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ABSTRACT

A Total Energy System (TES) is designed to supply the
thermal and electrical energy requirements of Fort Knox,:
Kentucky for a period of 530 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 (CGGT) power plant and a
direct Brayton cycle high-temperdture 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
HTGR/GT system (in 1985 dollars) is $234.5 million and the
corresponding optimal system cost for the fossil CGGT
alternative is $182.2 million.
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CHAPTER 1

INTRODUCTION

1.1 Foreword

This 1s the final report under a contract between the
Massachusetts Institute 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 1s a successor design to that of a similar TES
study performed previously for Ft. Bragg, N.C. Use of both
nuclear, and fossil-fueled coal gasification-gas turbine power
stations are considered as well as the dependence of power
station costs upon the thermal/electrical apparaius mix in
the customer sector. The sensitivity of TES costs to changes
in capital costs, fuel costs, end use equipment costs, the
marginal cost of the electrical distribution system and
Thermal Utility System (TUS) cost is also presented. Recom-
mendations are made regarding the optimum TES for Ft. Knox.
The Ft. Knox simulations have been performed using a signifi-
cantly improved model, TDIST2 [1] which has been developed
recently in this project.

It is found that a minimum cost Total Energy System for

both the nuclear and fossil options occurs when the thermal/




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

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

to remain less expensive than the nuclear 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 teﬁ years, oil and natural gas have sup-
plied 75% of the nation's energy needs, with coal supplying
21% and all other energy sourcés,:including nuclear, account-
ing for only 4% of the total. [2] 0il and 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, fusion and
many other energy sources are beilng 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 1s seen in Table 1.1, there 1s no decisive factor
which would lead to choosing one energy scurce over the other.
In the report prepared by Metcalfe and Driscoll, "Economic

Assessment of Nuclear and Possil-Fired Energy Systems fcr




3.
h.

9.

TABLE 1.1

NUCLEAR VERSUS COAL PLANT CHARACTERISTICS

Nuclear

Complex licensing procedures
and operating requirements.

High capital cost
Low fuel cost

Several years (3-6) of
operation on a single
fueling

Low environmental impacts

Low risk; but high conse-
quence reactor safety
hazards exist

Requires relative isolation
of the plant (exclusion
area)

Cooling towers required
for dissipation of waste
heat

Technology for the disposal
of radioactive waste is not
established

2.

3.
'l.

5.

‘Coal

Can be operated =
maintained by few-.
and less-well-trz.
personnel than a
nuclear unit.

Lower capital cos*

High fuel costs

" Impractical to st

more than a few m~-
fuel supply on s:

Meeting exhaust -
standards imposes
economic penalties

Can be located ¢
to load center

Airborne chemica?
sions impose si:-
public health ris«:

Use of gas turbine:
allows waste hez:
exhaust to the a..
phere

Successful recle-

of stripmine site:
very expensive, c..
some cases not de-

strated to be pos:




DOD Installations," [3] nuclear plants and fossil-fired

gas turbine plants are shown to be economically competi-
tive in the size range of 1nterést (50-100 Mwe). Metcalre;
et al., cdnsiders pre;surized water reactors (PWR), high
temperature gas cooléd reactors (HTGR), conventional coal
and oil fired plants, as well as preliminary calculations
on coal gasification gas turbine plants (CGGT). Metcalfe's
work 1s used in this report as the source of economic data

regarding nuclear power costs.

e —— —~— — e o e -—

1.3 Report Qutline

In Chapter 2 are developed the model of the coal-g;s
.gas turbine (CGGT) plant used for comparison with a 38%-
efficient HTGR Brayton. cycle power statian... Note that the:
nuclear analys;s 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. SR RS

In Chapter 3 are explained the consumer classifications
used in the analysis of the thermal and electrical loads of
Ft. Knox. Load schedules for each consumer group are
presented. The thermal utility system (TUS) piping distri-

bution system is explained in Chapter 4 together with the




design criteria which were used. In Cﬁapter 5 are presented
the energy demand simulation results obtained in examining
the TUS as described in Chapters 3 and 4. The effect of

the consumer thermal;electrical demand mix on TUS loads is

also described.

The optiiaization of the TES with respect to cverall 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.
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CHAPTER 2
COAL GASIFICATION FOSSIL-FIRED GAS TURBINE PLANT ANALYSIS

2.1 Introduction

To ensure a valia economic comp;rison 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 an& understood as the HTGR model.
The fossil-fired plant model should represent realistically
the avallable technology, but not be given credit for poten-
tial and as yet undeveloped technological improvements. A
Coal Gasification-Gas Turbine (CGGT) plant 1s selected for
analysis based on the preliminary economic comparison per=
formed by Metcalfe. [1] This section of the report outlines
the development ol the plant model, and describes the final
CGGT model.

2.2 Selection of Coal Gasification-Gas Turbine Components

Coal Gasification and Gas Turbine reports [2,3] prepared
previously in this project, are used as the basis for the
selection of components. The objective of the selection
process 1s the specification of a set of mutually compatible
components, well sulted to the requirements of a Total
Energy Utility System. The selection of a coal gasifier,
gas purifier, gas turbine and waste heat exchanger is explained

in the following sections.




2.2.1 Gasifier Selection

Table 2.1 (reproduced from the project Coal“Gasifica-
tion Report [2]) summarizes the importamt system parameters .
of the currently available commercial coal gasification
units. The most crucial of these parameters 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 - 1s given to component compati-
bility within a complete system, and a history of proven- -
successful performance. Realistically, it should be pointed
out that no single gasifier is clearly superior to all others,
with the result that the selection of any gasifier would
imply gasification costs of approximately the same value.

With these considerations in mind, the Lurgl 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) 1s suitable for compressed gas storage
with minimum compressive work, the Lurgi unit can use air
rather than oxygen as a gaseaus feedstock (obviating the

need for an oxygen plant), and required coal preparation
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operations are minimal. Tt is notable that several cther

development groups [4,5] have also selected Lurgi gasifiers
as the basis for combined cycle plant designs.

The Lurgl does have at least two minor drawbacks
(neither of which warrants changing to another gasifier), the
low heating value of the product gas, and difficulty 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 Purification

Table 2.2[2] lists a few of the most attractive purifi-
cation processes avallable for removing sulfur from the gas.
Most proposed large (1000 MWe) [4,5] combined cycle plants
use a series of sulfur removal processes, such as potassium
carbonate - to Claus purification - to Scott-tails processing.
This sequence 1s 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 (142 MW(t)),
that the added cost and complexity of the potassium carbonate

system 1s greater than the corresponding savings in Claus

catalyst achieved by using the potassium carbonate system.
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For this reason, a2 simple Claus purifibation system with
Stretford tails-processing i1s recommended for the CGGT

plant.

2.2.3 Gas Turbine Selection

Table 2.3 1s generated from the project Gas Turbine
report [3]. The table displays the principal-characteris-
tics of currently available gas turbines which are relevant
to a CGGT plant. The Turbo-Power Marine FTUC Power Pac [3]
is selected as the basic unit of electrical generation.
Initially, the FTUC was selected for use in the project
design because of its unique design which decoupled the
electrical generator turbine from the compressor-combustor
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 Excyanger. It was
thought that by-pass flow would be a convenient method of
shifting the ratio of electrical/thermal power produced, as
the TES demand changed through the day. However, the winter
peak thermal lcad at Fort Knox 1is so much greater than the
electrical load that merely using FT4C turbines to supply
all the thermal power would require additional turbines, with
most turbines operating solely as hot water heaters. The
solution to thig problem is to use a separate gas-fired
water heater. Thermal Power (hot water) is produced by the

FT4C exhaust waste heat exchangers (as base-loaded heat

U 1 i

e——
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sources), .na z2lso Lty the gas-Iired water heater when

necessary.
The gquestis then 1s, since a gas-fired water heater

i. beirng used, uwhy n>t simply pipe gas tc the load points

and use ccaventlional heating systems? The answer is made

up of two parts.

1) Use of a central station gas-fired water heater (to-
g2:her with the turbinc-exhaust water-heaters) reduces
fuel consumptior and theretore fuel costs. This results
in a 90% saving in fuel cosis (see Appendix A.1),

The design concept of the CCGT model 1s based on a one-

n
.~

for-one replacement of any proposed HTGR/GT plant,
powering the Ft. Xnox TES.
For thcse two reasons, the central station CGGT concept. 1s
retained. The FT4C turblne is selected as the turbine
unit of cholce because 1ts combustor can be easily modified
for use of .ow BTU gas, its unit size (26.3 MWe) is easily
mztched to the Ft. Knox load, and the capital and operating/
maintenance costs of the FT4C are reported by utilities
73] as being among the lowest of the available units in
the capacity range of interest. It is felt that for
1:icreased availability there should be four gas turbine

generators, three running and one a backup unit.
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2.2.4 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 phermal reservolir to store energy when
thermal demand is Iow, 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 econom;cal
approach for a TES using an HTGR power station, because this
optlion minimizes the size and cost of the HTGR. Since the
HTGR 1s 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 attractive 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 thermal
load swings. Option 2 also requires a larger gas fired water

heater (sized to meet peak demands), but it eliminates the
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need for a thermal reservoir. An econgmic balance must be
struck between increasing costs due to increasing gas tank
storage volume and water heater size, compared to decreasing
costs due to eliminating the thermal reservcir. As is shown
in Appendix A.2, it is much less expensive (on a specific
energy cost basis) to store energy as hot water than as gas.
Therefore, Options 2 and 3 are not considered further in the
economic evaluation of possible designs.

Hot water may be stored in steel tanks, pre-stressed
concrete vessels, excavated rock caverns or high pressure
aquifers. Steel tanks are selected as the storage mechanism,
because they have a proven operating history and (for the
size range of interest) they may be shop-fabricated. Rock
cavern or aquifer storage depends on site geology, and since
this information was not available (and in any case would
vary from site to site) these techniques are not ccnsidered

further.

2.2.5 Gas-Fired Water Heater

Gas~-fired water heaters of the required capacity are
readily available from several vendors. [6] Two water
heaters are used in the CGGT plant to improve system avail
ability. Each gas-fired water heater supplies approximatec!
25% of the winter peak thermal load, the rest of the thermal

energy is recovered from the gas turbine exhaust waste heat

exchangers.
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2.3 Component Sizing *

The size or number of the various components in the
CGGT system 1s 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 1s 54 MWe. Three TPM FTUC (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 FTUC is rated at 26.3 MWe, it has a reserve
capability of 31.1 MWe such that in an emergency one FTA4C
can supply 60% of the peak electrical demand. An additioral
turbine is included in the plant design (giving a total of
four turbines) to act as a backup unit.

Each FT4C 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 Lurgl Gasifier System Sizing

The smallest commercially available gasifer unit has a

8

capacity of 1.87 x 10  BTU of gas per hour. The design day

requires use of four Lurgi units. Forced-outage backup
capacity for the Lurgi units 1s considered to be accounted
for by their inherently high avallability, and one addi-

tional unit. The final design utilizes five independent
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2.3.3 S8izing the Thermzl Reservoir

The largest variacion between peak thermal demand and
thermal ouilput s;heduies occurs con the design winter day
as shown in Fig. 5.27. The energy mis-match between the
-hermal demand and thermal supply schedules determines the
energy storage requirements, and, hence, thermal reservoir
size. Inte-rating the energy schedules mis-match over
time (the crosshat:hed area) shown in Fig. 5.27, results
in a required energy storage of 362 MW-hr. Using a
reservoir wat r temperacture change from 330°F to 150°F,
‘he energy mismatch can be ccmpensated for in a 86,000 ft3
reservolr. This corresponds to a tank 47.8 ft in diameter
.nd height. The actuzl thermzl reservoir plant design
dould probably consist of a set of four smaller storage

tanks, cach tank 20 ft in diameter and 70 £t high.

2. Fuel Consumntior

A glven space conditioning demand can be supplied by
several methods,

Lo burning of gas at the load point t» supply heat (In
Appendix A.1 it 1s shown that this is very wasteful of
energy and money),

2. burning of gas at a central station to produce high
temperature water (HTWA) to supply TUS loads (more

economical than option 1),




3. recovery of thermal energy from the electrical genera-
tor turbine exhaust, producing high temperature water
(HTW) to supply thermal loads; burning of extra gas as
required to meet thermal loads greater than the energy
available from waste heat exchangers (more economical
than either options 1 or 2), and

y, supplying the thermal demand by a combination of
electrically—opefated heat pumps, HTW heated by turbine

exhaust gases, and extra gas burning.
‘

The most economical allocation of electrical space-
conditioning and HTW space-conditioning demand 1s found by
determining the thermal loads for various values of electri-
cal/HTW load splits, and then calculating the cost of the
corresponding TES. It is found that the total cost of a
TES, whether nuclear or coal-fired, passes through a minimunm
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 i1s not con-
sidered in these calculations due to the relatively mild
climate of the Ft. Knox area; and thus, the small effect of

weather upon plant efficiency.

2.5 .CGGT Plant Layout

The size and number of components described in Sections

2.2 througﬁ 2.3 are shown in a proposed plant plan in
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Fig. 2.1 and a schematic diagram in Fig. 2.2. This layout
is not completely optimized, but it dées incorporate.sowe
features designed to reduce costs and to enhance operational
convenience and costs. For example, the gas turbines are
located close to the gasifers and thermal reservoirs. This
reduces the gas pipe run from the gasifers to the turbines,
as well as the steam or water lines which run from the waste
heat exchangers to the gasifier plant and thermal reservcirs.
The gas turblnes are arranged so that their exhaust plumes
rise in a common area, enhancing overall plume rise.

-Because the turbine exhaust waste heat is used to pro-~
duce hot water for the TUS and is not used in a steanm

bottoming cycle, there is no need for cocling towers or

steam-cycle heat rejection equipment. The plant layout

occupies a total area of 73,000 fte.
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CHAPTER 3 -

FORT KNOX ENERGY CONSUME

)

The nominal startup date for the proposed Fort Knox
Total Energy System (TES) 1s considered to be 1985. To
insure that the models of the base's energy consumers
accurately reflect anticipated conditions at that future
date, the Fort Knox Master Plan for Future Development
has been consulted to identify the building types and base
configuration to be used in the system analysis. Follow-
Ing extensive discusslions with personnel at the U.S. Army
Facllitlies Engineering Support Agency (FESA) at Fort Belvoir,
Virginia, and after a fleld trip to Ft. Knox, it has been
ccncluded that the buildings at Fort Knox may be aggregated
into a total of fifteen general energy consumption categories
based upon documented building usage and construction

characteristics. Table 3.1 llists these fifteen classes with

sent each category and the number of each found on the base.

Appendix B contains more compl

IS

te descriptions
buildings, including their construction and usage specifl
cations supplied as input data to the TDIST consumer
modelling subroutines.

The maznitudes of the total energy demands of these

|
|
|
consumers © it he peak winter heating and peak summer c¢oollng 1
]

nents of tt | hermal utility system and, depending upon o)
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Table 3.1

Fort Knox Bullding Category Descriptions

Type 1.

Type 2.

Type 3.

Type 4.

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 ft°.

Family Houslng Modern: This represent-
ative two-family unit 1s of brick and
wood construction, 1s entirely on one
floor, and has a total floor area of
1500 rt°.

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 attacheéd to
form larger conneéted housing groups.

The total floor area of the unit is

7500 £t°.

Family Housing: This family housing
consists of large brick residences for
high ranking officer single families and
high ranking enlisted two family groups.
A representative floor area is taken to
be 4147 ft2.




Type 5.

Type 6.

Type 7.

Type 8.
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Table 3.1 (Continued)

Ft. ¥Knox Large Hospital: ince the
hospltals are large loads with

unique 1load characteristics, separate
bullding categories are allocated to
them. The large hospital is a new
building of concrete construction.

It 1s considered to contain 100 beds

in a total floor area of 37,800 ftZ.

Ft. Knox Smzl1ll Hospital: The small
hospital is an old bullding of brick
construction. It is considered to
contaln 50 beds in a total flcor area

of 27,000 ft2.

Comnmunity: Perhaps the widest range
of dlverse bullding construction and
usage pattern categories 1s included
in this class. Facilities range from
recreation buildings to retail sales
estatiishments, units which indivi-
dually contribute little to the base
demand but which in total represent
a significant lcad. The representa-
tive unit is assumed to h=2ve a floor
area of 20,486 £t°.

Administration and Training: The age

and construction of these buildings also

the
varies considerably from unilt to unit,

4
v
“
v

with the typlecal structure being formed

of a reinforced concrete foundation,




Type 8.
(cont.)

Type 9.

Type 10.

Type 11.
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Table 3.1 (Continued)

brick walls, and a built-up roof.
The representative unit is three
stories tall with a total floor area
of 24,114 rt°.

Operations and Maintenance: A
machine shop has been chosen to be
representative of a wide variety of
maintenance bulldings. GCeneral
construction includes either block-
and-steel or brick-and-block walls,
a reinforced concrete foundation,
and a built-up roof. The average

floor area is assumed to be 41,850 ftz.

Troop Housing: Brick: These barracks
units are relatively modern three-story
dwellings with a capacity of roughly
200 men each. Construction is of
brick, and a representative unit has

a floor area of 50,959 f£t°.

Troop Housing: Block: Similar in size
to the brick units described above, the
block barracks consist of older reno-
vated units with an attached mess. Con-
struction 1s of reinforced concrete and
blocks with an average floor area of

51,000 ft°.




Type 12.

Type 13.

Type 1h.

Type 15.

Table 3.1 (Continued)

Famlly Housing: Wood: This repre-
sentative two-family unit is similar
to the Type 2 discussed above, but

is entirely of wood construction.

The unit has a floor area of 2400 ftg.

Family Housing: Stucco: These small
single family, single story stucco
dwelllings are predominately for junior
officers. The unit has a floor area

of about 1200 fi2.

Storage: Althsugh many unrelated stor-
age facilities exist at Ft. Knox, they
have been combined into a single class
due to their similarity of use and
relatively small contribution to the
total base load. The representative
unit 1s chosen to be typical of a large
warehouse with a flocor area of 11,421 ft

Family Housing: Multiplex: This type

1s designed to represent an aggregate
of two Type 1 units. The essential dif-
ference 1s that for twice the floor area

(12,000 £t2 vs. 6000 £t2) of the Type 1,

the Type 15's have less than twice the
exterior wall area (5220 ft? vE. 3080 £t7)-
This modeling gives a more accurate space
conditioning load culation than would

cal
be achieved by merely doubling the Type 1

building loads.
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how these demands are supplied, set the required power
pPlant 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 schedules. The choice of these design days
is thus critica to the ultimate design, configuration and
cost of the TES; the weather conditions must be severe
enough to insur- that the system is capable of meeting the
maximum annual ncwer demands, but they must not be so
extreme as to c:.se the system to be grossly over-designed
and much more coctly than necessary. As specified in
Department of Defense "Construction Criteria Manual,"

DOD 4770.1-M, Oct. 1972, "Engineering Weather Data'" AFM
88-8, Ch. 6 1s used as the source of design weather data
for TDIST2 (1] simulations.

For simplicity, and because coincident wind velocity
data was not readily available during the system design
period, a constant wind velocity of 5.68 mph from the west
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-
zontal surface area; the summer day peak was 344 BTU/hr
per square foot. [2] Cloudless skies have been assumed,

but normal seasonal atmospheric haze and diffusion effects
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125 80
14.2 81
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are included as mecdifying thes
intensities. Table 3.3 lists the solar incidence factor

used. Summer day bullding usaze and occupancy charzachs
tics have been shifted in time by on=s hour to account for
the effects of Daylight Savings Time, but all load calcula-

tions and results are presented in real solar time to

allow direct comparison among load profiles at differe

times of the year.

Figures 3.1-3.15 p
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tioning energy demand schedules computed for each of
fifteen consumer categories. It should be noted that these
schedules represent only the net hourly energy gains or
losses from the bulldings. The corresponding demands {c

- be met by the thermal and electrical energy distributii
networks wlll, of course, depend upon the types and eff
clency of the space conditioning equipment used to supp
these requirenents.

