 1.39600 0.088440
2 3 2 2 800. 0.’7722 0.088~ o
2 3 2 1 50. 0.08940 0.22330
3 1 1 1 400. 3.144200 0.3447i~03 2 2 1 50. 0 . C9 9 L r ~ C . 0 2 3 3 3
3 3 ~ 

l 120~ . 2.18202 0.20063
3 3 2 2 560.  0 .547 5 ’)  0 . 0 5 1 2 ’)
3 3 3 1 ‘31” . 1.39~0” C.C~~~~

j
u 1 1 V 1 _ _ V ~~ V V - V - V - V  . 50. V 1.767N ~ C.2025-3
4 2 2 1 141410. C.2’)’360 0.02330
~ 3 ~ V 1.3960’) C.20050
El 3 3 1 41 0 0 .  C.77’130 C.O ’384Q
5 2 1 1 960. “ .“ ‘38-~” o .c ocoo
6 1 1 1 ~~t , 2.64400 ’) 0.3447410
6 2 2 1 960. 0.939”) 0.09~ z~36 2 2 3 322. 0.54752 ~

V . C 5 1 3 V 0V 
6 2 3 2 U00. 0.77770 0.25130
6 3 1 1 1040. C.2020’ 0.02330
7 2 1 1 4400. 0,54475’ 0.05130

V 7 2 3 1 C E O .  C . 3 4 4 ’ 1 L 43 0 . 0 2 3 3 0
8. 1 1 1 50’ . C .c E l 7 c l  o .oe~~~8 2 2 1 5r 0.PRPCO 0.22330
8 2 3 2 2080 . C . - 0 2 ? 3 ”  0.02330
8 3 1 1 ~ C ’C ’. 0’ . ”8~~440 0.~l23308 3 3 1 882 . 0.’5130 C.C3~ 3o
9 2 1 1 2240. 1 . 3 9 6 ) ’ )  C.230E0
9 2 2 2 176’). 0.541752 0.05130
9 2 3 1 400. 0.544’S’) 0 . 0 8 8 4 1 0
9 2 3 3 lflfl 0.3~ ”112 0.0513’)
9 3 2 1 1200. C. ’ L4750 0~~ 2 P V 0~~ O
9 3 2 3 2 ( 10.  0 . 3 4 4 7 4 1  (I . C 5 13 9
9 2 3 2 22442. 0.23””Y) 0.02330

10’ 1 . 1 1 . - V  4480. 2.18202 0.3Li 7~.310 3 1 
~~~. 2080. 0.77’731 C.0Bp~~o

V 10 3 3 1 902 . 0.5~ 7c~ 0.C5’3’)
10 3 3 . 0.22061 0.0273-3
~c L 2 1 900-. 0.3~ 1:42 0.05133
12 5 1 1 120” . ( , 7 ’ i 7 4 1 ’  c r ~~

i
~~ ,-,

1~ 2 1 1 ~ 90 .  C .~~7730 C.c~ R~~0
13 3 2 1 4490 . 0.93’ ” C,”o”oo
1 1  2 3 2 5 1 • r ’177v ’  ( • C 9~~~~ J V ~

N- to
( 1) 1 V~~ OC~~~ Si:V;~ ~~r a~ so r-r-~ 

• ~~~~~~

~ iiiiiiiiiri r~r.. 

— —
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~ ;~~~‘ r -  C . 16  ( C o n t i n u e d )

I 3 K L PIPE LENG”f’ PIPE A~ E.k PIPE A9’!A

1 2 1 1 446 (10 . 0.54750 0.544750
1 2 3 9121 . 0.2-326” 0.20060
1 3 1 1 co. 0 .2 02 ’S ’)  0.20060
1 L~ 2 1 

~~~~~~. 0 .15130 0.35130
I (1 3 2 81 . “.25130 0.05130

V 1 44 5 1 122’). 0.2026’) 0.20060
1 44 ~ 3 611’). 0.’1060(’ 0.00600
1 5 1 1 2320 . 0.2’)0~ 0 0.20060
1 5 3 1 2000. 0.2006’) 0.20060
2 2 1 1 1200. 0.3(1744’) 0.02330
2 ‘

~ 2 1 14442 . ~.3960C 0.098440
2 3 2 3 52, 0.’11740 0.02330
2 11 1 1 2(10”. 0.54750 0.05130

V 3 2 1 1 1000. ‘).314714’) c.0233o
3 2 3 720 . 0.20062 0.02330
3 3 2 1 1680. C’.7’73’) 0.08840

V 3 3 2 3 960. 0.3117t1~ 0.02330
3 44 1 1 34414’). 0.93970 0.08840
11 2 1 1 320. ‘ 0.54 ’S ’)  0.05130V 

~ 2 3 1 LI . 2 • 0 . 7 ( 1 7 4 4 ’  0.05130
41 ~ 2 1 1’16’). 0.54175? 0.05130
5 1 1 1 60. “.3 Li 7Li r) 0.02330
5 3 1 1 802. 0.20160 0.02330
6 2 1 1 160. 2.61123”’ 0.20060
~ 2 2 2 ‘390. 0.541750 0.05130
6 2 3 1 ti’)O . 1.306’)” 0.20060
6 2 3 3 1600. 0.77730 0.08840
‘