The shapes of the load schedules illustrate the rela
tive effects of the major components of the space condi
ing demands. The winter minimum and summer maximum occur-
ring during the daylight hours are due principally to sola:
radiational heating. These solar effects are compounded,
especially for the commercial and public-use building
gorles, by heat generated internally from lighting and
equipment usage. (In fact, for t

Training class, Fig. 3.8, the combined effects of solar

and internal heating between noon and 1 P.M. on the winter
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Figure 3.1
(A)
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Elgure 3.2
(A)

BUILDING TYPE 2

PERAK WINTER DRY - FORT ¥NOX, KY.
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Figure 3.3
(A)
BUILODING TYPE 3
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Figure 3.4
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Figure 3.4
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Figure 3.5
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Figure 3. 5
(B)
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Figure 3.8
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Figure 3.9
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Figure 3.11
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Figure 3.12
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Figure 3.15
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day reduce that building's heating load to zero, even

though the outside air temperature is only 32° to 33 °F.
Consultation with Army personnel at FESA and an independent
analysis by Michael Baker, Jr. of New rYork, Inc. [3] have
verified this behavior for these particular buildings.)

All forced air ventilation and induced infiltration air
flows are assumed to be direct air exchanges between the
interior and exterior of the buildings. The significant
effects of these components of the space conditioning

loads are evident in the winter demand schedules for the
hospitals (Figs.3.5-3.6), the ventilation requirements of which
are large and the usage of which 1is fairly constant through-
out the day, and for the community buildings (Fig. 3.7),

the afternoon and evening usage and large ventilation
requirements of which during occupancy cause both its

summer and winter demand curves to be skewed slightly more
toward the evening hours than those of the other building
types. (The winter day profile for the hospitals, while
irregular, is relatively flat compared with those of the
other categories due to the hospital's fairly uniform occu-
pancy characteristics and the offsetting effects of slightly
higher ventilation requirements and solar heating during

the day; the large variation in its summer day demand

occurs due to the additive effects of these components

when the ambient air is at a higher temperature than that

desired wifhin the building). The Storage (Fig. 3.14) and



Operations (Fig. 3.9) building cztegories are assumed teo

have no air conditioning (see Appendix B). Since this con-

dition 1is transmitted to the TDIST2 consumer

only by requiring the internal room temperatures to vary
directly with the outside zir temperature, during periocds
of sunlight the combined effects of solar heating and a

small amount of internal lighting producs the nominal

previously, these demands are applied to the energy supply
systems only through the use of specif

ing equipment units. Since no air conditioning 1s desired

for these two categories, their cooling loads do not appear

on the system. The program is arranged not to preovide

cooling during the heating season and heating during the
cooling season. The demand profiles for all the Troop
Housing and Family Housing categoriles exhibit the same
qualitative behavior, re
occupancy of these units during the late afternoon and

evenlng hours and the dominance of solar heating durlng

the day.
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CHAPTER 4 X

FORT KNOX THERMAL UTItITY SYSTEM OPTIONS

Encompassing an area of approximately 9 square miles,
the inhabited cectlion of Fort Knox occupies the south-
western ¢nd of the bzse. (The remainder of the base is
used for training grounds, firing ranges, etc., and has
very few permanent buildings.) The population of Fort
Knox in 1985 is expectedr to be approximately 18,000.
Supplylng the residents with both thermal and electrical
energy from a single power plant requires carefully
designed plplng systems and electrical distribution cir-
cults to dellver the necessary energy at a minimum total
cost.

Figure 4.1 is a planning map for Fort Knox 1llustrat;
ing the layout of the inhabited area of the base as it is
expected to appear in 1985. The crosshatched areas are
World War II vintage temporary buildings which are
scheduled to be removed by 1985.

One of the grcound rules established =2arly in the Fort
Knox study was that the proposed TES be nominally capable
of supplying the base's total annual energy demands withcut
relying upon any auxiliary capacity from outside the Fert's
} boundaries. Because scme loads (space conditioning, domes-
tic hot water) readily lend themselves to either thermal

for

w

or electrical energy supplies, the possibility arise

e —— o
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optimizin

(0]

and lowest

6

(€4}

between the percentages the
power plant's thermal an . I
ly, the optimal system design would be t configurat
which, throughout the entire year, would cause elesectrical
and thermal energy to be produced and consumed in a ratio
such that none of the power plant's total ensrgy output
would be wasted. (Chapter 6 discusses more fully this op-
timizatlion problem and its practical desi: limitations. )
As demand varlables for the TES deslign process, thre
general load categories are specified space conditioning
served thermally or electrically, domestic )t water
service supplied thermally or electfrically,. and non~space-
conditioning electrical demands (motors, appliz .
lighting, etc.). The space conditioni 1 domestie
water demands are computed on an individual bu ing ©nilt
baslis to allow thelr supply modes and service eguipment
be varied. The non-space-conditionin shvh o e
is taken from actual metering equi nt a X {NO X
Meter readings from May are used, sin space ¢ {tioni
equipment use 1s then at a minimum &nd Chereflore res 4
wéuld truly represent non-space conditlior lectr 1
demand. The values used for the base 1
The minimum cost over life TES for Fort Knox is f
by use of TDIST2 [1], the {ir rod ener {mu T
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Table 4.1
FORT KNOX, NON-SPACE CONDITIONING ELECTRICAL DEMA
Time MW(e)
12 3.0
1 8.1
2 7.5
3 T-5
i T 45
5 8.1
6 9.0
7 143 8 &
8 A3
9 15.6
10 15.0
11 1B
12 3 1
13 L5010
14 15.0
5 1h.7
16 136
17 11.4
18 5 L
19 10.8
20 11.4
21 3.3
22 126
23 305
24 9.0
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omputer program which is the successor to TDIST [2], used =

in the earlier Fort Bragg study [3]. Using the building
descriptions and wesather data presented in Chapter 3, TDIST2
applies the calculated consumer energy demands to electricaL
and hot water distribution networks. The space conditioning
demand of a bullding may be supplied by Thermal Utility

System (TUS) hot water, by absorptive air conditioning or

)

chilled water, by heat pumps, by compressive air cond
or by electrical resistance heaters. Domestic hot water
(sinks, washers, etc.) is supplied either ble"S hot water
heating or by electrical resistance heaters.

The programmer may run TDIST2, using various proportions

ccnsamer end us suipment, %o tallor the load supplied

buildings may require a certain amount of heating. This
heating may be supplied by TUS hot water, by heat pumps

or by electrical resistance heaters. Using resistance heaters
will require a certain amount of electricity, using heat

pumps will recuire less electricity (assuming cocefficient

of performance (COP) values >1) and using TUS hot water may
Involve no additional energy consumption if central station
waste heat is available. Of course, each of these energy
supply options will have different costs. DIST2 is used

to determine the mix of energy supply options which results

in a minimum present-worth cost Tot

job)

1l Energy System con-

s

figuration. The cost of the TES includes plant capital




costs, fuel costs for a thirty year plant life, the Thermal
Utility System capital costs, base electrical transmission
and distribution costs, as well as end use equipment costs
(heat pumps, heat exchangers, etc.). A complete descrip-

tion of the TDIST2 code is found in the report TDIST2:

User's Manual [1].

The TES options considered for the analysis of Fort
Knox are:

Option 1. Heating space conditioning is supplied by
TUS hot water or by heat pumps. No electriczl resistance
heaters are used for space conditioning. Cooling is
supplied either by chilled water supplied by the TUS; for
builldings not on the TUS it is supplied by heat pumps
running in the cooling mode. Domestic hot water is supplied
everywhere by electrical resistance heaters.

Option 2. Heating space conditioning is supplied by
TUS hot water or by heat pumps. No electrical resistance
heaters are used for space conditioning. Cooling 1is
supplied either by compressive air conditioners or by heat
pumps running in the cooling mode. Domestic hot water is
heated by TUS hot water; or for buildings not on the TUS

by electrical resistance water heaters.

The percentage of the total base's winter design day

space conditioning load

(4]

upplied by the TUS 1s described

as the TUS's Thermal/Electrical load split value. The

Thermal/Eléctrical load split value refers to the percentage




T2

of the peak winter design locad the TUS is supplying.
Hence, a Thermal/Electrical locad split va
means that all buildings have thelr space conditioning
supplied completely by the TUS. A Thermal/
load split value of 0% means that all space conditioning
is being supplied electrically. Intermedlate values
Thermal/Electrical load split refer to various mixes of
thermally and electrically supplied space conditioning.

The 100% Thermal/Electrical split value for either

TUS option requires that each building on Ft. Knox b
i attached by plping to the TUS. Figure 4.1 shows the TUS

layout for the 100% split value. The dashed lines indicat:
380°F hot water transmission piping (Primary lLoop). The
dotted lines indicate 200°F hot water -(or-#5°F chtlled-
water) distribution plping (Secondary Loops). The sguare
boxes represent transitions from 380°F transmission wa
through heat exchangers to 200°F water or to large absorp-
tive ailr conditioning plants produc
Except for the base hospitals, a building may be supplied
with TUS 200°F hot water or by TUS 45°F chilled water, but
not with.hct water and chilled water simultaneously.
a bullding with chilled water cooling in the summer mus

have year-round domestic hot water from electrically

 supplied heaters. For a TUS simt ¢ 3 ven Vs
TDIST2 operates a given secondary loop in either the hot
water or chilled water mode, but difterent loops




may simultaneously te heating and . This requi
ment may occur during winter-spring or spring-s
weather conditions. At these times, some .secondary 1lc

The circles in Fig. 4.1 ad cent F
purposes of the simulation, in t
vicinity of a load center are assumed to } t = g
applied at the load center. The distribution

vy

o
Nete
i b

or
-

tem receives water at 380°F from the central power plant
and distributes the water to the primary-to-secondary
heat exchangers. Return water leaves these heat exchang
at 150°F and returns to the central station. The water

16

temperature decreases along the le

heat is lost to the ground. The

these energy losses.

primary-to-secondary heat cxchangers, and distribute th

water to the load centers (consumers). Water leaves tl

load centers at 80°F and returns to the primary-to-

secondary heat exchangers. If cooling is required, th

primary-to-secondary heat exchangers become absorptive
34 - L . - Ny - m ” . 3 ~ xy 1AAHC + Y 25 s 2%

conditioning plante The secondary loops then distri

cribes
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water at U5°F for chilled water air conditioninsg. Water
leaves the load canters at 55°F and returns to the air

AT omA

conditioning plant. Once again, the TDIST2 simulatiocn
includes the effects of heat transfer from the ambient to
the chilled water.

In the Fort Knox studies, computer simulatiocns have
been run for both design Options 1 and 2 for Thermel/

g

Electrical load split values of 100%, 80

ER Y

and 0%. These values span the complete range of thermal/
electrical use fof each TUS design option. Lifetime
present-worth Total TES costs for each split value for
each TUS option are also computed. Decreasing the
thermal/electric split value from 100% to 80%Z, etc.
accomplished by shedding buildings from the 100% TUS until
a total of 20% of the winter peak load has been transferred

to electrical supply. Loops are shed selectively in

decreasing order of a calculated energy density parameter
This parameter for a given loop is the psak winter load
the loop divided by the total length of piping required
to supply the loop. Thus, the loops which are drcoped
first are those which supply the least power with the most
piping. Using this criterion, the surviving heat exchanger
and load center numbers for each split value are listed in
Appendix C. 'Appendix C also lists the bullding distribution
assignments; that is, the number of buildings cof each type

which are applied to the load centers in the TDIST2 simulation.




Pipe sizes for each TUS configuration are calculated

by TDIST2 to give a maximum fluid velocity of 8 ft/sec at

the design mass flow rate

ct

hrough a given pipe. This
calculated pipe size i1s then compared to schedules of
commercially available high pressure insulated pipe. The
final pipe size selected is the smallest available pipe

size which will give a fluid velocity of 8 ft/sec or less.
Appendix C lists the pipes, lengths and pipe cross-sectlonal

areas for each pipe for each TUS design configuration.
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FORT KNCX UTILITY SYSTEM SIMULATION RESULTS

In the preceding -two chapters, the fifteen Fort Knox

]

f

energy consumer categories and the layout of the thermal
utility system options are presented. The basic data
required to determinz the optimal TES design — affording
the minimum total cost over 1ts lifetime — are the installed
power plant thermal and electrical power generation capaci-
ties, the thermal energy storage reservolir capacity, the
energy loss rates and size of the Thermal Utility System
(TUS), and the total energy required annually by the power
plant. In order to determine these economic study input
data and to investigate the behavior of the TUS over a
range of seasonally-varying thermal and electrical energy
demand schedules, many computer simulations, each covering
a 24-hcur period, have been performed. These calculations
involve varying the energy supply system options for the
base during six different weather days throughout the year.
It has bcen assumed that the seasoned weather conditlons at
Fort Knox are approximately symmetrilcal between the spring
and autumn. The days chosen for study have been designated
as the peak winter heating demand day, an average wilnter
day, an early spring day (identical to a late fall day), a
late spring (early fall) day, an average summer day, and

Oy

the peak summer cooling demand day. The sequence of simula-




tion runs is as Tollows: =

1. Run case of peak winter design hour in order to size
pipes and neat exchangers for winter loads.

2. Run case of peak summer design hour in order to size
pipes for summer lozds.

3. Compare winter peeak and summer peak pipe sizes. If
absorptive air conditioning 1is specified, secondary
loop pipe slzes will usually be larger in summer than
in winter (due to lower available AT, 10°F in summer
but 120°F in winter). Select the largest plpe sizes
from both simulations to form the "design" pipe
configuration.

4. Using the "design" piping, run the cases of ths six
seasonal days In order to determine component sizing

and the annual energy consumption rate.

5.1 Daily Energy Demand Schedules

Figures 5.1-5.34 display the results of the winter peak
and summer peak design simulations for the complete range
of thermal/electrical split values for both the absorptive
and compressive air conditioning options. Also shown are
the seasonal simulation runs for the 100%, 60% and 0% split
values for the absorptive 2ir conditioning option. The
flgures show the diurnal variation of electrical demand,
TUS thermal power demand, the hot mass stored in the

reservolr and the instantaneous power beilng delivered to




the reservoir. The simulations are based on nuclear power

station electrical generation efficiency of 38%.

Generally, in the plots, the peak heati

ja]

g power demand
occurs in the interval 1:00 to 3:00 AM at the coldest time
of the night and before the sunrise. - The peak cooling
demand usually occurs in the early afternoon. Note that

the hot mass 1n the reservoir decreases when the thermal
demand exceeds the power plant thermal output to the
reservolr, and that the hot mass in the reservoilr increases
when thermal demand is less than power plant thermal output
to the reservoir. The computer model of plant operation

is based on an assumption of constant thermal power opera-
tion, ‘typically required for-nuclear power plants. That is,
the nuclear reactor core thermal power remains constant

over the course of a day, but 1s allowed to vary seasonally.
Thus core power output on the peak winter design day might
be a constant 150 MW(t), and on the typical spring-summer
day 1t would be a constant 70 MW(t) (although the core would
be capable of producing 150 MW(t)). Under these operatin
conditions the waste heat available as a result of required

electrical energy generation is stored in the thermal

3

reservoir or 1s dissipated in the plant's cooling towe

If more thermal energy is required over the course of the

day than the net energy available from electrical wa

[47]
L)
e 2
M
]

the simulation automatically increases reactor power to

supply the total thermal energy demand. Typically, during




30

the winter spii g S, cor
power will bal olel 5
3 electriceal B thermal i

However, in the summer or at low thermal/electrical split
values, the waste heat available from electrical production
1s larger than the thermal demand znd so 2xces nergy

is dissipated in the cooling tuwer. The ccmputer simulation

automatically calculzates the minimum re

and reservolr volume necessary to meet the day's thermal

and electrical demand schedule. HNote ~equlrs
reservoir volume depends not only on maz f the
thermal demand, but also on the differ betwe the

thermal demand and plant thermal output. Therefore
figures chow, the required reservolir wvolume f{cr ti s -
tive air condition
mismatch of thermal and electrical power hedules, wl
for the compressive alr conditioning optiocr vinter
thermal-electrical power schedule misme

required reservoir volume.

The reservolr mass and thermal snergy [l

shown for the 0% thermal/electrical spllt cass six y TU
1s censidered to exist in this all-electric se. For son
split values in the winter-spring or spring-summe: 1SS8,
the thermal demand 1s seen to go to zero. This indicat

that due to mild weather conditions th pPac onditi

demand is negliglbly small and th

turned off.




’AD=AQ43 701  MASSACHUSETTS INST OF TECH CAMBRIDGE DEPT OF NUCLEAR=-=-ETC F/6 10/2 N
ANALYSIS OF NUCLEAR AND COAL FUELED TOTAL ENERGY SYSTEM OPTIONS==ETC(U) !

JUN 77 F R BEST, S B GOLDMANs M W GOLAY DAAK02=74=C=0308
UNCLASSIFIED USAFESA=RT=2039 NL

oo

HEEERRERAREEA
AEEE0EEEDAEBEEE
ENREEEEERA00DEEEE




O

—=
==
__—

I

N
O

I

= 12

I

Iz

<

ll2

s s

—
N

I

N
o

I

(e o]




MACNITTUNE

81

Figure 5.1

TES PARAMETERS - FORT KNOX
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Figure 5.3
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Figure 5.4
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Figure 5.7
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Figure 5.9

TES PARAMETERS - FORT KNOX

607% TUS ARBS A/C PERK WINTER

Electric Demand -
MWE x 10

TUS Demand -
108 BTU/HR

Reservoir Hot liass -
106 LB

Energy to Reservoir -
108 BTU/HR

="

o e N
ié 13 c

TIME OF DAY

an—

()

Y




MAGNITUDE

82

90

igure 5.10

TES PHRAMETERS - FORT

60% TUS ABS A/C FEARK SUMMER

KNOX

a

Electric Demand -
MWE x 10

TUS Demand -
108 BTU/ER

Reservoir Hot lMass -
108 18

Energy to Reservoir -
108 BTU/HR

0 6 12 18 24
TIME OF DAY

)
30




MAGNI TUDE

70 3.15

.25

2

1.80

w45 .90

-.00

91

Elgure 5,71
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Figure 5.12
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Pigure 5.13
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Filgure 5.15
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Figure 5.18
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Figure 5.23
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Figure 5.24
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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 MW(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 annuql 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
MW(t) required for the peak winter day, not the 76.4 MW(t)
required for the peak summer day. Similarly the required
reservoir volume is the 11.4 x 10" ft3 required for the
peak summer day, not the 8.9 x 10“ ft3 required for the
peak winter day.

Trends in component sizing conform to expectations.
For Option 1, as the thermal/electrical split value 1is
reduced from 1003, 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 repiacing 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 remains unchanged. However, as the

split value<is further reduced, the increasing amount of

%
|
|
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TABLE 5.1

MA

Absorptive Alr Conditioning- Compres
Electric Hot Water TUS
Segion Option (1)
Split Design
bayj Power Plant | Therral Res er
Size voir Size 34
(MW(t)) (Ft>) (MW
h
100% W 97.1% 8.9x10" 35.
s 76.4 11.2x10"" 138
gog| w 93.L% 8.6x10" 92,
1 %
s 70.65 10.3x10" 142,
6oz | w 116.2% 8.ux10" 110.
*
3 73.4 9.5¥10u 145,
I *
sox | w 176.6% .8x10" 173.6
S 100.4 7.6\10u 1531
g J
20| w 212.5% 7.6x10" 210.
S 114.0 6.7x10u o
0% W 270.3%
NA SAME
S 165.8

® indicates required compcnent size

operation.
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electrical power required to drive the heat pumps results

in power plant thermal energy production output being
greater than the thermal demand. This réquires an increased
. reactor size and results in wasted thermal energy. It 1s
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
fruitlessly.

Required thermal reservoir size for power summer peaks
in Option 2 are not shown, because the only thermal demand
consists of the small domestic hot water demand. This
thermal power demand 1s 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 i (absorptive air condi-
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 thls waste heat and

therefore this option requires a smaller pcwer plant.




-

(o

jov]
0

Similarly, the 0% winter case fi.e., all heat pump heating)
uses only the plant's electrical power output, and wastes
all of the thermal energy. Note, however, that for the

0% case the required reactor size 1s based on winter heating

loads slnce these are larger than summer cooling loads.

5.2 Sizing of the Thermal Energy Storage Reservoir

The primary function of the thermal energy storage
reservolr is to supply the thermal utility system power
demainds during peribds of Insufficient power plant output.
Its size therefore depends critically upon the assumed
mode of power plant operation and upon the thermal energy
supply and demanc imbalances determined by the variations
in the thermal and electrical load schedules. In the pre-
ceding section a constant total energy output mode of plant
operatlion has been described, in which the station's elec-
trical power output follows 1ts electrical demand schedule,
and its thermal output 1s buffered from the thermal demand
variatlons by the reservolr. In general, because Fort
Knox's thermal! and electrical energy demand peaks are not
of a comparable magnitude for all non-optimal conditions
{(e.g., a 38% efficlent power plant cannot generally produce
electricity to meet the peak electrical demand and use
directly its turbine exhaust heat to match the thermal
peak) and because these peaks occur at different times dur-

ing the day (see Section 5.1), the reservoir must be sized
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to store a relatively large quantity of hot water for
periods of 12 hours or more. (Present technology precludes
the efficlent storage and retrieval of large amounts of
energy over periods of longer than approximately one or two
days, except in cases of most favorable geographic loca-
tions for natural storage [1]; therefore, seasonal energy.
storage optlions 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 discharges 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 [1] 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 utility system,
the reservoir must be pressurized té roughly 250 psia
to prevent the HTW's flashing to steam. To date, cylindri-
cal steel storage tanks capable of withstanding this pres-
sure have been limited to a size of roughly 20 feet in
diameter and 70 feet long [2]. From Section 5.1, it is
seen that the 21,991 cubic-foot volume of one of these

tanks does not provide enough capacity to smooth 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 1s rather composed of a set of these
smaller tanks piped 1n 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 magnhitudes of
these energy flows, the primary criterion to be met by the
storage system is that on the most severely imbalanced day
of the year, the reservoir, in combination with the thermal
energy output of the power plant, must supply enough thermal
energy to Just meet the utility system demands without being
completely discharged and must 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 1is
seen that for Option 1, although the day with the maximum
total energy consumption is the peak winter design day,
the peak summer day's thermal demand schedules exhibit the

greatest variations, and therefore the energy supply and




and demand conditions on that day determine the reservoir
size required for this option. Table 5.1 presents the
reservoirs chosen for each of the utility system optlons
as dictated by these requirements. If the reservoirs are
sized to Just meet the design volume criterion shown,
they will be completely discharged only during the peak
imbalance day, and the position of the hot/cold water

interface will vary much less on the remainder of the days

throughout the year.

5.3 Annual Energy Consumption

Using the thermal and electrical energy demands computed
in each of the dally simulations, the annual erergy consump-
tion for a given case is calculated. Table 5.2 lists these.
data. The parameter shown in Table 5.2 1s the total core
thermal energy produced during the year for all of the cases
examined. This 1t not equal to the power delivered to the
end-use consumers, because throughout most of the year the
thermal demand is less than the waste heat available from
electrical generation, and this excess heat 1s exhausted to
the atmosphere. Coal consumption rates are discussed in
Section 6.

Table 5.2 shows that, of gll the cases considered,

jo
o

maximum uranium conservation is achievec
configuration of Option 1. Option 1 fuel use is less than

Option 2 fuel use due to the constant power requirement




TABLE 5.2

ANNUAL ENERGY CONSUMPTION RATES* FOR

THE TES CONFIGURATIONS WHICH WERE EXAMINED
Option 1 Option 2
Abscorptive Compressive

Split Value'

Alr Conditioning
(Units of 10° MW(t)hr)

Air Conditioning
(Units of 105 MW(t)hr)

100%
80%
60%
4oz
20%

0%

5.34
‘5.18
5.71
7.24
8.13
10.13

€.50
6.46
6.81
8.13
8.92
10.13 (same)

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




imposed on plant operation. That is, the high core power:

(required to supply peak electrical demands for compre

air conditioning in the summer) are npt efficiently ut
Therefore, even though the compressive air

COP has a value of 2.2 compared to the absorptive air

ditioning COP value of .95, the total core power required

s

is larger for Option 2, because

S p

duced during much of the day. If load follcwing of

were used in Option 2, total energy consumption would

(@]

decrease (see Secticn 6 -

~

plant size would still be [ixed by er demands
~ v ¥
therefore would Tremain unchanged.
To further illustrate the differences betwecen Opt

and 2, Figure 5.36 shows a plot of the daily core power

for both options as a function of the month of the yea

an 80% split value. In generating these annual power

characteristics are symmetrical between the spring and
seasons.
Figure 5.36 shows clearly the unfavorable effect

constant power systems of using compressive air conclt

Not only 1s the average daily power level higher during

the summer for Option 2 than for Option 1, the plant
factors for Option 2 zre lower than those of Option

high thermal/electric split values) as shown in Filgure

Option 2 capacity factors for split values lower than
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FIGURE 5.36
FORT KNOX ANNUAL DAILY-AVERAGE

ENERGY CONSUMPTION SCHEDULE
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Figure 5.37
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improve due to the increasing winter season electrical
demand. At split values above Moi, Option 2 winter elec-
trical demand 1s 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 1s being made of
the reactor during the winter than is the case at éigher
split values for which winter electrical demand is low.

The argument can be made that 1f the plants were allowed
to operate in a load-following manner, the excess energy
production could be significantly reduced, i1f 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 plants 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 huclear power élant 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 1s the cost of the proposed system in 1985

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 1n Section 5.1. Calculation
of the component costs of the plant 1s 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 (0/M), and
the capital cost of a cooling tower (sized for peak plant
capacity). Table 6.1 1lists the cost of each of these items

and the total cost for both the absorptive air conditioning

,, —
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option and the cecmpressive air conditioning option. No
fossil-fired backup heat source is listed for the 0%

the “mal/electric split value be:ause; for this split value,
no TUS exists to require backup support. The nuclear power
plant 1s considsred to.have its own electrical backup
system, but electrical backup for the base 1s supplied by

a tie-1n to the local utility grid.

Note that power plant capital cost and fuel and O/M
cost comprise 95% of the éotal present worth nuclear option,
so that errors in overestimating the cost of the fossil-
fired backup or cooling tower oversizing have a small effect
cn the overall cost total. Detailed calculations of nuclear
power plant capital costs are presented in Appendix D.1.

In brief, the capital cost of the plant 1i1s calculated by
evaluating the functional dependence of capital cost versus
size, as given by Metcalfe, using the CONCEPT III code ([1].
The cost of the fossil-fired btackup power plant for the
TUS decreases with decreasing values of thermal/electric

ioad split, due to the reduced size of the TUS.

6.3 Coal Gasificatlon Gas Turbine (CGGT) Plant Costs

Section 2.3 lists the important parameters of the CGGT
components. Estimating the cost of gasification eqguipment
1s complicated by the dependence of equipment cost on coal
type and by the reluctance of vendors to commit themselves

to statements of unlt cost data. Projecting costs into the
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TABLE 6.1 .
NUCLEAR POWER PLANT COST COMPONENTS*

Nuclear . Fossil- Fuel Caols
Split Power Fired + g° N&  motal
Plant Backup o/M s

ABSORPTIVE

AIR CONDI-

TIONING:
100% 102.24 5.95 54.6 &l 165.3
80% 100.26 © 4.90 52.9 2.41 160.5
60% 111.90 2503 58.3 3.00 PEe.2
402 138.13 2.54 73.9 4.56 219.1
20% 151 .75 55 83.0 5.49 241.8

0% L7 NA 103.5 6.97 281.6

COMPRESSIVE

AIR CONDI-

TIONING:
100% 122,01 6.15 66.7 3.56 198.4
80% 123.91 5.08 66.0 3.67 198.7
60% 125.35 .15 69.5 3.76 202.8
Log 136.94 2.61 83.0 4.u8 227.0
20% 150.96 .58 91.1 5.44 249.1

0% 7 P NA 1935 6.97 281.6

#In units of 1985 millions of dollars.




future is further complicated by the uncertainty scala

tion rates. Escalatlon rates projected Metealfe are used

to facllitate comparisons between dififerent pcwer plant
types and to insure uniformity betwsen the two r rts. The

cost of a CGGT system for a given TUS split is determ 3

matching the capacitles of the components tc ti thermal

electric load calculated by TDIST2. Because tt gasifiers
and gas turblnes are only available in certaln sizes, the
capital cost of the CGGT plant does not var ntinuously
with TUS split, but instead changes incrern tally as eact
additional module is added into the system.

Coal consumption is calculated by using the following

technique: (detailed 1in Appendix D.2)

15, A twenty-four hour simulztion of the Ft. Knox thermal
and electrical power demands for a particular day at
a given thermal/electric load split is performed
(Figure 5.34),

2) The gas consumption required to geners: t electrical
demand schedule 1s calculated by using average heat
rate for the gas turbine gensrators,

3) The waste heat recovered from the turt ust 1
subtracted from the tctal thermal energy mand calcu-
lated by TDIST2 - if the total thermal energy demand
exceeds the waste heat recovered from 5 ine
additional gas is burned in a central hot water e 3

y) The total amount of coal ] £ t g is 1
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by adding the electrical gas consumption to any extra
heating gas consumption, and converting gas consumption
to coal consumption via the gasifier conversion effi-
clency, .

The yearly coal consumption for a given thermal/elegtric
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. 1In practice, an average winter
day, an average winter-spring day, an average spring-
summer day and an average summer day simulations are
used to calculate annual fuel consumption. Fuel con-
sumption is then integrated over the year to obtain
total annual fuel consumption. Steps 1 through S musf
be repeated for each thermal/electric 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 tge reguired

equipment capacities.

Table 6.2 lists the annual coal consumption for each

thermal/electric split value for both the absorptive and
compressive air conditioying design options. Note that

the relative consumption of fuel (coal) between Option 1

and Option 2 has shifted as compared to the fuel consumption
(uranium) for the nuclear power plant. This 1s directly

attributed to the fact that the CGGT plant operates in a load
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TABLE 6.2

ANNUAL COAL CONSUMPTION R!

Split Value

Option 1
Absorptive

Air Conditioning

Option 2
Compressive

Air Conditioning

100%
80%
60%
4oz
20%

0%

1.90
1.89
1.87
2.03
2.2

2.62

176
181
1.85
'2.08
2.29

2.62

¥Coal consumption rates are stated in units of 105 tons/year;
See Appendix D.3.1 for coal analysis.
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following mode whereas the nuclear power plant is constrained
to operate 1n a constant core power mode. Thus, during off-
peak demand periods, the coal-fired unit can reduce power

"~ and conserve fuel.

Tables 6.3 and 6.4 1ist, for all plant options, the
number of FTUC turbine units and their net costs, the number
of Lurgl gasifiers and their net costs, auxiliary boiler
costs, the present worth of a thirty year coal supply (at
$27/ton), and the present worth of thirty years worth of
operating and maintenance costs (at 4 mills/KW(e)hr). It
is interesting to note that local minima appear to occur in
the total present worth costs at thermal/electric split
values of 100% and 60%. This behavior'is due to the modular
(and therefore incremental cost) nature of the CGGT plant
model. That is, the gas turbine and gasifier component
costs do not vary uniformly and continuously with thermal
electric split values. This is clearly seen in Figure 6.1
where the comblned capital cost of the gas turbines and
gasifiers 1is plotted. This effect 1s reasonable and to be
expected. A single FTUC gas turbine has a capacity of
26.3 MW(e); therefore it can handle a range of electrical
demand. In moving from one thermal/electric split value to
another, the 1lncrement in €lectric demand may not exceed
the previous electrical capacity and no additional turbine
is added to the system.. Conversely, since the nuclear
plant is speclally designed for a given case, the unit capacity

varies continuously and therefore cost also varies contlnuously.
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TABLE 6.4

COAL GASIFICATION GAS TURBINE PLANT COSTS(

)

COMPRESSIVE AIR CONDITIONING OPTION

Split

Turbine Gasifier

Coal

-

Auxiliary
Value Cost Cost Cost 9/ Boiler Total
22.5 38.5
100% (3 units) (5 units) 44.8 6.5 6.8 1E9 2 X
30.0 38.5
802 (4 units) (5 units) 46.1 6.7 4.3 125.6
30.0 38.5
60% (4 units) (5 units) 47.1 6.9 1.9 124.3
30.0 46.2
90F  (4units) (6 untts) °3:9 7.7 (2) 136.9
37.5 53.9
20% (5 units) (T units) 58.4 8.5 (2) 158.4
0% 3 69.3 i
5 units) (9 units) 66.6 9.7 (3) 183.2
Notes:

(1) In units 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 requiring backup.




FIGURE 6.1

COMBINED GASIFIER AND TURBINE COST
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6.4 Thermal Utility System Costs.

Thermal Utility System (TUS) costs are composed of
the cost of the piping (including insulation and installa-
tion), the cost of the pumps, the cost of the heat exchangers
and the cost of the thermal storage reservoir. Calculation
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 exchénger costs, thermal reservoir
costs and total costs for each TUS studied.

There are several items to note in Table 6.5. The
compressive air conditioning system option pipe costs are
lower than the absorptive air conditioning system pipe c;sts
because the absorptive system option secondary piping is
larger than the compressive system's secondary piping. The
absorptive system sccondary piping is larger because it
must handle the much higher water flow rates of the chilled
water summer cooling loads. Recall that secondary loop
heating 1s supplied by water at 200°F and returning at 80°F,
corresponding to a 120°F temperature drop. However, secon-
dary loop cooling is supplied by chilled water supplied at
45°F and returned at 55°F, with only a 10°F temperature
change. Therefore, for a given magnitude thermal load, the
chilled water system must pump much more water than the
heating system. Thils increased flowrate requirement is
reflected in both the pipe and pump costs of the two design

are virtually identical

options. Heat exchanger cost

w




TABLE 6.5

THERMAL UTILITY SYSTEM COSTS*

4 LAl 2L

Heat
i Res Total
Split Pipes Pumps Exchangers Reservoir ta
Absorptive
Air Condi-
tioning:
{
100% 46.8 .40 6.9 ST 57.8 !
80% 3T -3 .37 5.8 3.3 L6.7
i
60% 30.3 <3 4.6 3.0 38.2 |
Lo% 19.2 -18 2.4 2.4 28 .2
20% 12.7 .14 b7 2.3 16.9
!
Compressive
Air Condi-
tioning:
100% 33.7 .28 6.9 2.7 43.7
80% 25.9 w22 5.8 2.7 3L.5
60% 21.0 .16 4.6 2.6 28.4 j
L4og 134 + 10 2.4 2o 18.3 i
20% 8.6 .07 1.7 8.3 f
i

#In units of millions of dollars in 1985.
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since heat exchanger sizes are determined by peak winter
loads which are essentially the same for both options.

Thermal storage reservoir costs for‘the compressive
air conditioning 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 absorptive cooling reservoir
sizing must handle the large thermal mismatches caused by
summer-peak air conditioning loads.

A detailed discussion of each cost component in Table

6.5 is given in the following sections.

6.4.1 Piping Costs

The piping specifications and layout of the piping for
the TUS is carried out with the guidance of the "Manual
of Design Criteria for Military Construction for High
Temperature Water Heating Systems with Forced Circulation
Boilers," EM 1110-345-162, prepared by Geiringer, P.L.
All piping in the system consists of insulated supply and
return lines buried in a common trench at a depth of six

feet. Table 6.6 1lists the net cost of piping, insulation,
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TABIE 6.6

THERMAL UTILITY SYSTEM PIPE COST FILE®

Pipe Size T
‘”°§iﬁiéu?éa?§t§§;§?°“es (Dollars/Foot)

1 28

2 70

3 94

" 98

6 138

8 166

10 209

12 288

14 301

16 397

18 468

20 523

22 570

24 o

¥Stated in unit costs in 1985 dollars per linear
foot of pipe installed.




excavation and backfill on a unit length basis for the

pipe sizes used in the design of the Fort Knox TUS. The
base cost data used to produce this table are presented
in Appendix D.6 together with listings of length and
internal cross-sectional area for gach pipe used in each
TUS simulation. As suggested by Geiringer, pipe sizing
is based on a nominal 8 ft/sec at the pipe's design mass
flowrate. The cross-sectional area so calculated will
usually lie between two-available pipe sizes; the larger
pipe 1s then selected as the design pipe size. Selecting
pipe sizes in this manner insures a realistic simulation
(i.e., commercially available pipes are used), and it
includes a prudent margin for system expansion.

The total cost of piping for a given TUS design is
calculated by using the cost table of Table 6.6 together
with the pipe 1listings of Appendix D.6. The TDIST2 simula-
tion checks the pipe cost file to determine the cost per
linear foot for a pipe size and multiplies this by the pipe
length. 1In this way, TDISTZ2 calculates the total cost of
the piping used in the simulation.

In practice, however, not every bullding on a base is
explicitly connected to the TUS by a pipe in the TUS simu-
lation. As is discussed in Section 4, buildings are
aggregated into load center groups which are used to simulate

the building demands. Every building on the base is

accounted for with regard to its electrical and thermal
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demand, but not all piping is included explicitly in the
TUS simulation. In effect, the TUS simulation neglects

the pipe that connects an individual building to the water
main in the street (which usually is explicitly listed in
the TUS simulation). For example, the 100% TUS for Fort
Knox 1ists 122 major pices of pipe. The total number of
bulldings described 1in the system is 1499. The cost of the
piping required to connect these buildings to the water
mailn in the street is an important, but not a dominating

item in the total piping cost. The ¢

st of piping required

(e}

to connect buildings to the street mains is calculated by
correlating pipe length with BTU delivered, as detailed in

Appendix D.8. Resulting piping costs are shown in Table 6.5.

6.4.2 Pump Costs

Based on the pipe sizing criterion discussed in Section
6.4.1 and the building loads, the computer simulation calcu-
lates the pressure drops experlienced by the fluid in the
TUS. Pump size is determined by the system design flowrates
and pressure drops. Once the pump rating 1s known, pump
costs are evaluated using the correlation presented
Appendix D.7. Appendix D.T7 also lists the location and
rating of each pump in every TUS option studied. Eecause
the secondary loops are relatively independent of one
another, the secondary loop pump ratings dec not change signi-

ficantly from simulation to simulation (of course, secondary

J
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loops disappear as the thermal/electric split value 1is
decreased). However, each thermal/electric split value has

a unique primary loop configuration and pump rating resulting
. from branches of the primary system being deleted as the
thermal/electric split value 1is decreased. Pump costs are

shown for each TUS option in Table 6.5.

6.4.3 Heat Exchanger Costs

The TUS heat exchangers used in the TDIST2 simulations
are single-pass, counterflow units with 1" 0.D. tubes and
1" I.D. channels is square bundle matrices. Appendix C.1
details the design heat transfer coeflicients of these heat
exchangers and lists their required heat transfer areas
and costs. Total heat exchanger costs are also listed in
Table 6.5 for each TUS option. The cost function used in
computing the capital cost of these heat exchangers — given
in Eq. (6.1) — is relatively insensitive to the details of
the heat exchanger configuration, requiring only.a specifi-

cation of the total heat transfer area of the unit.

c

» 506,000 + 5.9 A (6.1)

where
Cg ™ heat exchanger cost (dollars in 1985), and
A = total heat transfer area (ftz).
Although originally derived for 1971 costs [4], the coefficients

in Eq. (6.1) have been excalated to 1985 dollars.




Consumer heat exchanger costs (for individual buildings)
were estimated by a technijque similar to that used to deter-
mine bullding 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),

C, = 5K (6.2)

where

C, = heat exchanger cost (dollars in 1985), and

A total heat transfer area (ftz).

It 1s 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 built 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 TUS cost, since consumer heat exchanger costs make

up less than 2% of the total TUS cost.

6.4.4 Thermal Energy Storage Reservolr Costs

In computing the costs of the thermal energy storage

reservoir for each system option, the 1973 benchmark cost




of $1 per gallon of storage capacity used by Nida [5] is

doubled for conservative estimation and is escalated at 6.2%
per year to $4.12 per gallon in 1985. Since the reservoir
1s composed of an interconnected set of from two to eleven
identical ;anks, it 1s assumed that thls unilt cost applies.
uniformly to all designs, independently of their total
storage volume. Table 6.5 lists the costs of the units

considered for installation.