~ i i 1 320. i.3 96~0 0.20060
V 7 2 2 1 A’)”. 0.3117El? 0.02330

7 3 1 1 1200. 0.777’2 0.05130
8 2 1 1 °6C. 0.5 Ll~~5n 0.08840
8 2 3 I 2240. 0.54750 0.08840
8 2 3 3 149’). ‘) • 5L~7c’) 0.08840
i~ 3 2 1 8’~2. 0.02330 0.00600
9 1 1 1 1480. 1 .7670’) 0.347440
9 2 2 ‘1 2140. 0,77739 0.08840
9 2 2 3 120’). 0.314’442 0.05130
9 2 3 2 1282. 0.2006 2 0.02330

V 9 - 1 (1.7773’) 0.20060
9 3 2 2 1122. 0.3447(10 0.05130V 9 3 7 1 562. 0,3447410 0.05130
9 3 ‘ 3 322. “.2226? 0.02330

1 ’) 2 1 1 1202. 0.541’5” 0.08840
10 3 2 1 1f ’)~~ 0.20060 0.02330
10 7 3 2 122” . ‘).3447L0 0.05130

V 1’) ‘3 1 1 1122. C.54’50 0.089(10
19  14 3 1 i c~~t” , 0 . 2 ’) f l s 0  0.25130
13 1 1 1 16’), 7 . 1 4 7 3 3  0.3117440
13 3 1 1 192 0 . 7.611”-?” 0.34740

V 13 ~ 3 I 1 .306’~C 0.2005(1 -

13 3 ‘ ‘ 22~”. C.’’’1~ ” C.3°P40

LV V~~~~~~~~V~~~~~~~~~~~~~~~~~~ V V_~~~~~ ~~~~~~~~~~~~~~~~~V~~~~~~~~~~~ V~~~~~~~~~~~ V VVV ~~~~~~~~V
V 

VV V~~~~~~~~~~~~~~~~~ V •~~~~~~~~~~~~~ V~~~~~~~ V V V ~~~~~~~~~ V V
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TABLE C .17

60~ TUS PI PE N~ TA

I .3 g 
~ PIPE  LF2~GTR P~ P~ A~~~~ ~-~~ - F  ‘~~E’;

( 1)  V 
-

V 1 1 1 1. 16000. 0.77733 2.777 70
1 2 2 1 400. 0.C8~~~0 CV . 33~~~~~~~~ -

1 2 41 1 800. 2.20060 0. T O O
1 44 1 1 8200. 0.20063 0. 23?

V 1 4 5 1 1200. 0.20260 C.? ~ Cf ~C
1 44 5 3 6(10. 0.036.?’) C. r 3T 3
1 5 1 1 2320. 0.20C60 C .2-3?~~o1 5 3 1 2000. C.200~ 0 C . ? Tr

2 2 1 1 1200. 0.3447412 2.22 3 33
2 3 2 1 144140. 1 .39~~?T- sT.C~ E:..)
2 3 2 3 50. 0.3~.7L~0 C.-D 2T~~02 14 1 1 2400. 0.541750 C. V 3 V 1 3 )

3 2 1 1 1000. 0 . 3 4 7 ~~7 ~,C237
3 2 3 1 ‘720. 0 . 2 2 2 0 0
. 3 2 1 1680. 0.77770 C.~~3 3 2 3 960. CT- . 341”410 0 .0212-?
3 L4 1 1 34440. 0.9307,

V C. 2 6 c L ~0
14 2 1 1 320. C . 5~~7~~0 ~~~. 0~~~~~~~~~V0

Cl 2 3 1 L4~~C .  C .3u ’.D 0 .05131
44 3 2 1 1760. 0.’~.~~- 0 C. ’s~~~-V
5 1 1 1 50. ~~~. 3~~74? C. 0233?
S 3 1 1 800. 2.2006) r.023~~-

-V
6 2 1 1 160. 2.6423’? C.:~~- -‘

6 2 2 2 880 . 0,54750 0. o5’ 1-?
6 2 . 1 1400 . ~~ V, 3 g, ~~r V V 0 .7-3 O0
6 2 3 3 1603. 0.7773 -3 ~~~ 

- ‘~~~~° . 0

7 - 1 1 1 320. 1.396r~) C.3D3 ~~.
‘ 2 2 1 800. 0.3U7L~’) r’.3 73~
7 3 1 1 1200 . 0.777~~7 C . ~’~~i
10 2 1 1 12 00. 0 . 5 L 7 5)  f T .
10 3 2 1 160. 0.2006) r~ r ’-~~~
1’) 3 3 2 1200. 0.3147140 2
10 IL 1 1 1120 . 0.5~~~~1 C. 0?~~L?10 L~ 3 1 1520 . 0.2’’’’) C . 0 c ~i~~O
13 1 1 1 160. 1.14201 0. ~ .7~’’
13 3 1 1 1920. 2.(”C 3? C . ~~~~~~~~~

‘

13 3 3 1 1690. 1 .3 9fTi - 7 C.2C . T~V -V
13 3 3 3 22440. ( . 1 7 7 3 )  C . ~~~~~~~~