6.5 Electrical Transmission, Distribution and End Use

Equipment Costs

Detailed calculations of the costs of electrical trans-
mission, distribution and end use equipment are presented
in project reports [4,5]. The calculations of electrical
end use equlpment costs are performed in a manner similar
to the calculation of TUS piping costs. Peak winter and
summer weather simulations are run for a given TES option,
and the maximum load (heating and cooling) for each bullding
type 1s used to determine the capacity of the electrical
end use equipment for that bullding type. The total equip-
ment cost 1s then found by multiplying the unit costs by
the number of buildings of that type which are served electri-
For example, for the 100% TUS split value, all

cally.

buildings would be sized for compressive air conditioning,

o

and consequently the compressive alr conditioning cost would
q g




be at a maxilmum. For intermediate split valwes (i.e. some =
buildings heated by TUS hot water, and some heated by heat
pumps) those builldings heated by heat pumps are assumed to
be cooled by the heat pumps in summer and therefore are
not charged the additional cost of compressive air condi-
tioning. Electrical end use equipment is considered to
conslist of heat pumps, compressive air conditioning, ab-'
sorptive air conditionin , baseboard electric resistance
heaters and electric hot water heaters. The total costs of
these compconents for each TUS option are shown in Table 6.7.
Electrical transmission and distribution costs are
made up of the cost of transmission lines, transmission sub-
stations, primary dist;ibution lines, distribution sub-
stations, line transformers and meters. Transmission and
distribution costs listed in Table 6.7 are the marginal
costs of that option's transmission and distributlon system
compared to the transmission and distribution system required
to supply the base's electrical non-space conditioning load.
Marginal costs rather than total electrical costs are used
because the varlation of the costs in electrical supply
service involves only this factor (i.e. an irreducible mini-
mum electrical service is ilnescapable, and is reflected in
total electrical service costs). The calculation of trans-
mission and distribution cests 1s detailed in Ref. [4]. It

involves correlations of cost depending on total area

served, magnitude of the demand and the type of consumer.
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TABLE 6.7

ELECTRICAL END USE EQUIPMENT,

MARGINAL

TRANSMISSION AND DISTRIBUTICN COSTS*

Heat Alr Electric| Transmission PR
SpLEE Pumps | Conditioning|Hot Water |& Distribution Total
J
Compressive
Air Condi-
tioning
Option:
100% NA 3.45 0 8.18 11,63
80% 10.59 2.86 .0l49 8.52 22.02
60% 19.41 2 55 .0996 B.TT 30.61
Lkog 35D 1.44 .1495 31.53 48.27
20% by 42 sl .2055 13.68 5903
0% 60.03 0 .228 16.86 1T .1e
Absorptive
Alr Condi-
tioning
Option:
100% 0 10.90 i 5.18 16.31
802 10.59 9.35 .228 7.18 27«3
60% 19.41 8.18 .228 8.90 30 T
Log 35.16 kD .228 11.94 52.U48
20% Ly, u1 Sl .228 13.94 62:29
#Costs stated in units of millions of 1985 dollars.
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The cost of the base case electrical transmission and dis- -
tribution system (supplying only non-space conditioning

demand) was calculated to be 55.9 million dollars in 1985.

6.6 TES Cost Minimization

Tables 6.8-€.9 1list the costs of the central nuclear
power station (HTGR), the coal gasification-gas turbine
plant (CGGT), the Thermal Utility System (TUS), electrical
equipment (E) and total cost for each TES option. The
total TES cost 1is found 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 gasifier 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

1s $45.6/ton at a split value of 80%.
The compressive and absorptive air conditioning :ption ﬁ
cost curves converge at low thermal/electric split velues

because as the splif{ value decreases both options clctiely




TABLE 6.8

TOTAL ENERGY SYSTEM C

ABSORPTIVE AIR CONDITIONING OPTIO)

Split HTGR CGGT TUS Total
100% 165. 3 5T+79 16.31 239.4
107.6 57-79 16.31 1817
80% 160.5 ‘ 46.66 | 27.35 | 234.5
119.9 46.66 27 .35 193.9
60% LTt -2 38.22 36. 72 2521
213 A5 38.22 36.72 192.4
Log 21901 24.15 52.48 295.7
135.5 24.15 52.48 221
20% 241.8 16.88 2.29 321.0
156 .7 16.88 62.29 235.9
0% 281.6 0 1112 358.. 7
183.2 0 1412 260.3

¥Costs stated in units of millions of 1985 dollars.
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TABLE 6.9 .

TOTAL ENERGY SYSTEM COSTS*

COMPRESSIVE AIR CONDITIONING SYSTEM
Split HTGR CGGT TUS E Total
100% 198.4 43.67 11.63 253. 7
119.1 43.67 11.63 174.4
80% 198.7 34.53 22.02 255.3
125.6 34.53 22.02 182.2
60% 202.8 28.36 30.61 261.8
_ 124.3 28.36 30.61 183.3
Log 227 .0 18 .2 L8.27 293.5
136.9 18.25 48.27 203.4
20% 249.1 12.71 59.03 320.8
158.4 12.71 59.03 230.1
0% 281.6 0 T7.12 358.7
183.2 0 7712 260.3

#Costs stated in units of millions of 1985 dsllars.
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FIGURE 6.2
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resemble each other. The crossing of the HTGR-powered TES
curves between 60% and 40% thermal-electric split values is
due to the shift in the sizing requirement of the compressive
air conditioning option plant. At high split values, the
compressive option plant size is based on summer peak air
conditioning loads, but at a split value of 40% the plant
sizing 1s based on winter peak loads. The absorptive option
HTGR size is always based on winter peak loads. Below a 40%
split value, both options are based on the same winter peak
load, but the highér piping cost of the absorptive option
forces its total TES cost above the compressi&e option cost.
Further discussion on these data is presented in the conclu-

sions of Section 7.

Skt

1
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CHAPTER 7 =

CONCLUSIONS AND RECOMMENDATIONS

7.1 Conclusions

From the economic analysis of Chapter 6, it is seen
that the global minimum cost TES occurs at a thermal/electric
split value of 100% for the coal powered compressive air con-
ditioning option. PFurther consideration of the coal consump-
tion and capital cost curvés of Chapter 6 leads to the con-
clusion that the actual minimum lies somewhere between the

b . 1
lectrical

80% and 100% split values, at the point where base
demand 1is Jjust satisfied by the three FT4C turbines of the
100% split and coal consumption has been reduced by optimizing
the consumer end use-~equipment mix. Practically, this is an
advantageous characteristic because it indicates that cost
reductions can be achleved by shedding distant loads from the
TUS (tﬁéreby reducing TUS costs) and shifting the loads to
electrical power (optimizing the equipment mix) thereby reducing
annual coal consumption. This of course 1is the reason for
which various thermal/electric split values are analyzed.

It 1s interesting to note in Tables 6.6-5.7 and Fig. 6.2
that the compressive ailr conditioning TES cption exhibits
the lowest cost over life. Intultively it would seem that
absorptive air conditioning, utilizing the waste heat availl-

able due to electrical production would give the lowest costs.

However, this 1s not the case. For almost every item, the
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comparative cost of the compressive versus the abscorptive
system favors the compressive system; however, the cost
differences between the two systems are small. 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 ip
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

capaclty and the electrical transmission and distridbution

pre

e

system. It should be emphasized that the cost margin separatin
the absorptive air conditioning system cost from the compres-
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 changes in component
capital costs could change the result.

Compared to a similar TES analysis studying Fort Bragsg,
N.C. [1], the optimal thermal/electric split value has been
increased slightly from a 75% thermal/electric split value
to an 80% split value. This shift is due to including elec-
trical transmission, distribution and end use equipment costs

in the TES costs. The Fort Bragg analysis assumed this cost




to be approximately independent of split value. Calculations
have now shown theat the act;al‘electrical system costs
increase as split value 1is 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 probably be near
100%. Alternatively, the split value would change if portions
of a base were selectively excluded from some service. For
example, i1f air conditioning were restricted to administration,
training and senior officer homes, this would change secondary
loop pipe sizes aﬁd shift the optimum split value. Similar
optimum values of thermal/electric split for Fort Bragg 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 Appendices 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 sized central plant, the

costs of the compressive alr conditicning sized TUS, the costs

v



of electrical end-use equipment sized for absorptive air
conditioning (subtracting the capital costs of the absorptive
alr conditioners) and adding electrical transmission and
distribution costs for the abscrptive system. Using this
technique, rough survey calculations may be performed of

other interesting possible TUS configufations as the 1ntefest .
arises.

Using total energy systems to supply a base's thermal
and electrical needs offers an opportunity to conserve valu-
able fuel resources. Howéver, Table 7.1 shows that, with the
coal gasification-gas turbine equipment commercially available
today, the most efficient energy conservation strategy will
not be realized. Table 7.1 lists the annual total of electri-
cal and thermal demands supplied by the CGGT-TES, together
with the annual coal consumption of the CGGT-TES. Also shown
is the coal consumption which would occur if electricity for
the base were supplied by a 33%-efficient coal fired electric
power plant, and with coal also being consumed on the base to
supply the required base TUS demand. The central coal-fired
electric plant is assumed to operate without waste heat
recovery, and the base's coal-fired boiler 1s assumed to have
an efficiency of 80%. The equivalent combined efficiency
for electrical production of the coal gasification-gas turbine
plant 1s only 20%. Thus, although the CGGT plant recovers
energy from the turbine exhaust for the TUS, the overall CGGT

efficiency 1s so low that increased coal consumption results
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AN ELECTRIC UTILITY AND ON-BASE THERMAL BOILER SYSTEM

Annual Electrical Annual Thermal | Annual Cozl
Energy Demand Energy Demand | Consumption
(Units of (Units of (Units of
tons)
10°MWe-hr) 10°MWt-hr) R
Compressive Air
Conditioning
Option §&0% TUS 1.45 212 181
Conventional
Utilities®* 1.45 78.9
212 47.
Total Coal
! Consumption P20
l |

tAssumes coal heating value of 9,500 Btu/lb; electrical generating
efficiency of 33% and boiler efficiency of 80%.
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from its use. This point requires further discussion. It
must be emphasized that usually total energy systems are
expected to save energy compared to separ;te electrical and
thermal energy production, as in the case of diesel engines
driving electric generators with heat recovery from the
diesel exhaust. This system burns diesel cil and does offer
high energy efficiency. The coal gasification-gas turbine
plant discussed in this report begins with a solid fuel and
converts it to a gas. The gas is then used in a turbine
generator set including waste heat recovery from the turbine
exhaust. Note, however, that the overall cycle must now
include the gasification energy conversion efficiency. For
this study an efficiency of 70% was used. [2] A turbine
average electrical generation efficiency of 25% was assumed
to apply. The moximum electrical conversicn efficiency for
the FTUC turbine is 27% [3]. Thus, parameters used in this
study fall within the nominal range of expected component
performance. The final answer must be that CGGT Eechnology
is not yet sufficiently advanced to offer fuel savings in the
type of mixed energy product required for a total energy
system.

It may be that a coal fired Rankine cycle plant using

a back pressure turblne or a steam extraction turbine could

s 3

supply base energy demands zt higher net efficiencies, but
this would require further study. Such a system would be abl
. .

to combust coal directly, but would have the additional




problems of sulfur and particulate removal from stack gases.

Herein lies the desirability of using a coal gasification-
gas turbine central station. The coal gasificatior process
allows easier and more convenient and more efficient removal
of sulfur and particulates from tbe product gas. Removing
sulfur and particulates from the product gas 1s necessary to

rotect the internals of the system's gas turbines. However,
it automatically insures that turbine exhaust will meet
sulfur and particulate cle;n air standards. In addition,

the gasification pro&ess 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 optdion. This cost of electricity
is based on a nuclear central plant cost of $132.68 million
(1985 dollars), annual fuel plus O/M costs of $7.00 miilion
(1985 dollars) and a 10% cost of money, giving a busbar
energy cost of 140 mills/KW(e)hr. Also shown in Table 7.2
is the equivalent cost of gas, based on a gasifier cost of
$38.5 million (1985 dollars), annual fuel plus O/M costs of
$5.59 million (1985 dollars) and a 10% cost of money, giving
a leve . ized gas cost of 392 cents per million Btu.

Figure 7.1 shows the capital cost of the nuclear-
powered and coal-fired total energy systems, replotted from
Fig. 6.2. The error bands associated with the coal-fired

option indicate the effect of changing coal prices. The base
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EFFECT OF INCREASED COAL COSTS ON THE COMPARATIVE

COSTS OF NUCLEAR AND COAL FIRED TOTAL ENERGY SYSTEMS

Total

Present Worth
TES Costs
(Millions of
dollarssin
1985)

ool i

- ]

i

Nuclear Powered TES (23

300}~
-

4-=-a

L
i |
200F- i o b dae
:-___—‘—_J/
B
Coal Fired TES
100 p= '
1 1 v I |
100% 80% 60% 40% 20% c%
Thermal/Electric Split Value
Notes:
(1) Based on coal cost of 90 (dollars/ton)
(2) Based on coal cost of 70 (dollars/ton)
(3) Based on coal cost of 50 (dollars/ton)
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case 1s calculated for a coal price of $27 per ton, but
the effects of $50 per ton and of $70 per 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 sensitivit& of total system cost
to variations in the base case component cost. The para-

meter plotted is given by Equation (7.1)

A Total Cost

Total Cost
A Component Cost °? i7-1)
Component Cost

where

Total Cost = total present-worth cost of a given
PES option

Component Cost = present-worth cost of a given compo-
nent (e.g. the TUS cost)

A Component Cost = the assumed change in component cost

A Total Cost = the change in TES cost due to the given
change in component cost.

As éxpected, Fig. 7.2 shows the large effect that
changes in the central station power plant cost would have
on overall TES costs. A surprising feature of this histo-
gram is the relatively small effect played by electrical

end use equipment.

ksl
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FIGURE ‘7.2

SEHSETIVITY OF TOPAL COSTS(l) TO VARIATIONS(Z)

IN COMFCONENT

GOSTS

Nuclear Power Plant

CGGT Power Plant

,

Nuclear

Coal

,

Nuclear
Electrical

End Use{
Equipment
Coal]

{
Nuclear
Electrical

‘*ansmissionl
&Distribution Coal

f“uuUuU,U

Notes:

(1) The figure shows the sensitivity of total costs to changes

in component cost for the 80% T
optlion; both the nuclear and coal fired options are analyzed

Us

compressive air conditioning

(2) Assumes a 20% change in base cost of compcnent.
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7.2 Recommendations

The final selection of a powe

|

source for the Fort

. Knox TES must be based on important criteria in addition to
expected monetary cost. Within the accuracy of the calcu-
lations, the optimal‘CGGT TES cost is 182 million dollars
(1985), which is much less expensive than the optimal nuclear
option. This advantage could be easily negated by rapidly
rising coal costs. Alternatively, cost overruns on the
nuclear power plant could significantly increase the cost
of the nuclear option. In addition, each system has impor-
tant secondary characteristics which argue in favor of its
selection for TES use.

Some of the more important power plant selection trade-
offs are summarized in Table 1.1. For example, the CGGT
system has the advantage of modular add-on rotential growth.
It is relatively easy to install another gasifier or gas
turbine unit to the power plant as is required by the expan-

sion of the base TES. The nuclear power plant is limited

(4

everely in its add-on growth ability.

The nuclear plant does have a significant advantage in
the dependability of its fuel supply. A freshly fueled
HTGR would be expected to supply from 3 to 6 years of
service before refueling would be required. Conversely,
storage of more than a few months' supply of coal on base

seems impractical because of the large bulk of such 2 coal

pile.




The ultimate selection of the power plant type must be

based on the user's present and proj
for electrical and thermal power, bu
with experlence in new technologies. As directed by the
President, the Department of Defense may wish to gain

operating experience with coal gasification technologi

(44
14]
.

As coal comes into increased use, the favorable sulfur
removal characteristics of the coal gasification process
may become a mandaped parf of the solution to the stack gas
clean-up problem.

Survey calculations of TUS pipe costs were performed
using plastic pipe in the low temperature and low pressure
secondary loops. Plastic pipe data was obtained from an
Oak Ridge National Laboratory report [4]. Steel pipe
(listed in the 100% TUS absorptive air conditioning opticn)

in the secondary loops costs 22.6 m
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If plastic pipe could be used, the corresponding
be 7.2 million dollars (1985). Overall pipe cost savings
are not as dramatic. The all-steel system costs 36 million
dollars (1985), while the steel and plastic system costs
20.6 million dollars (1985). Although plastic pipe 1s not
yet authorized by the DOD for heating hot water distribution
systems, the potential savings are so large that continued

interest 1s warranted.

In conclusion, it is felt that the TES analyses presented

in this report Include all significant physical phenomena an
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5 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 cn reasonable

- assumptions and should provide useful estimates of antici-

pated costs. ¥ )
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APPENDIX A.l

FUEL SAVINGS ACHIEVED BY A CENTRAL STATION

TUS COMPARED TO CONVENTIONAL HEATING

Central Station Gas-Fired Heater Efficilency

- BTU absorbed by water
BTU of fuel consumed

= 70% [6]

Individual "Home" Gas-Fired Heater Efficiency

BTU absorbed by water

" BTU of fuel consumed

= Hox [6]

Average fraction of thermal load recovered by Turbilne
Exhaust Waste heat exchangers = 82.5% for 80% thermal

split absorptive air conditioning option.

Assume heat load of 100 units

1. "Home" Heaters would require
, : %%% = 250 units

2. Central Station TUS would require

100(1 - .825)

7O = 25 units

Thus the Central Station TUS reduces fuel consumption by

225 units
250 units

= 90%
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APFPENDIX A.2 - -

COST OF ENERGY STORAGE AS HOT WATER

COMPARED TO GAS STORAGE

Gas Storage at 300 psi costs $12/ft3

For our system gas H.V. = 125 BTU/SCF

Cost of Energy Storage as Gas at 300 psi =

$12 _ SCP Fe3  _ $1.96
c¢3 125 BIU 0.09 SCF BTU

Hot Water Storage $7.5/ft3

Energy stored in each ft3 =

1 BT (380°F ~ 150°F) _ﬁm__‘ = 13529 BTU/ft3

)
1bm°F .017ft’

Cost of energy storage as hot water =

‘7'; 3 | = $:00055
reY |13500 2% BTU
re3

Clearly it 1s less expensive to store energy as hot

water than gas.




oot

AT, € e

g e v

[T e

T

173

APPENDIX B

FORT KNOX CONSUMER SPECIFICATIONS

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 thermal reslstances
of walls, windows, the roof and the basement; the building
height; 1its orientation; the outer wall and roof surface
materials; the wall and roof solar absorptivities; a compo-
site internal room and glass material window shading coeffi-
cient; the shading of each wall and the roof; the nominal .
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~cooffi-
cients 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-
ment throughout the analysis period; a schedule of build-

ing use factors relating appliance, lighting and ventila-
tion requirements to the building occupancy; and a schedule

of domestic hot water usage.




Because much of these data depend stropgly 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 for each of the representative Fo
Knox building categories. Members of the project from
together with FESA representatives, conducted an inform
gathering visit to Fort Knox. Tnis visit greatly facil
tated 1dentification of buillding 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. 1In
particular, special care was taken in specifying the
buillding shading coefficients, infiltration air flow co
ficients, ventilation requirements and building use pro
files, since 1t has been found that solar radiaticnal h
ing and the combined effects of infiltration and forced
air ventilation air flows contribute significantly to t
total bullding space conditioning loads. Large variatl
in these coefficients in the available literature, a ge
lack of detalled information from direct field measurem
and the individual building-specifiec nature of such fac
as tree shading and window weatherstripping made the ta

of formulating these specifications for a2 "typical" bui
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unit especially difficult.

Verification of TDIST2 load calculations was perfo
by comparison of TDIST2 output with measured data for a
"large multi-family dwelling. Details of this analysis w
presented in the October 1976 Monthly Progress Report un
this contract. 1In general, TDIST2 calculations were sho
to be within 10%-15% of measured data and of the same
accuracy as NBSLD [3] and E-Cube [2] calculations.