No~ ’.-~ : 
V

(1) 1’1~.- s “~- 2 f - -u- ;~~~: ~~~r~~
V

V V ) V V
V
~~V :-~~~~ ‘

( 2 )  i i ;  es Sj VV :V V V 0- ~ r w~~~t - ’ ~-~~. -~ ‘j~~ V V V3 

-V ~~~~~~~~~~~~~ 
~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~~~~~~V —- V
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V 
‘ TABLE C.17 (Continued)

V 
I .3 ~ L PIPE LENG Z’a PIPE AREA PI PE A R E A

1 2 1 1 46c40. 0.544759 0.541750
V 1 2 3 1 8320. 0.20060 0.20060

1 3 1 1 50. - 0.20060 0.20060
1 14 2 1 90. 0.05130 0.05130
1 44 5 2 80. 0.20060 6.20060
1 4 5 41 2320. 0 .0 0 600  0 . 0 0 6 0 0
1 5 2 1 720 . 0.0233 0 0 .0233 0

V 2 1 1 1 50. 2 . 1 8 2 0 0  0 . 2 0 0 6 0
2 3 1 1 960. - 1 .39600  0 . 0 8 8 4 4 0
2 3 2 2 800. 0.77730 0.08340
2 3 3 1 50. 0.08840 0.02330
3 1 1 1 400. 3.144200 0.3417440
3 2 2 1 50. C.088440 0.02330
3 3 1 1 1200. 2.18200 0.20060
3 3 2 2 560. - 0.54750 0.05130
3 3 3 1 800. 1.39600 0.08840
14 1 

‘ 

1 1 50. 1.76700 0.20060
14 2 2 1 1440. 0.20060 0.02330
4 3 1 1 1480. 1.39f~00 0.20060
4 V 3 3 1 4400. - 0.77730 0.088110
5 2 1 1 960. 0.088140 0.00600
6 1 1 1 50. 2.64000 0.34740
6 2 2 1 960. 0.93970 0.08840
6 2 2 3 320. 0 .5 147 50  0 . 0 5 1 3 0
6 2 3 2 1400. 0.77730 0.05130

V 6 3 1 1 10140. 0.20060 0.02330
2 1 1 400. 0.54750 0.05130

7 2 3 1 560. 0 . 3 4 7 4 0  0 . 0 2 3 3 0
10 1 1 1 - 490. 2.18200 9,3117419

tV 10 3 1 1 2080. - 0.77730 0.088(10
10 3 3 1 800. 0.514759 C .C’~13910 3 3 3 4480. 0.20060 0.02330

V 10 4 2 1 800. 0.347140 0.0513C
10 5 1 1 1200. 0.34740 (‘.05130
13 2 1 1 l480. 0.77739 9.3984’)
13 3 - 

, 
2 1 480. 0.93970 0 .20060

13 3 3 2 50. 0.77739 0.08840

-~~~~~ -
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TABLE 0.18

Z 4 Q % TUS PIPE DATA

I .3 ~ L PIP! L E N G T H  PIPE A REA PIPE AP!-
(1) (2)

1 1 1 1 16000. 0.54750 0.54750
1 2 2 1 4400. 0.08840 0.098~~0
1 2 14 1 800. 0.20060 0.20060
2 1 1 1 50. 2.19200 0.20060
2 3 1 1 960. 1.39600 9~ 09P449
2 3 2 2 800. 0.77730 C. 0 8 8 4 4 0
2 3 3 1 50. 0.C88440 0.02330
3 1 1 1 4400. 3.1420-) 0.347441
3 2 2 1 SC. 0.088440 0.02330
3 3 1 1 1200. 2.18200 0.20063
3 3 2 2 - 560. 0.54750 9.0513’)
3 3 3 1 800. 1.3q600 ~~~~~~4 1 1 1 50. V 1.76700 0.20060
14 2 2 1 11440. 0.20060 0.C2330
4 3 1 1 490• 1.39600 9.20060
Is 3 3 1 4400. 0.77730 0.088(10

V 
13 2 1 1 4480. 0.77730 0.C8~ 44O
13 3 2 1 480. 0.93970 0.20060 

V

13 3 3 2 50. 0.77730 O.C8940
1 2 1 1 - 4640. 0.544750 0.541750 

V

~~

V

1 2 3 1 8320.  0 .20060 0.23260
1 3 1 1 50. 0 . 2 C 0 6 0  0.2CC’~

()
2 2 1 1 1200. 0 .3 4 7 4 0  0.02330
2 3 2 1 14410. 1.39600 0.08641’)
2 3 2 3 50. 0.34740 0.02330
2 4 1 1 21400. 0.54750 0.05130
3 2 1 1 1000. 0.347440 0.02330
3 2 3 1 720. 0.20060 0.0233’)
3 3 2 1 1680. 0.77730 C .C98440 V

3 3 2 3 960. 0.3147140 0.02330
3 4 1 1 3440. 0.93970 c .o~j~~ o
4 2 1 1 320. 0.54750 0.05’V 3 0

44 2 3 1 490. 0.34740 0.05130
44 3 2 1 1760. 0.544750 0.05130

13 1 1 1 160. 3.14200 0.3447Y’
13 3 1 1 1920.  2 . 6 4 0 0 0  0 . 3 ~ 7u0
13 3 3 1 1680. 1.39600 2 .20C’~013 3 3 3 2240. 0.77730 ~~~~~~~No ’~es :
(1) ~~~~~~~ s1’.ed for ~~~~~‘~~~ ve air cnr lonln R
(2) PIpes s i z e d  Cor WI n t e r  peak load 

V

~~~~~~~V V ~~~~~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~~~~ -~~~ -V~~~~-~ - J
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VT~~~~~L~~ ’ C . 19

20% TTJ S PIPE DATA

I J ~ L PIPE LENGTH PIPE A R E A  SIP ? A R E A
(1) (2)

-
V 1 1 1 1 16000. 0.34740 C.344740 -

1 2 2 1 4400. C.C88410 0.09840
1 3 1 1 50. 0.2006-0 0.20060
2 2 1 1 1200. 0.3L4740 C.02330
2 3 2 1 1440. 1.39600 0.08840
2 3 2 3 50. 0.347~0 0.02330
2 11 1 1 2400. 0.5(1750 0.05130
3 2 1 1 1000. 0.34740 0.02330
3 2 3 1 720. 0.20060 0.02330
3 3 2 1 1 6 8 0 .  0.77730 0.08840
3 3 2 3 960. 0.34714) 0.0-2330
3 (1 1 1 3440. 0.93970 C.0884s0
Li 2 1 1 320. 0.54-750 0 .05130
11 2 3 1 1480. 0.347(10 0.05130

V Ii 3 2 1 1760. 0.54750 C.c5130
1 2 1 1 46140. 0.314740 0.20060
1 2 4 1 800. 0.20060 0.20060
2 1 1 1 50. 2 .18200 0.20060
2 3 1 1 960. 1.39600 0.08840
2 3 2 2 800. 0 . 7 7 7 3 ’)  0 .088 4 0
2 3 3 1 50. 0 .08 941 0  0 . 0 2 3 3 0

V 3 1 1 1 400. 3.144200 0.314740
3 2 2 1 50. 0.08840 0.02330
3 3 1 1 1200. 2.18200 0.20060
3 3 2 2 560. 0.514750 0.05130
3 3 3 1 800. 1.39600 0.08840

V (4 1 1 1 50. 1.76700 0.20060
(4 2 2 1 1440. 0.20060 0.02330
4 3 1 1 489. 1.39600 0.20060
ii 3 3 1 400. 0.77730 0.08840

Notes:
(1) ?lpes sized for absorptive air conditioning
(2) Pipes sI~~- i for  w i n t e r  pea k load

V V V V VV V VV V -VVV ~

__
V ~~~~~~~ V — V V~~V V~~ -~~~~~~~~~ -
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APPENDIX C.2

C0NStVJME~ HEAT EXCHAUGE.R S0~~~~-~

Consumer heat  exchange r  end—use  o t u ’::,~ r~t is co~ Eidere~

~o consist; of a cen t r a l  low_temperaturV~ ~~~~~~~~ -eat

exchanger , supp ly ing  hea t  to  a baI1din~~’ s h e a t i n g  s3 s t e~~.

Condit ions on the hea t  exchan ~~~:- are :

TUS water sapply temperature : 250°F

TTVJS water return t e m p e r - a t u r~~: 6C° F

Consumer cutlet temperature : l5O0~

Consumer re turn te t ~peraturV :: 68° F
l~~

n V

Average hea t  t r a n s f e r  co ef f ~~o~~~at :  U = ~~~~~~~~ 
—

~~~...

S u b s t i t u t i n g  these  i n t o  the  staaJarc i  h e at  e x c~~a~.~~-~r

equation

Q = UALMTD , (C.2.l~

where

Q = thermal load del ivc-r r-d (
~~~~ 

-~ -~~- )  -

A = heat trar.s~’er area (ft
2)

V LMTP = log r- ar: ~ert p a t a r - ~ j~~~ fT

— (200° — l~~0 ° T  — (~~
-
~ —

- 

lit ~~~~~~
= 26.6°F

V 

R e a rr an gI n i~ F ~a t i on  C . 2 . 1  to  sc lv-~ ~
‘-

~~~
- 

~~~~ 
- • V V ~~~~ V~~~’.V arc- a

gives E.g. C . 2 . 2 :

—- 

~~

-

~
;V

~~~~~

~~~~~~~~~~~~~~~~~~~~~~~~~V~~~~~~~~V~~~ V V V V V 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ V ~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~V -V VV -V V~~~~~~~~~~~ -~~~~~ --V V - V  ~~~~~~~~~~ V V V V V V V~~_~~~~~~~~~~~
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- which is used to find the r e q u I r e d  c~~asum er _ hea t  transfer

area. Total heat transfer area is scaled in p ropor t ion  tc

V total base thermal demand . .

F
V V

~~~~~~~~~~~~~~~~~~~~~~~~~~
V
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ V~~~~~~~~~~~~~~~~~~~~~~ V1V~ VV±  V~~~~~~~~~~~~~~~~~~~~~~~~~~~~~V~~~~~~~~~~~~~~~~~~~~~ V~~~~~~~~~~~~~~~~~~~1V
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Ai P E~~5 X  D.l

CAL J~~L A T I D U CF HTGE CAPITAL CQS T

Metca l f e , et al., [l]~ calculates the costs of HTGR

power plants using the CONCEPT III Code [li , arriving at

V the results shown in Fig. D.l reproduced from his report [1].