Tables B.1-16 and associated figures present the f
data specifications and assumptions made for each of the
fifteen consumer categories. Photographs of some of the
most generalized building categories, such as the wareho

or community center, are not avallable since no single

building 1s sufficiently representative.




Figure B.l
Type 1: Family Housing

Unit: Duplex, Large

Building number 7720
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TABLE B.1
BUILDING INPUT DATA

Type 1: Family Housing '

Unit:  Duplex, Large

Wall Area: 3080 ft2 ‘ i
Wall Composite Thermal Resistance: 3.4 hr-ftz-oF/BTU
Window Area: 1340 £t

Window Thermal Resistance: .89 hr-ftz-oF/BTU
Single pane, no storm windows

Roof Area: 3000 ft2
Roof Composite Thermal Resistance: 16.67 hreft2+°F/BTU
Basement Ground Contact Area: 3000 ftz
Basement Wall Thermal Resistance: 4.91 hreft2:°F/BTU
Building Height: 17 ft

Building Orientation: 45° from North

Wall Surface Material: Brick

Roof Surface Material: 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:U40 N:0.50 (see Table B.16)

.

Window Crack Length: 280 ft
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TABLE B.1 (Continued)

-

Window Air Flow Coefficients: C: 1.7 N: 0.66 (see Table B.1l6)
Wall Air Flow Coefficients: C: 0.01 N: 0.80 (see ‘'Table B.16)
Peak Ventilation: 600 CFM —assumed one air change per hour
as per Army measurements and typical
residential data

Connected Electrical Load: 3.65 KW, primarily lighting at
0.87 watts/ft2 total floor area

Peak Domestic Hot Water Demand: 26,000 BTU/hr
Assumed peak of 48 gal/hr for
. a total of 16 adults

Winter Room Tempe:ature: 68°F (minimum)

Summer Room Temperature: 75°F (maximum)

AR
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TABLE B.1 (Continued)
Building Use Factor ' Domestic Hot Water
(for electrical equip- Use Factor

Time ment and ventilation (ref. ASHRAE)
12 .81 AT
1 AM .67 .14
2 .61 .13
3 .58 .10
4 .52 «11
] 5 .49 .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
by .95 .12
5 PM .93 12
: € .98 .15
7 1.00 .19
8 .99 .21
i 9 .96 .18
E 10 .93 .15
| 11 .87 .13
| .12 .81 .17
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Figure B.2
Type 2: Family Housing
Unit: Two Family Brick Duplex

St s A" Y.l dmire - i A BB st e G aid

Building number L4364

Building number U364
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TABLE B.2
BUILDING INPUT DATA.

Type 2: Family Housing
“ Unit: Two Family Brick Duplex

Wall Area: 4784 ft2

Wall Composite Thermal Resistance: 3.7 hreft2°F/BTU

Window Area: 330 ft°

Window Thermal Resistance: 0.89 hreft2.%F/BTU

Assumed single pane, no storm
windows

Roof Area: 1519 ft2

Roof Composite Thermal Resistance: 16.67 hr-ftz-oF/BTU

Basement Ground-Contact Area: 1824 ft°

Basement Wall Thermal Resistance: 4.91 hr-ft2°°F/BTU

Building Height: 13 ft

Building Orientation: U45° from North

Wall Surface Material: Brick

Roof Surface Material: Asphalt Shingle

Wall Solar Absorptivity: 0.70

Roof Solar Absorptivity: 0.80

Window Shading Coefficient: 0.45 (U5% of incident radiation
transmitted)
Assumed blinds or drapes as in
typical residences

Wall Fraction Lit: 0.70 (36% of each wall shaded)

Assumed, based on photographs of Fort Knox
housing

Roof Fraction Lit: 1.00 (no shading)

r

e
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"TABLE RB.2 (2 £onpaE
i
d
Door Crack Length: 31 ft
Door Air Flow Coefficients: C: 40 N: 0.50
See Table B.16
Window Crack Length: 195 ft ' ;

Window Air Flow Coefficients: C: 1.7 N: 0.66
See Table B.16

Pezk Ventilation: 702 CFM
Assumed one air change per hour as per
Army measurements and typical residential
data

anzcted Elactrical Load: 3.17 KW
Primarily lighting at 0.87 watts/
ft2 total floor area

Pezk Domestic Kot Water Demand: 13,018 BTU/hr
Assumed peak of 24 gal/hr to
serve two families as per
- - ASHRAE Systems, 1973 (1]

Winter Room Temperatures: 68°F (minimum)

Summsr R-om Temperatures: 75°F (maximum)
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TABLE B.2 (Continued)

Building Use Factor Domestic Hot Water Use
(for electrical equip- Factor (from Ref. 1 for
ment and ventilation Apartments)

.81 .17

.67 .14

.61 <13

.58 .10

e < 1

.lu9 .10

58 .10 1

.59 .13

.66 <15

.69 .25

.79 .21

.90 .19

.93 LT

.96 .18

.96 .15

<93 .13

.95 .12

.93 .12

.98 <15

1.00 «19

.99 .21

.96 .18

.93 D

8T 43

" L 17




Building B.3
Type 3: Family Housing, Row
Unit: Four Family Dwelling

Building number 7750

Building number 857
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TABLE B.3
BUILDING INPUT DATA

Type 3: Family Housing, Row
Unit: Four Family Dwelling
Wall Area: 5250 ft°
Wall Composite Thermal Resistance: 4.00 hr-ft2~°F/BTU
Window Area: 532 ft2
Window Thermal Resistance: 6.89 hr-ft2-°F/BTU

Assumed single pane, no storm

windows
Roof Area: 3664 ft2
Roof Composite Thermal Resistance: L4.55 hr-ft2~°F/BTU
Basement Ground-Contact Area: 3750 ft2
Basement Wall Thermal Resistance: 4.91 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)
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TABLE B.3 (Continued)

Door Crack Length: 132 ft

Door Air Flow Coefficients: C: 40 N: 0.50
See Table B.16

Window Crack Length: 306 ft

Yindow Air Flow Coefficients: C: 1.7 N: 0.66
See Table B.1l6

Wall Alr Flow Coefficients: C: 0.004 N: 0.70
See Table B.1l6

Peak Ventilation: 1103 CFM-
Assumed one air change per hour as per Army
measurements and typlcal residential data

Connected Electrical Load: 6.53 KW
Primarily lighting at 0.87 watts/

ft2 total floor area

feak Domestic Hut Water Demand: 39,055 BTU/hr
Assumed peak of 72 gal/hr to

serve up to six families as
per ASHRAE Systems 1973 [1]
Winter Room Temperatures: G8°F (minimum)

Summer Room Terperatures: 75°F (maximum)

l
!
|
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 0 &
1 .67 .14
2 .61 .13
3 .58 .10
4 AM .52 JA3
5 49 B
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 AL
3 .93 .13
4 pM .95 PR
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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Figur

Type 4: Family Housing

Single tamily Detached Dwelling

.
Al L et

Building number 1403




TABLE B.4

BUILDING INPUT DATA

Type 4: Family Housing
Unit: Single Family Detached Dwelling s

Wall Area: 5244 rt2

Wall Compsite Thermal Resistance: 3.45(hr)(ft2)(°F)/BTU

Window Aneas 904 ft2

Window Thermal Resistance: 0.89(hr)(ft2)(°F)/BTU
*Assumed Single pane, no storm
windows

Roof Area: 2325 ft?

Roof Compasite Thermal Resistance: 16.67(hr)(ft2)(°F)/BTU

Basement Ground-Contact Area: 2074 ft2 g ;

Basement Wall Thermal Resistance: h.91(hr)(ft2)(°F)/BTU

Building Height: 28.5 ft

Building Orientation: U45° 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) o
*Assumed use of blinds or drapes y
as in typical residences

Wall Fraction Lit: 0.90(10% of each wall shaded)
*Assumed, based on photographs of Fort
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: .40 N: 0.50
*See Table B.1l6

Window Crack Length: 296 ft.

Window 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 B.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/
ft2 total floor area

Peak Domestic Hot Water Demand: 6509 BTU/hr
“Assumed peak of 12 gal/hr
for a family of four as per
ASHRAE Systems, 1973 [1]
Winter Room Temperature: 68 °F (minimum)

Summer Room Temperature: 75 °F (maximum)




TABLE B.4 (continued)

Building Use Factor
(for electrical

Domestic Hot VWater Use
Factor (from Ref.l for

Time equipment and ventilation) Apartments)
12 .81 17
1 .67 .14
2 .61 .13
3 .58 - .10
4y AM .52 < LY
5 .49 .10
6 .52 .10
7 .59 .13
- 8 .66 .15
9 .69 .25
10 .79 .12
11 .90 .19
12 .93 17
1 .96 .18
2 .96 .15
3 .93 .13
L pPM .95 R
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

9
|
a
|
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Type 5:
Unit:

Figure B.5
Ft. Knox Large
lLarge Hospital

Building number

Hospital

851
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TABLE B.5
BUILDING INPUT DATA
4 Type 5: Ft. Knox Large Hospital
1 Unit: Large Hospital .

Wall Area: 20,700 ft°

Wall Composite Thermal Resistance: 4.0 hr-ft2-°F/BTU i
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

2. 0p/BTU

- Basement Wall Thermal Resistance: 6.5 hreft

Building Height: 81 ft

Building Orientation: U5° from North

Wall Surface Material: Concrete

Roof Surface Material: Asphalt

Wall Solar Absorptivity: 0.91

Roof Solar Absorptivity: 0.95

Window Shading Coefficient: 0.40 (40% of incident radiation
transmitted)
Assumed use of shades as shown in
hospital photographs

Wall Fraction Lit: 0.95 (5% of each wall shaded)
Assumed, based on photographs

é Roof Fraction Lit: 1.00 (no shading)
Door Crack Length: 147 ft

J Door Air Flow Coefficients: C: 40 N: 0.50
See Table B.1l6
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TABLE B.5 (Cqntinued)

Window Crack Length: 5,600 ft

Window Air Flow Coefficients: ¢C: 2.2 N: 0.66

See Table B.16

Based on non-weatherstripped
window in masonry frame with
caulking

%Wall Air Flow Coefficilents: C: 0.004 Ni: 0.70

Psak Ventilation:

See Table B.1l6

17,000 CFM

Assumed three air chzanges per hour as
average of Army recommendations fer various
areas in 2 hospital ranging from one to
twelve air changes per hour.

Connected Electrical Load: 31 KW

Average of total demand given as
.82 watts/f:2 total floor area

fcak Domestlc Hot Water Demand: 230,000 BTU/hr

Assumed peak of 4.25 gal/hr
per bed, 100 beds.

J/inter Room Tamperatures: T7H4°F (constant)

Summer Room Temperatures: T4°F (constant)

N




Time

=
WV =N O\ = Ww =N

L
N o~ O

W O oOWm & w N+

o e
N - O

»
=

PM

195

TABLE B.5 (Continued

Building Use Facztor
(for electrical equip-
ment and ventilation)

)

Domestic Hot Water Use
Factor (varies with
building use)

.53
.41
.41

!
b
.38
.53
.60
s
.88
.94
.98
.99

1.00

1.00

1.00
.99
.93
.79
.70
.70
.68
.59
.56
.53




Figure B.6
Type 6: Ft. Knox Small Hospital
Unit: Small Hospiltal

Building number 1030
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Building number 1030
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TABLE B.6

BUILDING INPUT DATA

Type 6: Ft. Knox Small Hospital
Unit: Small Hospital

2

Wéll Area: 13,260 ft
Wall Composite Thermal Resistance: 3.45 hr-ft2-°F/BTU
Window Area: 2,775 ft2
Window Thermal Resistance: 0.89 hreft2«9F/BTU

Assumed single pane, no storm
windows

Roof Area: 9,600 ft2
Roof Composite Thermal Resistance: 20.0 hr-ft2-°F/BTU

Basement Ground-Contact Area: 11,800 ft2
Assumed one basement level

Basement Wall Thermal Resistance: 6.5 hr-ft2-°F/BTU

Building Height: 30 ft

Building Orientation: U45° from North

Wall Surface Material: Brick

Roof Surface Material: Slate

Wall Solar Absorptivity: 0.91

Roof Solar Absorptivity: 0.80

Window Shading Coefficient: 0.40 (40% of incident radiation
transmitted
Assumed use of shades as shown

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 B.6 (Continued)

Door Crack Length: 93 ft

Door Air Flow Coefficients: C: 40 N: 0.50
See Table B.16

Window Crack Length: 1,665 ft

Window Air Flow Coefficients: C: 3.2 N: 0.66
See Table B.16

wWall Air Flow Coefficients: C: 0.004 N: 0.7
See Table B.1l6

Peak Ventilation: 12,500 CFM
Assumed 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 BTU/hr
Assumed peak of 4.25 gal/hr
per bed, 50 beds

Winter Room Temperatures: T4°F (constant)

Summer Room Temperatures: 74°F (constant)

[ ‘
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TABLE B.6 (Continued)

Building Use Factor
(for electrical equipment, ventila-
tion and hot water usage)

.53
U1
.41
.41
4
.38
.53
.60
.M
.88
.94
.98
.99
1.00
1.00
1.00
<99
.93
.79
.70
.70
.68
.59
.56
.53
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TABLE B.7

BUILDING INPUT DATA

Type T: . Community

Unit: Recreation/Community Center

Wall Area: 10,556 ft2
Wall Composite Thermal Resistance: 3.13(hr)(ft2)(°F)/BTU
Window Area: 300 ft2
Window Thermal Resistance: 0.89(hr)(ft?)(°F)/BTU
*Assumed single pane, no storm
windows
Roof Area: 20,369 ft?
Roof Composite Thermal Resistance: S.89(hr)(ft2(°F)/BTU
Basement Ground-Contact Area: 20,486 £t2
Basement Wall Thermal Resistance: 5.27(hr)(ft2)(°F)/BTU
Building Height: 15 ft.
Building Orientation: U45° from North
Wall Surface lMaterial: Concrete Block
Roof Surface lMaterial: Asphalt Shingle
Wall Solar Absorptivity: 0.68
Rocf Solar Absorptivity: 0.80
Window Shading Coefficient: 0.70(70% of incident radiation
transmitted)
‘Assumed, based upon photograph
of community center

Wall Fraction Lit: 1.00 (no shading)

Roof Fraction Lit: 1.00 (nc shading)
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TABLE B.7 (continued),

Door Crack Length: 66 ft.

Door Air Flow Coefficients: C: 40 N: 0.50
‘See Table B.1l6

Window Crack Length: 150 ft.

Window Air Flow Coefficients: C: 3.0 N: 0.66
= .See Table B.16

Wall Air Flow Coefficients: C: 0.00%4 N: 0.80
*See Table B.1l6

Peak Ventilation: 25,624 CFM
«Assumed five air changer per hour as per
Army measurements
Connected Electrical Load: 30.73 KW
*Primarily lighting at 1.5 watts/
f£t2 total floor area
Peak Domestic Hot Water Demand: Unavailable
Winter Room Temperatures: 68 °F (minimum)

Summer Room Temperatures: 78 °F (maximum)
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k TABLE B.7 (continued)

Bullding Use Factor 1
(for electrical equipment i
Time and ventilation)

12 .15
.15
.15 ' |
.15 |
AM .15
.15
.15
.15
.15
.25
.50
1.00 : '
1.00
1.00
1.00
1.00
PM 1.00
' 1.00
1.00
1.00
1.00 |
.90 | : _ |
.90 1
.80 _ l
15 *
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Figure B.S

m

Type 8: Administration and Training

Unit: Training Building

Building number 1468

Building number 1468
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TABLE B.8 ¢
BUILDING INPUT DATA

Type 8: Administration and Training

; Unit: Training Building

Wall Area: 14,782 rt?

Wall Composite Thermal Resistance: 4.00(hr)(ft2)(°F)/BTU
Vindow Area: 5666 re?
Window Thermal Resistance: 0.89(hr)(ft2)°F)/BTU

*Assumed single pane, no storm
windows

Roof Area: 8135 2

Roof Composite Thermal Resistance: 20.00(hr)(ft2)(°F)/BTU

Basement Ground-Contact Area: 8135 rt2

Basement Wall Thermal Resistance: H.Oh(hr)(ftz)(°F)/BTU

Building Height: 35 ft.

Buiiding Orientation: U5° from North

Wall Surface Material: Brick

Roof Surface Material: Slate

Wall Solar Absorptivity: 0.91

Roof Solar Absorptivity: 0.80

Window Shading Coefficient: 0.60(60% of incident radiation
transmitted)
*Assumed use of shades as shown
in training building photograph

Wall Fraction Lit: 0.90(10% of each wall shaded)

‘Assumcd based on t.Y'{’.:lnjH:', building
3 o (&
pho t OE"I dI’h

SISES, W,

rmsl alw et

|
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TABLE B.8 (continued)

Roof Fraction Lit: 1.00 (no shading)
Door Crack Length: 90 ft.

Door Air Flow Coefficients: C: 4o N: 0.50
*See Table B.16

Window Crack Length: 1304 ft.

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 office
building data

Connected Electrical Load: 72.34 KW
‘Primarily lighting at 3 watts/
ft< total floor area

Peak Domestic Hot Water Demand: Negligible

Winter Room Temperatures: 68 °F (minimum)

Summer Room Temperatures: 75 °F (maximum)

=
L.
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TABLE B.8 (continued)

Building Use Factor
(for electrical
equipment and ventilation)

.05
.05
.05
.05
.05
.05
=10
.30
.80
.95
.95
.95
.75
.75
-95
.95
.50
.30
.10
.10
.10
.10
.05
.05
. +05




207 4

Figure B.9
Type 9: Operations and Maintenance

Unit: Machine Shop

L T

Building number 5935

Building number 5935
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TABLE B.9
BUILDING INPUT DATA

Type 9: Operations and Maintenance

Unit: Machine Shop

Wall Area: 17,800 £t

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 rt2
Roof Composite Thermal Resistance: 5.26(hr)(ft2)(°F)/BTU
Basement Ground-Contact Area: 41,850 rt2

Basement Wall Thermal Resistance: 4.00(hr)(ft?)(°F)/BTU
Building Height: 20 ft.

Building Orientation: 45° from North

Wall Surface Material: Concrete Block/Brick

Roof Surface Materizl: Asphalt shingle

Wall Solar Absorptivity: 0.70

Roof Solar Absorptivity: 0.80

Window Shading Coefficient: 0.80(80% of incident radiation
transmitted

*Assumed windows generally dirty
and partly obstructed

Wall ‘Fraction Lit: 1.00 (no shading)

Roof Fraction Lit: 1.00 (no shading)
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TABLE B.9 (continued)

Door Crack Length: 158 ft.

PHor Air Flow Coefficients: C: 40 N: 0.50
*See Table B.1l6
Window Crack Length: 3816 ft.

Window Air Flow Coefficients: C: 3.2 N: 0.66
See Table B.1l6

Wall Air Flow Coefficients: C: 0.004 N: 0.80
*‘See Table B.1l6

Peak Ventilation: 13,958 CFM
*Assumed one air change per hour as
recommended for light manufacturing
facilities

Connected Electrical Load: 41.85 kv
*Primarily lighting at 1.0 watt/
rt2 total floor area :

Peak Domestic Hot Vater Demand: Negligible

Winter Room Temperature: 65 °F (minimum)

Summer Room Temperatures: Not ailr conditioned




TABLE B.9 (continued)

Building Use Factor
(for electrical

Time equipment and ventilation)

12 .15
1 .10
2 .10
3 . .10
4 am : .10
5 .10
6 .10
7 «10
8 .50
9 .75
! 10 .80
11 1.00
12 .95
1 .95
2 .90
3 .90
4 P .75
5 .75
6 .35
7 .15
8 .15
9 .15
10 .15
11 .15
12 .15
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) Figure B.10
Type 10: Troop Housing: Brick

Unit: Barracks

Building number 5937

i I

Building number 5937
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TABLE B.10
BUILDING INPUT DATA

Type 10: Troop Housing: Brick
Unit: Barracks Unit

Wall Area: 25,598 ft°

Wall Composite Thermal Resistance: 2.63(hr)(ft2)(°F)/BTU

Window Area: 5261 ft2

Vindow Thermal Resistance: 0.89(hr)(ft2)(°F)/BTU
*Assumed single pane, no storm
windows

Roof Area: 18,685 rt?