V 
This figure shows the vartation of’ cap ital cost (in terms

V 

of dol lars  per F .~~r) versus power plant electrical capacity.

V These data are weli-r~ prrsented by the equation

Unit Capac ity Cost 16650. (Mw (e)~~~~~~ D.].

where Unit Capacity Cost is stated in terms of 1985 dollars

per KW(e), and the quantity — Hw (e) — refers to plant elec—

V trical capacIty stated in Mw(e).

Rearranging this equation , the total capital cost is

given by Equation D.2,

- Total Capital Costs = 16.65 (Mw(e)Y 5’)3, D.2

V where Total Capital Costs are stated in uttits of millions of

1985 dollars .

The capital cost calculations are based on the assump-

tions iisted in Appendix D.Z 4.

Fuel and 0/N costs are based on a cost of 28.5 mills !

KW (e)hr. This value is taken frrm Fetcalfe ’s work [1) and

a c c o u n t - s f~ r p ’a n t  si ze ned capacity factor . 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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APPENDIX D.2

CALCULATION OF COAL CONSUMPTION

Annual coal consumption for a given thermal/electric

split is calculated by integrating the daily average coal

consumption rate over the year. Coal consumption for a

given day is found from the heat rate for the gas turbine

generators and the electric and thermal loads calculated

by TDIST2 (see Chapters 3, ~$ and 5). Specifically the

sequence of calculations is the following:

1. A twenty—four hour simulation of the Ft. Knox thermal

and electrical power demands for a particular day at

a given thermal electric load split is performed

(Figure 5.3~l),

2. The gas consumption required for generation of the

electrical energy demanded is calculated by using an

average gas turbine heat rate of l3,5OO~ BTU/KW(e)—hr [2],

3. The waste heat recovered from the turbine exhaust (as

reported in the project Gas Thrbine report [2]) is

subtracted from the total thermal energy demand for

the day. If the total thermal energy demanded exceeds

the waste heat recovered from the turbine exhaust,

additional gas is burned in a central hot water heater.

(The extra gas which is burned In this fashion is

assumed to supply energy at a rate of 5,000 BTU/KW(t)—hr), —



. .—
~~~
—— -

~~~~~~~~~~
-
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k. The total amount of coal consumed during the day Is

found by adding gas consumption for electrical energy

generation to any extra gas consumption for direct

• thermal heating and by converting gas consumption to

coal consumption via an average gasifier coal—to—gas

conversion efficiency of 70%,

5. The yearly coal consumption for a given thermal/electric

load split is found by repeating steps 1. through ~4

over the desired range of annual weather variation.

This provides the basic data for the annual fuel con-

sumption integration. In practice simulations for an

average winter day , an average winter—spring day , an

average spring-summer day and an average summer day

are used in constructing an annual fuel consumption

schedule . The annual fuel consumption

data are then integrated over the year to obtain an

estimate of the total annual fuel consumption rate.

Steps 1 tbrou~~ 5 must be repeated for each thermal/electric

load split of interest. Additionally, the winter peak and

summer peak design day simulations must be performed , since

these days determine the TES maximum loads and load varia-

t ions , and hence the required power generation and thermal

reservoir equipment capacities. Samples of these calcula—
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tions are the following: •

• 
• 1. Typical TDI~T2 results for an average winter day, 80%

thermal/electrical load split absorptive aI~ condi-

tioning option are

Average Thermal Demand ~9.5 MW(t), and

Average Electric Demand 19.3 MW(e);

2. Using a gas turbine heat rate of’ 13,500 BTU/KWhr, the

day ’s electrical generation gas consumption would be

given as

Gas Consumption for 
= 10 ~xlO

3 KW’t’ x 2~ rsElectrical Generation a. .’ ~ I

l3.5xl0~ BTU/KWhr, or

Gas Consumption for 
— 6 25xlo9 BTU ~~ as~Electrical Generation g ~

3. The waste heat recovered from the generation of this

electrical energy (from Ref. 2) would be determined as

Q waste heat exchanger — 653 MW (t)hrs,

thus,

Integral Thermal Demand = 149.5x103 KW x 2~ hrs, and

Integral Thermal Demand = 1188 N’W (t)hrs

~~aste heat exchanger 
— —653 ~~(t )h r s

Extra heating gas burn = 535 MW(t)hrs

(using a heat rate of 5,000 STU/KWhr), the extra

heating gas burn requires production of

535 MW(t)hrs 5,000 BTU/KWhr = 2.68x].09 BTU;

~I. The total gas consumed for the day is the sum of’

electrical and heating gas consumption:
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Tote]. Gas Consumption = Electrical + Heating
• Gas Consumption

• Total Gas Consumption = 6.25xl0.~ BTU + 2.68xlO9BT TJ

or Total Gas Consumption = 8.93xl09 BTU .

For a typical gasifier efficiency of 70%, this requires

a ’coal consumption given as

Coal Consumption = ~~~~~~~ BTU , or

Coal Consumption = 1.28x1010 BTU;

5. Steps 1 through ~ are repeated for the other days of

interest for the 80% thermal split TtJS (and other

splits of interest).