Roof Composite Thermal Resistance: 5.26(hr)(ft2)(°F)/BTU

Basement Ground-Contact Area: 18,685 rt?

Basement Wall Thermal Resistance: u.oo(hr)(ftz)(°F)/BTU

Building Height: 28.5 ft

Building Orientation: U5° from North

Wall Surface ifaterial: Brick

Roof Surface laterial: Asphalt shingle

Wall Solar Absorptivity: 0.70

Roof Solar fbsorptivity: 0.80

Window Shading Coefficient: 0.50(50% of incident radiation

transmitted)
*Assumed use of shades as in
typical residences
wall Fraction Lit: 0.80 (20% of each wall shaded)

*Assumed, based on photographs of typical
residences
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TABLE B.10 (continued)

Roof Fraction Lit: 1.00 (no shading)
Door Crack Length: 84 ft.

Door Air Flow Coefficients: C: 40 N: 0.50
*See Table B.1l6

Window Crack Length: 2368 ft.

Window Air Flow Coefficients: C: 3.2 N: 0.66
; *See Table B.1l6

Wall Air Flow Coefficients: C: 0.004 N:* 0.80
*See Table B.16

Peak Ventilation: 13,397 CFM
*Assumed 1.5 air changes per hour as per
Army measurements and typical residen-
tial data

Connected Electrical Load: 127.40 KW
*Primarily lighting at 2.5 watts/
ft2 total floor area

Peak Domestic Hot Water Demand: 430,100 BTU/hr
-Assumed peak of 3.8 gph per
person, 200 residents, as
per ASHRAE Systems, 1973[1]
Winter Room Temperatures: 68 °F (minimum)

Summer Room Temperatures: 78 °F (maximum)
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TABLE B.10 (continued)

Building Use Factor Domestic Hot Water Use
(for electrical Factor (from Ref.l for

Time equipment and ventilation) Dormitories)
12 .20 .33
B .20 .26
2 .20 .18
3 .20 11
§ AM .20 .03
5 .20 : .04
6 .50 .01
7 .90 11
8 .30 .18
9 .30 .21
10 .30 .22
11 .50 .18
12 .80 .24
1 .50 .16
2 .30 .13
3 .30 .16
L PM .50 .24
5 : .70 .20
6 .80 .26
7 .80 .30
8 .80 .29
9 .80 = .16
10 .50 .26
11 .20 <37
12 .20 .33
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Figure B.1l1

Type 11: Troop Housing, Block

Unit: Barracks

G ——— -
g e ol ey
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g, o iy ot
b Ll i i

Building number 2374

Building number 2374
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TABLE B.ll
BUILDING INPUT DATA

Type 11: Troop Housing: Block
Unit: Barracks Unit

Vall Area: 21,000 rt2
.Wall Composite Thermal Resistance: 2.hu(hr)(ft2)(°F)/BTU
Window Area: 5720 ft2
Window Thermal Resistance: 0.89(hr)(ft2)(°F)/BTU
*Assumed single pane, no storm
windows
Roof Area: 17,200 ft°
Roof Composite Thermal Resistance: 5.26(hr)(ft2)(°F)/BTU
Basement Ground-Contact Area: 17,200 ft2
Basement Wall Theraml Resistance: h.so(hr)(ftz)(°F)/BTU
Building Height: 30 ft.
Building Orientation: 45° from North
Wall Surface liateral: Concrete Block
Roof Surface Material: Asphalt Shingle
Wall Solar Absorptivity: 0.70
Roof Solar Absorptivity: 0.80
Window Shading Coefficient: 0.60 (607 of incident radiation
transmitted)
sAssumed use of shades as in
typical residences

Wall Fraction Lit: 1.00 (no shading)

Roof Fraction Lit: 1.00 (no shading) , .
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TABLE B.11 (continued)

Door Crack Length: 88 ft.

Door Air Flow Coeffiéients: c: 4o N: 0.50
*See Table B.1l6

Window Crack Length: 2264 ft.

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.1l6

Peak Ventilation: 12,818 CFM
*Assumed 1.5 air changes per hour as per

Army measurements and typical residen-
tial data

Connected Electrical Load: 127.40 KW

«Primarily lighting at 2.5 watts/
ft2 total floor area

Peak Domestic Hot Vater Demand: 344,932 BTU/hr
-Assumed peak of 3.8 gph per
person, 160 residents, as
feg ASHRAE Systems, 1973
1

Winter Room Temperatures: 68 °F (minimum)

Summer Room Temperatures: 78 °F (maximum)

AN
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TABLE B.11 (continued)

Building Use Factor
(for electrical

Domestic Hot Water Use
Factor (from Ref.l for

Time equipment and ventilation) Dormitories)
12 .20 .33
1l .20 <26
2 .20 =18
3 .20 .11
4 AM .20 .10
5 .20 .10
6 <50 .10
7 .90 <11
8 .30 .18
9 .30 .21
10 .30 .22
11 .50 .18
12 .80 .24
1 .50 .16
2 .30 .13
3 .30 .16
4 pMm .50 .24
5 .70 .20
6 .80 .26
7 .80 .30
8 .80 .29
9 .80 .16
10 .50 .26
11 .20 «37
le | .20 «33

P —




Figure B.12
Type 12: Family Housing
Unit:- Wood Duplex

Building number 7528
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TABLE B.12
BUTLDING INPUT DATA

Type 12: Family Housing
Unit: Wood Duplex

Wall Area: 1356 ft°

Wall Composite Thermal Resistance: 3.7 hr-ft2-°F/BTU
Window Area: 144 rt°
Window Thermal Resistance: 0.89 hr-ft2~°F/BTU

Roof Area: 1250 ft°

Roof Composite Thermal Resistance: 16.67 hr-ft2-°F/BTU

Basement Ground-Contact Area: 1250 ft2

Basement Wall Thermal Resistance: 4.91 hreft2«°F/BTU
Building Height: 10 ft

Building Orientation: 45° 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: 40 N: 0.50 (see Table B.16)

Window Crack Length: 40 ft

Window Air Flow Coefficlents: C: 1.7 N: 0.66 (see Table B.1l
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TABLE B.12 (Continued)

Wall Air Flow Coefficients: ©C: 1.2 N: 0.66 (see Table B.16)

Peak Ventilation: 208 CFM
(one air change per hour)

Connected Electrical Load: 0.91 KW 2
(1ighting .87 watts/ft°)

Peak Domestic Hot Water Demand: 6,009 BTU/hr (4 people)
Winter Room Temperature: 68°F (minimum)

Summer Room Temperature: 75°F (maximum)

-
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TABLE B.12 (Continued)

Bullding Use Factor

Domestic Hot Water Use

(for electrical equip- Factor
ment and ventilation) ASHRAE)
.81 5 Ly
.67 1A
.61 .13
.58 .10
.52 23X
49 .10
.52 .10
.59 .13
.66 .15
.69 .25
.79 .21
.90 .19
.93 Xl
.96 .18
.96 .15
.93 .13
.95 .12
.93 .12
.98 19
1.00 .19
.99 {21
.96 A8
.93 415
.87 413
.81 417




gh - g
Type 13: PFamily Housing

Unit: Single Family

e ’ -3 & :
e ey o

Building number 4267

Building number 4267
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TABLE B.13
BUILDING INPUT DATA

Type 13: Family Housing'
Unit: Single Family

Wall Area: 1420 rt°

Wall Composite Thermal Resistance: 3.7 hr.rt2-°F/BTU

Window Area: 180 ft2

Window Thermal Resistance: .89 hr-ft2-°F/BTU

Roof Area: 1200 ft°

Roof Composite Thermal Resistance: 16.67 hroftz-°F/BTU

Basement Ground-Contact Area: 1200 rt2

2.0F/BTU

Basement Wall Thermal Resistance: U4.91 hr-ft

Building Height: 10 ft

Building Orientation: 45° from North

Wall Surface Material: Stucco

Roof Surface Material: Asphalt Shingle

Wall Solar Absorptivity: 0.50

Roof Solar Absorptivity: 0.80

Window Shading Coefficier*: 0.50 (50% of incident radiation
transmittad)
Assumed used of blinds, 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 #ir Flow Coefficients: C: U0 N: 0.50
See Table B.1l6
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TABLE B.13 (Continued)

Window Crack Length: 104 ft

Window Air Flow Coefficients: C: 1.7 N: 0.66
See Table B.1l6

Wall Air Flow Coefficients: C: 0.004 N: 0.70

Peak Ventilation: 200 CFM
(Assumed one air change per hour per
typical residential data)

Connected Electrical Load: 1.044 KW >
.Primarily 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)
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TABLE B.13 (Continued)

Building Use Factor
(for electrical equip-
ment and ventilation

Domestic Hot Water
Use Factor
(Ref. ASHRAE)

.81
.67
.61
.58
.52
U9
.52
.59
.66
.69
.79
.90
.93
.96
.96
.93
.95
.93
.98
1.00
.99
.96
.93
.87
.81

AT
.14
<13
.10
11
.10
-10
.13
.15
.25
.21
.19
.17
.18
.15
.13
.12
.12
.15
.19
.21
.18
.15
.13
.17
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TABLE B.14

BUILDING INPUT DATA

Type 14: Storage

Unit: Warehouse

Wall Area: 7104 rt?

Wall Composite Thermal Resistance: 3.70(hr)(ft2)(°F)/BTU

Window Area: 1420 ft2 -

Window Thermal Resistance: 0.89(hr)(ft2)(°F)/BTU
*Assumed single pane, no storm
windows

Roof Area: 11,421 re2

Roof Composite Thermal Resistance: 3.33(hr)(ft2)(°F)/BTU

_Basement Ground-Contact Area: 11,421 rt?

Basement Wall Thermal Resistance: 6.00(hr)(ft2)(°F)/BTU

Building Height: 15.75 ft.

Building Orientation: 45° from North

Wwall Surface Material: Concrete Block

Roof Surface Material: Asphalt Shingle

W11l Solar Absorptivity: 0.68

fLoof 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 Length: 176 ft.
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TABLY B.14(continued)

Door Air Flow Coefficients: C: 40 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 B.1l6¢

Peak Ventilation: 3001 CFM
-Assumed one air change per hour as con-
servative requirement

Connected Electrical Load: 22.84 KW

-Pr%marily lighting at 2.0 watts/
ft< total floor area as per
Army speciftications

Peak Domestic Hot Water Demand: Negligible

Winter Room Temperatures: 40 °F (minimum)

Summer Room Temperatures: Not air conditioned




-3
[P e
ISR
®

O oW E W N

(RS
N~ o

W ON OV =W N -

T
N O

229

TABLE B.14 (continued)

AM

PM

Building Use Factor
(for electrical equipment
and ventilation)

.10
.10
.10
.10
.10
.10
.10
.30
.30
.95
.95
.95
.95
.95
.95
.95
.95
.50
.10
.10
.10
.10
.10
.10
.10
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TABLE B.15
BUILDING INPUT -DATA

" Type 15: Family Housing
Unit: Multiplex
Wall Area: 5220 ft2
2
Wall Composite Thermal Resistance: 3.4 hr-ft°+«°F/BTU
Window Area: 2600 ft2

Window Tharmal Resistance: .89 hr-ft2-°F/BTU
Single pane, no storm windows

Roof Area: 6000 rt2
Roof Composite Thermal Resistance: 16.67 hr-ft2-°F/BTU
Basement Ground-Contact Area: 6000 ft°
Easement Wall Thurmal Resistance: U4.91 hreftZ.°F/BTU

Bullding Height: 17 ft

Bullding Orientation: U45° from North

Wall Surface Material: Brick

Roof Surface Material: Asphalt Shingle

Wall Solar Absorptivity: .7

Roof Solar Absorptivity: .8

Window Shadling Coefficient: .5

Wall Fraction Lit: .9

Roof Fraction Lit: 1.0

Door Crack Length: 240 ft

Door Air Flow Coefficient: C: 40 N: .5 (see Table B.16)
Window Crack Length: 520‘ft

Window Air Flow Coefficients: C: 1.7 N: .66 (see Table B.16)
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TABLE B.15 (Continued)

Wall Air Flow Coefficients: <C: 0.01 N: .6 (See Table B.16)
Peak Ventilation: 1200 CFM ’

Connected Electrical Load: 7.32 KW

Peak Domestic Hot Water Demand: 42,000 BTU/hr

Winter Room Temperature: 68°F (minimum)

Summer Room Temperature: 75°F (maximum)
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TABLE B.15 (Continued)

Building Use Factor Domestic Hot Water

: (for electrical equip- Use Factor
Time ment and ventilation ‘(ref. ASHRAE)
12 .81 <17

1 AM .67 L14

2 .61 =13

3 .58 .10

y .52 <1

5 .49 .10

6 .52 .10

7 .59 =3

8 .66 .15

9 .69 245 i
10 .79 21 ;
11 .90 .19 ;
12 <93 1T

1 .96 .18

2 .96 o 4

3 .93 <13

] .95 12

5 PM .93 2

6 .98 + 45

T 1.00 .19

8 .99 2

9 .96 <18
10 .93 i
11 87 <13
12

<81 « L




TABLE B.16

INFILTRATION AIR FLOW COEFFICIENTS
(from Table A.17, Ref. 3)
Note: These coefficiehté are used to determine the infil-
tration air flow rates through:
1 = capV

where I infiltration, CFM per linear crack foot

(or per square foot of wall area)¥*#

AP = pressure difference across opening, in
inches of water
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 12 .
masonry frame with caulking 0.2 0.66
wooden Irame 1.0

3. Swinging doors*

1/2" erack 160 0.5
1/4" erack 80 0.5
1/8" crack . bo 0.5
y, Walls®#
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 0.004 0.7
13" brick, furring, lath and plaster 0.03 0.9
frame wall, lath and plaster 0.01 0.55
24" shingles on 1x6 boards on 14" centers 9 0.66
16" shingles on 1x4 boards on 5" centers 5 0.66
24" shingles on shiplap 3.6 0 |
16" shingles on shiplap 1.2 0.66

*Values of C listed for these openings are per ft. of linear
crack length.

##Values of C listed for the walls are per unit area o. the
wall surface.
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APPENDIX C.1

HEAT EXCHANGER DESIGN

A wide variety of heat exchanger sizes and designs
are commercially 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 multi-pass flow geome-
tries are commonly used to increase effectively the heat
transfer area of a unit without greatly altering its physi-
cal dimensions. Tradeoffs among the number of tubes, their
lengths and their diameters also affect the total heat
transfer area and the fluid pressure losses in the exchan-
ger for a given fluid mass flowrate. Because of its design
simplicity and ease of analysis in calculating flowstream
and energy transfer effects, a single-pass, counterflow,
straight tube heat exchanger geometry was assumed to be
used in all of the utility system simulations. The final
system design and optimlzation criteria will not be signi-
ficantly affected by the actual heat exchanger geometries
chosen as long as the specified heat transfer ratings are
met and the pressure losses through the units do not great-~
ly exceed those calculated for the straight tube models

used in sizing the distribution loop piping and the ecircula-
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tion pumps.

The Tubular Exchanger Manufacturers Association (T&MA)
has established a set of design and construction standards
to be met by commercially available heat exchangers. [1]
Table C.1 lists their preferred tube gages for Class C
heat exchangers designed for commercial and general pro-
cess applications. The standard tube bundle patterns are
triangular and square matrices, and pressure ratings vary
from 150 to 2500 psig. [1] All heat exchangers for the
proposed thermal utility system were assumed to have 1"
0.D., 14 gage steel tubes in square bundles with 1" dia-
meter interstitial flow channels. The tube diameters wer:s
chosen to provide '"reasonable" physical dimensions for tinhe
heat exchangers within the geometrical constraints of the
computer models, but no additional optimization of the ex-
changer sizes was performed. The same tules were assumed
to be used in each unit to provide uniform design criteria
for all the heat exchangers. The heat transfer coefficie:

for a tube in one of these heat exchangers can be calculat

through:

trg b, v (12 4 222 (c.1)

where U = heat transfer coefficient in hTU/hrfL?°F refer:

to the tube outer surface,




TABLE C.1

TEMA PREFERRED TUBE GAGES FOR CLASS.C HEAT EXCHANGERS

(from Ref. 1)

Tube 0.D., inches BWG Wall Thickness, inches Material

1/4 24 .022 Copper
3/8 22- .028 Copper
1/2 20 .035 Copper
5/8 18 .0lg Copper
3/4 16 .065 Copper
14 .083 Steel

18 .049 Alloy
1 16 .065 Coppeé

14 .083 Steel

1-1/4 14 .083 Steel
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h = film coefficient of fluid outside tube,
hi = film coefficient of fluid inside tube,
r_ = foullng resistance of outer surface of tube,

ry = fouling resistance of inner surface of tube,

P resistance of tube wall referred to outer
surface,
A, = tube outer surface area, and

Ai = tube inner surface area.

According to El-Wakil [2], the film heat transfer coeffi-

cient for water can be approximated by:

V0.8
h = 0.00134(T + 100) ) (C.2)
p9-
¢
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

Dc = channel diameter in ft.

The thermal resistance of the tube wall referred to its

outer surface is given by TEMA as:

W d
r.o= e (=) {c.3)
w l2kw. d-—tw




n
)
\O

where r = wall thermal resistance in (BTU/hrft2°F)-1,
tw = tube wall thickness in inches,
k, = tube wall thermal conductivity in BTU/hrft°F, and
d = tube 0.D. in inches.

Finally, the fouling resistance measured for a wide variety
of water types and flow velocities is approximately 0.002
(]3TU/hr'ft;2°F)-l for water temperatures above 125 °F. [1]

If an average water temperature of 300 °F inside the
tubes, a water temperature of 200 °F in the channels and
fluld velocities of 3 feet/second are assumed, the heat
transfer coefficient between a 1" 0.D., 14 gage carbon
steel tube and a 1" I.D. interstitial channel is easily

calculated.

Lo Tube outer surface film coefficient:

0.8
0.00134 (200 + 100) QEJLQQ%Q%___
1 -
(13)

=3
n

2

1113.78 BTU/hpft °F

2 Tube inner surface film coefficient:

0.8
0.00134(300 + 100) illLiéQ%l_u_

id

o2
L}

i

1539.95 BTU/hr{t2°F




2ko

cic Tube wall thermal resistance:

(thermal conductivity of carbon steel = 29 BTU/hrft°F)

e
1

. .083 1
w  (12)(29) [;‘:‘7683] ‘ .

n

0.00026 (BTU/hpft2°F)“1

4. Outer/inner surface area ratio:
Ao ndOL s do 1 ;

5. Fouling resistances: £
P e m™ 20 y—1
ro il < 0.002 (BTU/hrft“°F)
6% Heat transfer coefficient: 4

1

 § (i pree— . — A
S 2 c026 ( ¢ (3.199)
1113.7 T 002 # 006026 + .002(1.199) + L. 19¢

1
1539.95
- ees ;
= 157.87 BTU/hrft“°F. E

Using this value of heat transfer coefficient, the
design temperatures and maximum heat exchanger loads, the

required heat transfer areas are calculated. Tables C.2-

C.10 1list heat exchanger identification numbers, heat

transfer areas and costs.
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Table C.12 lists load center identification numbers
and the building type distribution applied to those load
centers. To find the number and types of buildings
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
different bullding 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 ﬂlocks from
Table C.12 which are used to construct a given TUS. For
example, Table C.13 shows that a 60% split value TUS is made
up of load center plocks 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 four-digit code number. Filgure C.l shows the supply



242

FIGURE C.1

SCHEMATIC DIAGRAM OF FORT KNOX SECONDARY LOCP NUMBZR 7

\l/l,ﬂ,?,l

Primary Heat

Exchanger
4 NG 5T
el
Ty 3k i
Load
41 Center
¥
;
7,2,3)1 732)2’1
Load 42 Load
E . Center v Center
)

E
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TABLE C.2

100% TUS HEAT EXCHANGER DESIGN AREAZ AND COSTS

Option 1

Heat Peak Winter Heat Cost
Exchanger Exchanger Are (Units of
Number (Units of 1000 ft<) $100,000 in 1985)

1 3.53 5.27
2 152 5-d5
5 A q.en
b 1.90 5.06
5 1.92 5.07
6 - - | 5.19
7 -949 S.42
8 .961 5.12
9 2.41 520
10 2.46 521
13 2.97 5.24
14 1.08 R
Total Cost 61.96




I

~

TABLE C.3

80% TUS HEAT EXCHANGER DESIGN ARFAS AND COSTS

Heat
Exchanger

Number

s W

w w =N o Wwm

Option 1

Peak Winter lieat Cost
Exchanger Areg (Units of
(Units of 1000 ft2) $100,000 in 1985)

353 L
1.52 5.14
251 5.2l
1.90 G
.192 5.07
2521 5.19
.950 Stk
962 5.12
2.41 2l
2.u46 5.21

Total Cost Sl et



60% TUS HEAT EXCHANGER DESIGN AREAS AND COSTS

2u5

TABLE C.4

Heat
Exchanger
Number

= w N e

~N O W,

Option 1 .