These daily consumption data are then integrated over

the course of the year to get total annual coal consumption.
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*FPENDIX D.3

Thc u~.tima~~ and proximate analyses of the coal which
j.n the study to be consumed is summarized in

Tab]c P.3.3~
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S

TABLE D.3..l

ASSUMED COAL ANALYSES

Ultimate Analysis

Carbon 57.1%
Hydrogen 3.9%
Oxygen 8.3%
Nitrogen .8%
Sulfur 11.5%

Proximate Analysis

Moisture 12.3%
Ash 13.3%
Heating Value 9,500 BTU/1b

I



280 

.—

~

--•

~~ ~~~~

• £PPENDII D.11

ECONOMIC GROUNDRULES

!~he economic groundrules used In Estimating TES Costs

Over—life are summarized In Table D.k.l.
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TABLE D.11.l

ECONO~!IC GROUNDRULES USED IN ESTIMATING TES COSTS OVER-LIFE

Plant Types - HTGR/Brayton cycle
CGGT direct cycle

Date of Operation — 1985

Cost of Money — 10%

Average escalation rate — 6.3%

30 year plant lifetime

Straight line debenture accounting .

_ _  _ _ __V•

~~~~~~~~~~~~~~~~~~~~~~~~

V

~~~~~~~~~~~

~ V
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APPENDIX D .5

EQUIVALENT COST OF FOSSIL FUEL

• An example of the calculation of the equivalent break—

even cost of an alternative fuel is presented in the follow-

ing example :

Case — Coal Costs = ~27/Ton (in 1985)

Therma1/~1e~trica1 = 80% Compressive Option

Cost Mass Annual Cost (Ca pi tal , Operational
Break— Annual Maintenance, and Coal)
even Fuel to run the TES, or

Fuel Cost x ( 9 . 1 1 3  x 1.8lx105 tons~ = $ 119 .lxlO 6

-, Breakeven Fuel Cost = $69.8/ton

• ~ -- V -— V V~~~~~V
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APPENDIX D.6

PIPE AND TRENCH COST DATA

Insulated Pipe

All insulated pipe in the thermal utility system has

been selected to conform with the guidelines established

in the U .S .  Army Corps of’ Engineers Specification CE—301.2l.

The pipe is supplied by the manufacturer in prefabricated

sections of varying lengths depending upon the application

and the pipe size . Figure D.6.l illustrates the cross—

section of a typical  prefabricated unit. In Table D.6.]. are

listed the specif icat ions  and the manufacturer ’s quoted

prices for the range of pipe sizes considered for installa-

tion [1]. To obtain the equivalent 1985 costs of this

pipe , an escalation factor  of 6 . 2 %  per year — as recommended

by Metcalfe [2] — i s  applied to the 1976 costs.

Trenches • •
The trench cost data summarized In Table D .6 .2  are

based upon unit costs obtained from an eastern regional

construct ion cost f i le  [3]. Trench dimensions correspond

to the HTW pipe manu fac tur er ’s specif icat ions  for double—

circuit  burial  at a centerline depth of 6 feet [1]. Exca—

vation is assumed to be conducted in average damp sandy

loam soil wi th  the use of a t renehing machine or backhoe .

-• • •~~~~~ •~~~~~~~~~~~~ V •~~~~~~~~~~~~~ • _ _
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Figure 0.6.1

Cross—Section of’ Prefabricated ri TW Tran5r~iS s!Ofl 
Pipe
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Ii~su Iat ion

0 
. I ~~~

—.—-—-- ———————-—
/ Pipe

Air Space . V

10 Ga . 
As p ha l t .

S p i ra l—We l d 
Fib e rg ~~55 .

Conduit 
Pipel ine Fe l t

Asphalt & Fiberg lass
Scree n

L _ 
_ _  

_ _ _ _ _ _



r ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

285

Backfilling is by bulldozer or backhoe from fill deposited

at the trench edge, and the backfilled soil is compacted

with an aIr—powered tamping machine . 1985 costs are

obtained by escalating the 1976 data at 6.2% per year . V

- ~~~~~~~~~~~~~~~~ 
V V -• V~~~~~~~~~~~~~~~~ VV ~~ •~~ •• V
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TABLE D.6 . l

PREFABRICATED INSULATED PIPE COS TS

Pipe
Wall Insulation Jacket 1976 1985 1)Pipe O.D. Specifi— Thickness O.D. Cost Cost

(inches) cation jtnches) (inches) ($/ft) ($/ft)

2 Sched . ItO 1—1/2 8—5/8 18 31

3 Sched. 110 . 2 10~3/1I 25 113
11 Sched. 140 2 10~3/14 26 115
6 Sched . 110 2—1/2 114 38 65

• 8 Sched . 140 2—1/2 16 ~I6 79
• 10 Sched . 110 2—1/2 19 58 100

12 .375 wall 3 22 8i 139
18 .375 wall ~I 30 132 227

211 .375 wall 11 36 172 296

• ( 1) Escalated at 6 . 2 %  per year fr om 1976.
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APPENDIX D.7
V 

PUMPING POWER COSTS AND PUMP RATING CALCULATIONS

Pumping Power

The pumping power required to overcome a given fluid

frictional pressure loss is given by Eq. (D.7.1).

LIPA Yc APm ‘T’ •7 1’

~ 737.56 737.56p

where

W pumping power (kW), 
-

— fluid pressure drop (lbf/ft 2),

— flow channel cross section (ft2),

V — fluid velocity (ft/see),

fluid mass flowrate (lbm/sec),

p — fluid density (lbm/ft 3), and

1kW — 737.56 ft—lbf/sec .

Thus, knowing the fluid mass flowrate and the pipe dimensions

for each loop, the Darey pressure drop formula (Eq. (D.7.2))

may be used to compute the fluid frictional pressure losses,

which are used in Eq. (D.7.l) to determine the pumping

power requirements for the loop. •
(D.7.2)

where

AP fluid pressure drop (lbf/ft2), •

_  J



!pP.
r ~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~ -~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

290 

-

L flow channel length (tt),

D = flow channel diarnter (ft),

p = fluid density (lbm/ft3),

V fluid velocity (ft /hr),

g = conversion factor = 11 l7x108 lbm—ft/lbf—hr2,

f = Darch—Weisbach friction factor , and

— 0.1811
0 2 ’Re

where Re is the fluid Reynolds number for turbulent flow.

Pumping Power Costs

TDIST2 uses a form of Eq. D.7.1 to calculate the

pumping power required for each loop In the TUS at each time

step. This pumping power is converted to electrical demand~

by assuming a 60% electrical—mechanical pump efficiency.

This electrical demand is then added to the base total

electrical demand, and is reflected in fuel consumption, and

thereby throughout the 30 year life of the system .

Pump Rating and Costs

Although the average utility system fluid flowrates

are determined primari ly by the thermal energy demands

experienced during the spring and fall months, the pump s

must be sized to supply the  peak system design cond i t i ons ,

and they operate at relatively low capacity factors throur~—

out most of ‘~the year.~ Equation ( D . 7 . 3 )  ca’-i be used to
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convert the ~~~~~~~~~~~~~ fluid mass flowrates from units of pounds

per hour to units of gallons per minute , which can be used

directly In the centrifuga l pump cost function shown in

Pig . D . 7 . l , adapted from the work of Ayorinde [1].

GPM = 
7.148rn 

(D.7.3)

where

GPM = f luid volume flowrate (gal/mm ),

= fluid mass flowrate (ibm/br),

p = fluid density (lbm/ft 3),

1 hr = 60 mm , and

1 ft3 = 7.148 gal.

Although the costs in Ayorlride ’s work are presented in

1973 dollars, the cost function shown in Fig. 0.7.1 has

been escalated at 6.2% per year — following the work of

Metcalfe [2] — to obtain equivalent 1985 pump costs. Due

to excessive pump component loading, the maximum pump

rating recommended for general applications is 3000—3500

gpm [1]. In cases requiring ratings larger than this

limit , It Is assumed that two or more units are installed

to divide the load equally .

Using these criteria, Table D.7.l lists pump location,

capac i ty ,  and cost for each TUS option studied. Recall

from the discussion of Section 6.11.1 that secondary loops

are relatively Independent of’ one another with regard to

pipe and pump sizing. Therefore Table D47.]. lists each

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ V V V . V ~~~~~~ 
_ _ _  V~~V~~~~~V~~~~• 

- •
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V

secondary loop only once for each option studied , either

compressive air conditioning or absorptive air conditioning .

However, the primery loop for each TUS oktion and thermal!

electric split value is unique , hence primary loop s are

listed according to thermal/electric split value .
S I
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‘I’ABLE D.7.l V -

TUS PUMP RATINGS AND COSTS (1)

PUMP LOCATION CAPACITY COST
(millions of (millions of

I J K L • 
lb/br) 1985 dollars)

A. 100% TUS, Absorptive Air Conditioning Option:

1 1 1 1 1.75 .023

1 14 1 1 .814 .0114

1 2 3 1 • .27 .006

1 14 14 1 .31 .007

1 14 5 1 .20 .005

B. 80% TUS, Absorptive Air Conditioning Option: V

1 1 1 1 
V 

1.40 .018

1 2 3 1 .27 .006