Peak Winter Heat Cost

(Un}:iﬁcsh%r}gelrocomretaz’ ) $10(g?8(i)gsir01r1985 )

3.53 5.27
1.53 5.15
2.51 kol
1.90 527
192 5 JOT
2.21 5.14
.952 Sl
2.47 5.21

Total Cost 41.4

-
..
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TABLE C.5

40% TUS HEAT EXCHANGER DESIdN AREAS AND COSTS

Option 1
Heat Peak Winter Heat Cost
Exchanger Exchanger Area (Units of
Number (Units of 1000 ft2) $100,000 1in 1985)
il 3.54 5.27
2 1553 i 5
S 2052 Ge2l
b 1.90 STl
Total Cost 20.8




:

TABLE C.6

20% TUS HEAT EXCHANGER DESIGN AREAS AND COSTS

Cost
(Units of
$100,000 in 1985)

Option 1
Heat Peak Winter Heat
Exchanger Exchanger Area
Number (Units of 1000 ft?)
2 1.53
3 2.52
it 1.91
Total Cost

5.15
5.09
S

15.4
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PABLE C.7
100% TUS HEAT EXCHANGER DESIGN AREAS AND COSTS
Option 2 ‘
Heat Peak Winter Heat Cost
Exchanger Exchanger Area (Units of
Numbe (Units of 1000 ft2) $100,000 in 1985)
.
& 3.6 el
2 52 Bk
3 2451 5.21
L 1.99 5.18
5 192 5.« Oif
6 2.32 5.20
7 .990 L
8 .972 Bedle
9 2.41 Sl
10 2.4g 52l
13 Slbe 5 .24
14 1.30 Bald
Total Cost 62.1
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TABLE C.

8

-

Heat
Exchanger
Number

f¥e) @ = A & W i

[
o

Option

Peak Winter Heat

Exchanger

2 .

(Units of 1000 ft

Cost

3.54
1.52
2.45
2.0

.192
2.31
.983
.95

2.36
2.48

5.27
5.15
5.20
5.18
5.07
5.20
5.12
5«12
5.20
5.21

Total Cost 51.7

80% TUS HEAT EXCHANGER DESIGN AREAS AND COSTS ’
Are% (Units of :
) $100,000 in 1985)

-
-
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TABLE C.9
60% TUS HEAT EXCHANGER DESIGN AREAS AND COSTS

Option 2

Heat Peak VWinter Heat Cost

E;;S;%de!‘ (UnEixtc.shaénf‘gelré)OOArfeta? ) $10(()U83851°f1985 )

DO i a n
1 3.55 e 2T 5

r 2 1.53 5.15 ‘

3 2.45 5..20 é
4 1.99 5.18 é
5 .192 5.07 E
6 2.31 5.20
7 .985 5:12 i %
10 2.48 S el :

Total Cost 41.4




TABLE C.10

407 TUS HEAT EXCHANGER DESIGN AREAS AND COSTS

Heat
Exchanger
Number

= oW

Option 2

Peak Winter Heat
Exchanger Are
(Units of 1000 ft

)

Cost
(Units of
$100,000 in 1985)

3«62
P53
2.57
2.00

Total Cost

527
5.15
521
5.8

20.8

(B



n
w
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TABLE C.11

20% TUS HEAT EXCHANGER DESIGN AREAS AND COSTS

Option 2

Heat Peak Winter Heat Cost
Exchanger Exchanger Areg {Units of
_Bumber (Units of 1000 £t2) $100,000 in 1985)

2 153 5.5

3 24,518 5.21

4 2.00 5.18

Total Cost 25S
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TABLE C.13 -

LOAD CENTER DISTRIBUTION AS A FUNCTION OF

THERMAL/ELECTRIC SPLIT VALUE

Thermal/Electric
Split Value 100% 80% 60% Log 20% 0%

Load Center Block

A X X X X X
B } X X X X

c1 X X X

c2 X X X

c3 X % 4 %

D X X
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TABLE C.14

HEAT EXCHANGER AND LOAD CENTER

NODE IDENTIFICATION SYSTEM

Loop

L

Component
Number
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TABLE C.15

100% TUS PIPE DATA

5 K L PIPE LENGTH PTDE RPEA  PIPPE AREA
(1) (2)
1 | 1 16€2¢ . 1.295.00 1.39600
1 2 2 1 Loo, £.08840 Cc.n88¢9
1 2 4 1 _20GC. P«2026% C.20%69
1 4 1 1 8200, 0.54750 0.54759
1 4 3 1 3f00, £, 29050 ¢.20060
1 4 2 3 226C. Cs 28069 C. 20069
1 4 4 2 8CC. 0,29560 0.20069
1 M 5 1 120¢6, 0. 29060 0.29060
4 4 c 3 fuC, 0.02600 0.00600
1 5 1 1 2320, 0.23960 €.20060
1 5 3 1 2690, 0. 20060 0.20260
2 2 1 1 1200, C.24740 0.72339
2 3 ? 1 uar, : 1.39600 c.n8aua
2 3 2 3 50, ¢.33740 0.0223¢
2 u 1 1 u00, 0.5475% C.05139
3 2 P 1 1nen, €.347u9 0.02239
3 7. 3 1 72€. C.20359 0.72232
2 2 2 1 1€80, 6, T30 €¢.088.9
3 AP 3 °60. _ 0,3u747 0.02339
3 4 1 1 344C, 0.93971 0.r88uc
4 2 o 1 32%. £.5u475n0 ¢.05129
u 2 3 1 ugQ, C.3u74% 05139
u 3 2 1 1760, S8 T50 c.05132
5 1 1 5 5% oSt o ¢.02339
5_ 3 1 1 800, C.200¢&n 0.02330
6 2 1 1 Y66, 258709 c.20c86N0
6 2 2 2 88¢c. 0.54759 C. 05130
6 2 2 1 49¢. 1.396007 €.20%67
6 2 3 3 1600, D.77720 0.08840
7 1 1 1 320 1.29€620C 0.299€9
7 2 2 2l 800, ) C.2y47uc €. %2335
7 3 i 1 1282, D, 7720 0.0513¢0
8 2 1 1 agC. C.5u759 c.Cc8aun
8 2 2 1 2760, ¢5S8759 0.08849
8 2 2 3 4on. €. SHTSD c.ngeqn
8 2 2 1 82¢C. 0.n2229 £.006CH
9 1 1 1 GR0, Ve 76790 0.3u4740
9 2 2 1 2u¢e, 0.77730 0.08840
9 2 2 3 12060, € 38789 0.C5139
9 7 3 2 1282, N.29050 0.02330
9 3 1 1 895G, 0.7772) 0.20062
9 3 2 2 1120, C, 38T00 0.05130
9 3 " 1 SE0. ¢.2870% 0.05129
9 3 2 3 220 G.20"60 C.0233%
10 2 1 1 1200, ¢.5475% c.0884%
10 3 2 1 16C, C.29%60 0.02329
10 3 3 2 1200 C.37ud 0. 053¢ .
59 u ? 1 11285 . 38750 p.eaeun T
(¢ 4 3 1 tS2C, 02060 QSIS o
(1) Pipes sized for absorptive air conditioning
(2) Pipes sized for winter peak load

"
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TABLE C.15 (Continued)

2, 64770
T 7

C.229a0
€. n]949
C._2Qw7un
0. T AN
C ",7"}".
0.5475)
€, Ng8aouq
(92l i g E

n,77732
0.54759
0.20050
720060
0.05130
(\.f\:"(}'\
0.20050
0.089yn
0.20CAN

2.18209
0.54750
1.30697
1.76700
A."?""‘(-f‘»
1,396N0
0.77730
n.0gauld
2., 68990
n,93979
0,54750
" '77770
0,20067
0.58750
0.24740
0. 54752
£.082340
s 02330
0. 08837
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TABLE C.15 (Continued)

1,39699
0.54757
N,5475"

€.34742

0,.54750
¢.38749
n,20050
2. 18299
Lo T TT 30
0,54758
€.200860
0.3u7460
n,3u7u0
AN Q3gyn
e.5475H
20060
0.200&"
A.5u750
0.20069
BT T30
C.36740
.18222
2.FL00N
1.396990
S L

0,.20049
0.05130
0.08840
0., 25935
0.28840
0.05139
J3.02320
0.,34740Q
0,28849
¢.25132
022330
0.0 5430
0. 25130
¢.20059
0,35120
0,02330
£."230
Al B
0.02339
N, ARRYC
Q. S5T3D
0.2Ww7u0
0.34742
€.20¢50
C.2884a3
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TABLE C.16

80% TUS PIPE DATA

X J K L PZPE LENGTE I OIPE ARFA FIPE AREA
(1) (2}
o ISR X, 16C09, % iR 6.93970 0.93970
1 2 2 1 unc, ¢.28340 0.C8840
4 e 2 u 1 81Q. n,20060 C.20060
1 4 1 1 8290, 0.24749 0.34740
y O N 3 3600, . G.2906N 0.20060
1 4 3 3 3200 e, 29262 0.20060
1 g 5 2.0 80 R 0,.22060 0.20262
1 4 5 u 2220, C.DOECH 0.C0600
1 Bh. A 2 1 72T 0.92330 - 0.62330
2 1 1 1 50, 2.182¢00 0.20060
2 3 4 1 Qg0, s 1.39600 c.c8840
2 3 2 2 800, Q. TITID 0.08849
2 3 2 1 50 . ¢.088u0 0.02339
2 1 1 1 uoc. 3,14200 0.34740
2 2z 2 1 St, 0.C89un €. 02338
3 3 1 4 q20¢. 2.18229 0.20069
3 3 2 2 €690, 0,54750 €.05129
2 3 3 1 897, 1.39/0" C.C88uQ
SN T TR PR D B o _1.76700 C.20060
4 2 2 1 14480, €.2072590 0.02330
u ey 1. use, . 1.3960C2 0.20060
u 3 b9 1 u0o, C.77730  0.08840
S 2 3 1 96C. f.N8840  0,00620
6 1 1 1 Site ' 2.640CH 0.34700
6 2 2 9 3857, 0.93979 0.08r49
6 2 2 3 320, C.5475¢ €.05139
6 2 3 2 ugn, €177 20 0. 25130
€ 3 8 1 1i0u4C, C.2006% 0.02330
T 2 1 1 uoo, 0.54759 Q. 65130
7 2 5 1 Sl C.30780 0.02330
8 1 1 1 56 €.58759 ND.0884Q
8 2 2 1 S0 L 0. 62230
8 2 3 7 2080, C.02239 C.02330
8 3 1 1 200, @, C8RL0 0.02330
8 3 3 1 fg8N, Cs 25130 €.€0600
9 2 1 1 2249, 1.39630  0.20060
9 2 2 2 1760, Qe S0150 0.05130
g 2 2 1 400, 0.54750  0,08840
° 2 2 3 1mno, ¢.34740 ©0.05120
Q 3 2 1 1220, 0.54759 0.08840
9 3 2 3 240, 0.24749 ¢,05129
9 3 3 2 22urn, 0.220R0 0.02230
10 1 1 . .. uso. Lt 2.18200 0.34749
10 3 1 b 2080, 0.7773%  0.088uQ
1¢ 3 3 1 aC ", ) 6.5475%  0.05930
s 3 3 3 uan, 0,20060 0.02330
1C 4 2 1 8ne, Ce 30789 C.057139
10 ) 1 1 20", C.3u78%  Q,C5%3%
13 2 1 1 ugo, C.77722 ¢.08840
13 2 2 1 48¢, ¢.9397n C.20050
%3 3 3 2 52, £.7773  C.C82u1n
Notes:
1

et
e
o}
D
Y]
e
3
n
N

- oy 4 2 2 ~
» absorptive air conditioning

waman wmanl.
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YABLE C.16 (Continued)

B . J K | 3 PIPE LENGTH PIPE A=A PTPE AR®)A
B e SO uenn, T pA.54750 0.5475C
1 2 3327, 0.20060  0,20060
L R SR 50, n,2005n  0.20060
1 & 7 @ an, f.05130  0.0513¢
R R 8n, : n.N5139  0.05130
1t .n. . & I3 1200, 0.20060  0,20060
$ BB 3 6un, £.N0600 0.00600
SR S 2120, 0.20060  0,20060
R S 2000, 0.2006%  0.20060
, SN R N 1200, 0.3u748  0,02330
2 3 2 1 14un, 1,39679  0.08840
2.8 9 -3 50, 0.74745  0.72330
> & 1 1 2u0n, ¢.5675¢  0.05130
3 2 1 1 1000, 024740 €.02339
‘ S F =2 9 720, 0.20060  0,02330
i 3 2 1 1680, f.77730 0.08840
: F Y3 m g 960, 0.3876%  0.02330
| AT KT 3gan, 0.92970  0.08840
. b 2 ‘% 1 129, - 054758 0,05130
EERRREEEE | unn, 0.2674%  0.05130
l N R 1760, 0.55757  0.05130
_ L L AR 50, n.38740  0.02330
: B L 8an, N.26060  0.02330
6" ¥y A 160, 2.6u000  0,20060
Ry WO agn, 0.54750  0.05130
€ 2 3 % 4no, 1.39607%  (,20060
AR S S 1500, 0.77730  0.C8840
T 4 % 9 320, 1.3967%  0.20060
7 Sl T S Ron, 0.3u78%  0.02330
. T SR 1200, 0.77729  0.05130
" B TR °g0, n.5475°  0,08840
¢ e S R 2240, f.54750  0.08840
8 2 35 32 Bon, 0.54750  0.08840
g8 2 3 8n2. 0.02320  0,00600
g 1 % 9 889, 1.76790  0.346740
P . B 289, 0.7773¢  0.08840
¢ 9 2. 23 1200, 0.3474%  0.05130
I e 1280, 0.20067  0,02330
g TRy -y unn, 0.77720  0.20060
% % 3 3 1129, 0.36740  0.05130
g ‘a5 3 560, f.38740  0.05130
| g igr-re 3 329, AL2006%  0.02330
. O D S 1200, 0.5u75%  0,08840
i e 3 2 3 1€0, 0.20060  0.02330
‘ 1¢ 2 3 2 1200, AL34789 0.05130
1 R 1129, 0.54750  0,08840
0 & 3 1 1520, €.20060 0,05130
;- IS SORE NN 160, 2,1u29%  0.34740
' - g Wik TS 1920, 2.6U00%  0,34740
! 9 3 3 1680, 1.30670  5,20060
i 12 3 ’ 1 =

22u0, U 7TIIN C.J°Ru0
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TABLE C.17
60% TUS PIPE DATA
[ .
I J K j 5 PIPE LENGTH PIP{ ARTA PIPE ARED
1) (2
3 31 .2 X 16000, 0.77730  C.77720
1 =23 9 400, 0.C8840  0.C8340
1. 2 & 800, 0.20069 0.20060 |
1.8 1.3 8200. 0.20060  0.20063 {
1 4 5 1 1200, 0.20050 €.2C060 |
} 1 4 5 3 640. €.00620 0.C06ND i
- TREE. W 2320, 0.20C60  (.20089 ;
; A TRy R 2000, 0.20060  0.20750
2 3 4 3 1200, C.34740  (0.02330
> R el T 1440, " 1.39600  0.C884D l
2 5 50, 0.38760  ¢.02330 |
2 & 41 1 2400, 0.54750  C£.05139 ‘
32 51 1000, 0.38760  ¢,(232n b
e O R 720, 0.20060  £.02230 ;
- N T 1630, 0.77729  C€.0R340 ﬁ
3 .7 "% 8 960, 0.3u740  0.023306 ‘
, X 0 it 3440, 0.93970  C.0RFL” i
&8 2 1 1 320. 0.56750 0.05120 ;1
u 2 3 1 4RQ, C.34740 0. 05739 |
(RS G R 1760, 0.54759 0.05120 {
& % 11 50. N.34749  0.0233D
AR i, SEEE 800. 0.20062  0.02337 |
[ T R 160, 2.64000 . ]
P e . 880, 0.54750 (.05 |
& 3 3 '3 400, 1.39600  0.200¢0 i
6 2 3 3 1690, 0.77730  0.08940 |
i v, S 320, 1.39609  0.299 |
| ¥ 2 2 9 800, 0.38740  ©.022 ,
| . 5% 3 1200, 0.77732  €.05 |
| ; 1, SN S B 1200, 0.54750 0. 0&"
| % 5 2 3 160, 0.20053  €.023
% 3 '3 2 1200, 0.34780  (.©5120
¥¢. % %" 1120, 0.54750  0.038u0
(- R e 1520, C.20067  C.75119
A3 % Y 3 160, 3.14200 0. 247
13 3% 4 1920, 2.64000 0. 3u70r
13 3 3 1 1680, 1.39609 Ce200¢ |
13 3. -3 3 224¢, D«T273D 85 : |
- |
Notes:
(1) Piges sized for absorptive al itio >

z bso
(2) Pipes sized for winte
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TABLE C.17 (Continued)

2 J K L PIPE LENGTH PIPE AREA PIPE AREA
1. 3 9 1 4640, 0.54750  0.54750
B 8320. 0.20060  0,20050
¥ 3 1 1 50. . 0.20060  0.200€0
£ B 2 9 80. 0.05130  0.05139
1 & 5 2 80. 0.20060  C.20060
Fola & 8 2320. : 0.00600  0.00600C
158 2z 1 720. 0.02330  0.02330
21 1 1 50, 2.18200  0.20060
x5 5 9 960. © 1.39600  ©.08840
¥ U3 3 3 800. 0.7773C  €.088u0
33 .3 1 50. 0.08840  0.02330
5% 4.3 400. 3.16200  0.3u740
¥ 3 . 9 50. C.08850  0.02330
3 3 1 1 1200, 2.18200  0.20060
3 '3 32 2 560. - 0.54750  €.05130
3y 3 3 19 800. 1.3960C  0.08840
T 50. 1.7670C  0.20060
5 2. 3 1 1440, 0.20060  0.02330
¥ -3 1 3 u80. 1.39600  0.2C0€0
$'3 3 1 400. . 0.77730  0.08840
W3 Y 960. 0.08860  0.00500
g1 1 50. 2.64000  0.3u740
& 2 2 o 960. 0.93970  0.08840
&§ 2 2 23 320. ¢.54750  0.05130
& .2 & 2 4500. 0.77730  0.05130
6 § 31 1 1040. 0.2006C  0.02330
Y 2 1 1 300. 0.54750  €.05130
¥ <2 3 '9 560. 0.36740  0.02330
10 1 1 1 480, 2.18200  0.34740
-5 19 2080, . 0477730  0.C884O
0 3 3 1 800. 0.58750  0.CS5130
10 3 3 3 280. 0.20060 0.02320
10 4 2 1 800. 0.34780 0.95%13¢C
10 ) 1 1 1200. 0.3474C C. 53130
3 2 1 1 480. 0.7773C  0.0R860
43 3 2 1 480. 0.93970  0,20060
3 .3 "3 .2 s0. 0.77730  0.08840
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TABLE C.18
40% TUS PIPE DATA