1 14 1 1 .52 .009

1 14 3 1 .25 .006

1 14 5 1 .20 .005 
V

1 14 5 14 .003 .0003

1 4 5 3 .008 .0005

1 11 1 1 .519 .009

1 1 1 1 1.40 .018

-— 

‘ ~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~ V ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

• V V ~~~~. V
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TABLE D.7.1 (Continued)

PUMP LOCATION CAPACITY COST
(millions of (millions of’

I J K L lb/br) 1985 dollars)

C. 60% TUS Absorptive A1r Conditioning Option:

1 1 1 1 1.18 .017

1 2 3 1 .27 .006

1 14 1 1 .27 .006

1 4 5 1 .20 .005

1 11 5 14 - .0011 .00 011

1 4 5 3 .007 .0006

1 11 1 1 .27 .006

1 1 1 1 1.18 .017

1 2 3 1 .27 .006

D. L10 TJS Compressive Air Condit ioning Option :

1 1 1 1 .73 .001

1 2 3 1 .27 .0006

1 1 1 1 .73 .001

1 2 3 1 .27 .0006

E• 20% TUS Absorptive Air Conditioning Option: 
V

1 1 1 1 .146 .009

1 2 1 1 .31 .007

1 1 1 1 .116 .009

1 ‘2 1 1 .31. .007
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TABLE D.7.l (Continued) - 

V

PUMP LOCATION CAPA CITY COST
V (millions of (millions of

I J K L V lb/hr ) 1985 dollars )

F. Secondary Loops, Absorptive Air Conditioning Option :

2 1 1 1 
- 

3.12 .031

3 1 1 1 5.31 .0115

14 1 1 1 2.81 .028

5 1 1 1 .111 .008

6 1 1 1 ‘ 

~4.02 .036

7 1 1 1 2.00 .023

8 1 1 1 .92 .0114

9 1 1 1 2.95 .030

10 1 1 1 3.25 .032

11 1 1 2. 1.48 .019

12 1 1 1 1.30 .017

13 1 1 1 14.89 .0113

G. 100% TUS Compressive Air Conditioning Option :’

1 1 1 1 1.79 .023

1 2 3 1 .28 .006

1 14 1 1 .86 .014

1 II 4 1 .32 .007

1 14 4 3 .08 .003

1 14 3 1 .26 .006

1 14 5 1 .20 .005

‘Pumps are In supply and return lines. - 
V 

V

_ _ _ _ _ _ _ _ _ _ _ _ _  J
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TABLE 0.7.1 (Continued)

PUMP LOCATION CAPA CITY COST
(millions of (millions of

I J X .L lb/lw) 1985 dollars)

H. 80% TUS CompressIve Air Conditioning Option :

1 1 1 1 1.35 .019

1 2 3 1 .27 .008

1 14 1 1 .50 .010

1 14 3 1 .25 .006 .

1 14 5 1 .18 .005

1 14 5 11 .0014 .0003

1 11 5 3 .008 .0005

1 14 1 1 .50 .009

1 1 1 1 1.35 .019 V

1 2 3 1 .27 .006

I. 60% TUS Compressive Air Conditioning Option:

1 1 1 1 1.11 .017

1 2 3 1 .27 .006

1 14 1 1 .25 .006

1 1~ 5 1 .18 .005

1 14 5 14 .0011 .0003

1 14 5 3 .007 .0006 
V

1 14 1 1 .25 .006

1 1 1 1 1.11 .017

1 2 3 1 .27 .006

V V _ _
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TABLE 0.7.1 (Continued)

PUMP LOCATION CAPACITY COST
(mIllions of (millions of

I J K L V lb/br) 1985 dollars)

J. 140% TUS Compressive Air Conditioning Option :

1 1 1 1 .714 .013

1 2 3 1 .28 .oo6

1 1 1 1 .714 .013

1 2 3 1 .28 .006

K. 20% TUS Compressive Air Conditioning Option :

1 1 1 1 .117 .009 2

1 2 1 1 .31 .0071

1 1 1 1 .47 .0092

1 2 1 1 .31 .0071

L. Secondary Loops, Compressive Air Conditioning Option:’

2 1. 1 1 .232 .0054

3 1 1 1 .391 .0077

11 1 1 1 .3011 - .0065

5 1. 1. 1 .029 .0013

6 1 1 1 .353 .0072

7 1 1 3. .153. .00110

8 1 1 1 .00140

9 1 1 1 .3714 .0075

10 1 1 1 .378 .0075

11 1 1 1. .0086

12 1 1 .167 .0043

13 1 1 1 .5146 .0097 
~V

‘Pumps are in supply and rettirn lines

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~ V~~
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APPENDIX D .8

BUILDING CONNECTION PIPE COSTS

As r~entIoned in Section 6.14.1, the cost of the pir ~~n~

required to connect individual buildings to the water- m~~n

in the street is an important , but not a domina’tinE item

In the total piping cost. The cost of the piping required

to connect buildings to the street mains is calculated by

correlating pipe length with Btu delivered. The actuai

length of pipe required to connect every bui lding in the

Van Voorhis and Dietz Acres developments to the!r nearest

load center was measured. A pipe size of one inch nrm~nal

diameter was selected as a size su i t ab le  for I n d i vI d u a l

home delivery.  The to ta l  cost of t h i s  p IpIri~ was found by

multiplying the total length of pipe by the appropriate

pipe cost . This total delivery pipe cost was then divided

by the peak winter  power supplied to Van Voorhis arid ~i~ tz

Acres to obtain a cost for distribution pip !n~ ~n a peak

power—delivered basis (in units of dollars per çea~ Etu per

hour in 1985). This cost was then extrapol-~t ei to the

entire base ’s distribution system by multiplyinc peak power

delivery cost by the total base ’s peak erier~ y ieliver- y

rate, giving the total cost for individual b~~ 1~ Ir-~ dlstrt-

bution piping . It should be emph~ s1’~e1 that t~~1s techni que

was used to determine only the cost cf pipIng fr~ -n t h V  ]~~~~

centers to the bu ll ng~ . Th• cost V f p iplr ~ in t h u  ~~~
5, 

• -  
—

_ _ _ _  

V
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is e x p l i c it l y  ca lcu la ted  by TDIST2 on a p iece —wise  basis .

V Final ly , the cost of the d i s t r ibu t Ion  piping so calculated

is seen always to be less than 20 3f the total TUS cost ,

Indicating that small errors ifl this cost component would

Introduce insignificant errors In the overall system cost

estimate. Piping costs are shown In Table 6.5.

~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ V~~~~~~~~~~~~ 
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