I J X L PIPE LENGTH PIP%I%REA EIPE?APZA
1 1 1 1 16000. 0.54759 0.54759
1 2 2 1 400. 0.C8840 0.088u0
1 2 4 1 800. ~ 0,20060 0.20060
2 1 1 1 50. 2.18209 0.20060
2 3 1 1 960. 1.39602 c.08040
2 3 2 2 800. 0.777390 C. 8840
2 3 3 1 50. 0,.C8840 0.02330
3 1 1 1 400. 3.14209 0,34740
3 2 2 1 5C. 0.€8840 G. 62330
3 3 1 1 1200. 2.18200 0.20069
3 3 2 2 560. 0.54750. (€.05139
3 3 3 1 800. 1.39600 0.C8RLQ
g 1 1 1 50. . 1.76700 0.20069
4 2 2 1 1440, 0.2C060 0.€2330
4 3 1 1 480, 1.39600 €.20040
4 3 3 1 400, 0.777290 0.088490
"13 2 1 1 480. 077730 0.C8R40
13 3 2 1 480. 0.92979 €.20060
13 3 3 2 5C. 079339 0.C884¢C
1 2 | 8640, 0.58750 (Q.54750
1 2 3 1 8320. 0.20060 0.20060
1 3 1 1 50. 0.2C060 0.2C0AD
2 2 1 1 1200. 0.34740 0.02330
2 3 2 1 4480, 1.39600 0.08840
2 3 2 3 50« 0.34740 0.02330
2 4 3 1 2400. 0.54750C 0.05130
3 2 1 1 1000. 0.34740 0.02330
3 2 3 1 720. 0.20060 0,02330
3 3 2 1 1680. 077730 ¢.0R840
5 3 2 3 960. C.38740C 0.02230
3 [ 1 1 3440. 0.93970 0.08340
4 2 1 1 320. 0.54750 0.05130
4 2 3 1 ug80. 0.38740 (.05130
[} 3 2 1 1760. 0.54750 €¢.05130
13 1 1 1 160. 3.18200 o ,3474n
13 3 1 1 1920. 2.64000 ©.347u40
13 3 3 1 1680. 1.33600 (¢.29060
13 3 3 3 2240. 0.77730 0.08840
Notes:

(1) Pipes sized for absorptive air conditioning
(2) Pipes sized for winter peak load
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TABLE C.19

20% TUS PIPE DATA

J K j
1) (2)
A 1 1€000. 0.34740 €C.348740 °
2 2 3 400, €.C8849 0.08840
c oL A 50, 0.20069 0.20060
 mame JEL 1200. 0.24740 €.C2330
o Sl 1840, 1.39600 0.08840
TSN 50. 0.36749 0.€2330
e g 2400, 0.54759 0.05130
SRSy 1010. 0.34749 0.02330
SR S 720. 0.20060 G.02330
A g 1680, 0.77730 0.08840
3 Eon i3 960, 0.34749 0.02330
2 4 9 3440, 0.93970 €.088u0
20 L 320, 0.54750 0.05130
e Ry 480. 0.347u40 0.05130
3 2 1 1750. 0.54750 €.C5130
s [ 4640, 0.34740 0.20060
2 o 9 800. 0.20060 0.20060
; P, Gt 50. 2.18200 0.20060
3 01 1 960. 1.3960G 0.08840
3T 202 800. 0.77730 0.08840
3 3 1 50. 0.088uQ 0.02330
U Qipties 400. 3.14200 €.34740
P S e S0, 0.08840 0.02330
FE 1200. 2.18200 0.20060
S 203 560 . 0.54750 0.05130
T 3 1 800. 1.39600 0.088u0
Ty 50. 1.76700 0.20060
DA o b 1460, 0.20060 0.02330
3 680, 1.39600 0.20060
33 1 u00. 0.77730 0.08840
Notes:

(1) Pipes sized for absorptive air conditioning

(2) Pipes sized for winter peak load

PT2E LENGTH PIPE ARERA EIPE AREA



APPENDIX C.2

CONSUMER HEAT EXCHANGER SIZING

X o . 3 3
nt 1s considered

Consumer heat exchanger end-use equipm

4}

fo consist of a central low-temperature low-pressure heat
exchanger, supplying heat to a bullding's heating system.

Conditions on the heat exchanger are:

TUS water supply temperature: 200°F
TUS water return temperature: 8G°F
Consumer outlet temperature: 150°F
Consumer return temperature: 68°F

- Average heat transfer coefficlent: U = 1§—~iii

nr-ft<or

Substituting these into the standard heat exchanger

equation

Q = UALMTD, (Q.2:1)
where

Q = thermal load delivered (Btu/hr)

A = heat transfer area (ftz)

LMTD = log mean temperature difference

(200° - 150°) - (80° - 68°)
tn 2ot
= 26.6°F

Rearranging Equation C.2.1 to solve for heat transfer area
gives Eq. C.2.2!

i » 2—6%6 (C.2.2)
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‘. .

which 1s used to find the required consumer heat transfer
area. Total heat transfer area 1is scaled in proportion to

total base thermal demand. G c

-
-
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AFPPENDIX D.1

CALCULATION OF HTGR CAPITAL COST

Metcalfe, et al., (1] calculates the costs of HTGR
power plants using the CONCEPT III Code [1], arriving at
the results shown in Fig. D.1 reproduced from his report [1].
This figure shows the variation of capital cost (in terms
of dollars per Kwhr) versus power plant electrical capacity.

These data are well-represented by the equation
Unit Capacity Cost = 16650.(Mu(e)) " 197 D.1

where Unit Capacity Cost is stated in terms of 1985 dollars
per KW(e), and the quantity - Mw(e) - refers to plant elec-
trical capacity stated in Mw(e).

Rearranging this equation, the total capital cost 1is

given by Equation D.2,
Total Capital Costs = 16.65 (Mw(e))'503, D2

where Total Capital Costs are stated in units of millions of
1985 dollars.

The capital cost calculations are based on the assump-
tions 1listed in Appendix D.4.
Fuel and O/M costs are based on a cost of 28.5 mills/

KW(e)hr. This value 1is taken from Metcalfe's work [1] and

accounts for plant size and 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 1ntégrating 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, 4 and 5). Specifically the
sequence of calculations 1is 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 5.34),

2. The gas consumption required for génefgiio;ﬁgf-ﬁhe
electrical energy demanded is calculated by using an
average gas turbine heat rate of 13,500 - BTU/KW(e)-hr [2],

3. The waste heat recovered from the turbine exhaust (as
reported in the project Gas Turbine 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 centfal 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),




The total amount of coal consumed during the day 1is

found by adding gas consumption for electrical energy
generation to any extra gas consumption for direct
thermal heating and by converting gas consumbtion to
coal consumption via an average gasifier coal-to-gas
conversion efficiency of 70%,

The yearly coal consumption for a given thermal/electric
load split 1s found by repeating steps 1l through 4
over the desired range of annual weather variaticn.
This provides the basic data for the annual fuel con-
sumption integration. 1In practice simulations for an
average winter day, an average winter-spring day, an
average spring-summer day and an average summer day
are used 1n constructing an annual fuel consumption
scheddle s The annual fuel consumption

data are then integrated over the year to obtain an

estimate of the total annual fuel consumption rate.

Steps 1 through 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-

tions, and hence the required power generation and thermal

reservolr equipment capacities. Samples of these calcula-’
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tions are the following: 3
1. Typical TDIST2 results for an average winter day, 80%
thermal/electrical load split absorptive air condi-
tioning option are
Average Therﬁal Demand 49.5 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 Consﬁmption for n 3
Electrical Generation 19.3x10° KW(t) x 24 hrs
13.5x103 BTU/KWhr, or

Gas Consumption for

* 9 a
Electrical Generation - ©0:29%10° BTU of gas;

3. The waste heat recovered from the generation of this \
electrical energy (from Rer.‘2) would be determined a;
Q waste heat exchanger = 653 MW(t)hrs,
thus,

49.5x103 KW x 24 hrs, and

Integral Thermal Demand

Integral Thermal Demand = 1188 MW(t)hrs

Qaste heat exchanger =653 MW(t)hrs

E Extra heating gas burn 535 MW(t)hrs
? (using a heat rate of 5,000 BTU/KWhr), the extra
heating gas burn requires production of
535 MW(t)hrs x 5,000 BTU/KWhr = 2.68x10° BTU;
L, The total gas consumed for the day is the sum of

electrical and heating gas consumption:

AR
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Totgl Gas Consumption = Electrical + Heating
Gas Consumption

Total Gas Consumption = 6.25x10° BTU + 2.68x107BTU
or Total Gas Consumption = 8.93x109 BTU.
For a typical gasifier efficiency of 70%, thils requires

a‘'coal consumption given as

8.93XI09 BTU

Coal Consumption = 5 or

Coal Consumption = l.28x1010 BTU;
Steps 1 through 4 are repeated for the other days of
interest for the 80% thermal split TUS (and other

splits of interest).

These dailly consumption data are then integrated over

the course of the year to get total annual coal consumptilon.
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? ' APPENDIX D.3

The ultimate and proximate analyses of the coal which
ig @ssumed in the study to be consumed is summarized in

Teble D.3.1.




TABLE D.3.1

ASSUMED COAL ANALYSES

Ultimate Analysis

Carbon 57.1%
Hydrogen 3.9%
Oxygen 8.3%
Nitrogen - .8%
Sulfur 4.5%

Proximate Analysis

Moisture 12.3% ; : !
Ash 13.3%
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APPENDIX D.4
ECONOMIC GROUNDRULES

The economic groundrules used in Estimating TES Costs

Over-life are summarized in Table D.4.1.
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TABLE D.4.1 g

ECONOMIC 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

iy
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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 roklow-

ing example:

Case - Coal Costs = $27/Ton (in 1985)
Thermal/Electrical _
Load Split = 80% Compressive Option
Cost ° Mass = Annual Cost (Capital, Operational
Break- Annual Maintenance, and Coal)
even Fuel to run the TES, or

Fuel Cost x (9.43 x 1.81x10° tons) = $119.IXI06

+ Breakeven Fuel Cost = $69.8/ton
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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 guldelines established
in the U.S. Army Corps of Engineers Specification CE-301.21.
The pipe 1s supplied by the manufacturer in prefabricated
sections of varying lengths depending upon the application
and the pipe size. \Figure D.6€.1 illustrates the cross-
section of a typical prefabricated unit. In Table D.6.1 are
listed the specifications 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] — is 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
construction cost file [3]. Trench dimensions correspond
to the HTW pipe manufacturer's specifications 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 with the use of a trenching machine or backhoe.

¥

'.' ‘l
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! Figure D.6.1
. Cross-Section of Prefabricated HTW Transmission Pipe
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Backfilling is by bulldozer or backhoe from fill deposited
at the trench edge, and the backfilled soil 1s compacted
with an air-powered tamping machine. * 1985 costs are

obtained by escalating the 1976 data at 6.2% per year.
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TABLE D.6.1

PREFABRICATED INSULATED PIPE COSTS

giﬁi Insulation Jacket 1976 1985(1)
Pipe 0.D. Specifi- Thickness 0.D. Cost Cost
(inches) cation (inches) (inches) _($/ft) (3$/ft)
2 Sched. 40 1-1/2 8-5/8 18 31
3 Sched. U0 2 10-3/4 25 43
y Sched. 40 2 10-3/4 26 45
6 Sched. 40 2-1/2 14 38 65
8 Sched. 40 2-1/2 16 46 79
10 Sched. 4Q 2-1/2 19 58 100
12 .375 wall 3 22 81 139
18 .375 wall ] 30 132 227
24 .375 wall l 36 172 296
(l)Escalated at 6.2% per year from 1976.
i i At DURS—
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APPENDIX D.T7

-

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).

AV p ;
W= 737.56 © 737.56p el

where
W = pumping power (kW), :
AP = fluild pressure drop (lbf/ftz),

A_ = flow channel cross section (ftz),

< 0
"

fluid velocity (ft/sec),

fluid mass flowrate (1bm/sec),
p = fluild density (lbm/rt3), and
1kW = 737.56 ft-1bf/sec.

Thus, knowing the fluid mass flowrate and the pipe dimensions
for each loop, the Darcy bressure drop formula (Eq. (D.7.2))
may be used to compute the fluid frictional pressure losses,
which are used in Eq. (D.7.1) to determine the pumping

power requirements for the loop.

2

eV (D.7.2)

AP = f
ch

o

where

AP = fluid pressure drop (lbf/ftg),

AR




L = flow channel length (ft),
D = flow channel diamter (ft),
fluid density (lbm/ft3),

p =
V = fluid velocity (ft/hr),
8, = conversion factor = u.17x108 lbm-ft/lbf-hrz,

f = Darch-Weisbach friction factor, and

0.184
3
Re0.2

where Re 1s the fluid Reynolds number for turbulent flow.

TR

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 primarily by the thermal energy demands
experienced during the spring and fall months, the pumps
must be sized to supply the peak system design conditions,
and they operate at relatively low capacity factors throuch-

out most of the year.- Equation (D.7.3) can be used to
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convert the desizgn fluid mass flowrates from units of pounds
per hour to units of gallons pper minute, which can be used
directly in the centrifugal pump cost function shown 1in

Fig. D.7.1, adapted from the work of Ayorinde [1]. !

7.48m

GPM = e (D.7.3)
where
GPM = fluid volume flowrate (gal/min),
m = fluid mass flowrate (1bm/hr),
p = fluid density (lbm/ft3),
1 hr = 60 min, and
1 rt3 = 7.48 gal.

Although the costs in Ayorinde's work are presented in
1973 dollars, the cost function shown in Fig. D.7.1 has
been escalated at 6.2% per year -Qfollowing the work of
Metcalfe [2] — to obtain equivalent 1985 pump costs. Due
to excessive pump component loading, the maximum pump
rating recommended for general apﬁlications is 3000-3500
gpm [1]. 1In cases requiring ratings larger than this
1imit, 1t 1s assumed that two or more units are installed
to divide the load equally.

Using these criteria, Table D.7.1 lists pymp location,
capacity, and cost for each TUS option studiea. Recall
from the discussion of Section 6.4.1 that secondary loops
are relatively independent of one another with regard to

pipe and pump sizing. Therefore Table D,7.1 lists each
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secondary loop only once for each option studied, either
compressive air conditioning or absorptive air conditioning.
However, the primery loop for each TUS obtion aﬁd thermal/
electric split value is unique, hence pfimary loops are

listed according to thermal/electric split v§1ue.

e
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TABLE D.7.1

TUS PUMP RATINGS AND cosTs ) ;

PUMP LOCATION CAPACITY COST
(millions of (millions of
I J K L . 1b/hr) 1985 dollars)

A. 100% TUS, Absorptive Air Conditioning Option: i

S O SRt 1.75 .023
1 y 1 1 .84 .014 1
G b et S .27 .006
g M i .31 .007
Wy (Rde IREE .20 .005

B. 80% TUS, Absorptive Air Conditioning Option:

1 1 1 1 ' 1.40 .018
1 2 3 1 .27 .006
1 4 1 1 .52 .009
3 4 3 1 .25 .006
1 4 5 ! .20 .005
1 4 5 4 .003 : .0003
1 4 5 3 .008 .0005
1 4 1 1 .519 .009
1 1 1 1 1.40 .018

I e — b cncctin
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TABLE D.7.1 (Continued)
PUMP LOCATION

CAPACITY

(millions of (millions of
1b/hr) 1985 dollars)

COST

C. 60% TUS Absorptive Air Conditioning Option:

1

T T
N = O s EN

D. 40% TUS Compressive Air Conditioning Option:

) | 1
1 2
1 1
1 2

1

w H = 1 v U W

1

3
1
3

1
1
1
1
4
3
1
1
1

1

1
1
1

E. 20% TUS Absorptive

1 1
1 2
1 1
1 2

1

= e

i
1
1

1.18
.27
.27
.20
.004
.007
.27

1.18
.27

.73
.27

.73
.27

Air Conditioning Option:
.46
.31
.46
.31

.017
.006
.006
.005
.0004
.0006
.006
.017
.006

.001
.0006
.001
.0006

.009
.007
.009
.007

P




295

TABLE D.7.1 (Continued)

PUMP LOCATION

J

K

CAPACITY
(millions of
" 1b/hr)

COST
(millions of
1985 dollars)

F. Secondary Loops, Absorptive Air Conditioning Option:

W o =N O v =W N

I
N R O

13

G. 100%

I T Y

1

o I Y N

i

(N I e e B S

o I T

O

3.12
5.31
2.81

.41
4.02
2.00

.92
2.95
3.25
1.48
1.30
4.89

.031
.045
.028
.008
.036
.023
.014
.030
.032
.019
.017
.043

TUS Compressive Air Conditioning Option:*®

P A S B

1

Vi w & = W

l

1
1
1
3
1
1

1.79
.28
.86
.32
.08
.26
.26

¥Pumps are in supply and return lines.

.023
.006
.014
.007
.003
.006
005
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TABLE D.7.1 (Continued)
PUMP LOCATION
. L
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CAPACITY
(millions of
1b/hr)

COST

(millions of

1985 dollars)

H. 80% TUS Compressive Air Conditioning Option:

L = I I L S S i

1

N M E O E s N

1

w = H Uy U N w W

1

H R W E H O R

1.35
21
.50
.25
.18
.004
.008
.50

1.35
.27

.019
.008
.010
.006 .
.005
.0003
.0005
.009
.019
.006

I. 60% TUS Compressive Air Conditioning Option:

I L = T Ve

N s s s EE N

1

1

w . U Uy WU, W

1

3
1
1
y
3
1
1
1

1.11
.27
<25
.18
.004
.007
.25

L017
.006
,006
.005
.0003
,0006
.006
.017
.006
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TABLE D.7.1 (Continued)

. PUMP LOCATION CAPACITY z COST »
(millions of (millions of
I J . .. L. : 1b/hr) 1985 dollars)

J. k0% TUS Compressive Air Conditioning Option:

1 | 1 A T .013
1 2 3 1 .28 .006
1 1 1 1 T4 .013
1 2 3 1 .28 .006

K. 20% TUS Compressive Air Conditioning Option:

1 1 1l 1 .47 .0092
2 2 1 1 .31 .0071
1 1 1 1 U7 .0092
1 2 1 1 .31 .6071

L. Secondari Loops, Compressive Air Conditioning Option:*¥

2 1 1 1 .232 .0054

3 1 1 1 .391 .0077

4 1 1 1 .304 . .0065

5 1 1 1 .029 .0013

6 1 1 1 .353 .0072

7 1 3 1 .151 0040

8 1 1 1 .148 0040

9 1 1 1 .374 .0075

10 1 1 1 .378 .0075

11 1 1 1 459 0086
12 1 1 1 26T .0043 5
13 1 1 1 546 .0097 g

#Pumps are in supply and return lines
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APPENDIX D.8
BUILDING CONNECTION PIPE COSTS

As mentioned in Section 6.4.1, the cost of the piping
required‘to connect individual bdildings to the water main
in the’street is an important, but not a dominating item
in the total piping cost. The cost of the piping required
to connect builldings to the street mains 1s calculated by
correlating pipe length with Btu delivered. The actual
length of pipe required to connect every building in the
Van Voorhils and Dietz Acres developments to thelr nearest
load center was measured. A pipe size of one inch nominal
diameter was selected as a size suitable for individual
home delivery. The total cost of this piping was found by
multiplying the total length of pipe by the appropriate
pipe cost. This total deliveri pipe cost was then divided
by the peak winter power supplied to Van Voorhls and Dietz
Acres to obtaln a cost for distribution piping on a peak
power-delivered basis (in units of dollars per peak Btu per
hour in 1985). This cost was then extrapolated to the
entire base's distribution system by multiplying peak power
delivery cost by the total base's peak energy delivery
rate, giving the total cost for individual bullding distri-
bution piping. It should be emphasized that this technique
was used to determine only the cost of piping from the lcad

centers to the bulldings. The cost of pipling in the TUS

-




is explicftly calculated by TDIST2 on a plece-wise basis.
Finally, the cost of the distribution piping so calculated
1s seen always to be less than 20% of the total TUS cost,
indicating that small errors in this cost component would

introduce insignificant errors in the overall system cost

estimate. Piping costs are shown in Table 6.5.
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