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Abstract

A study is undertaken to determine the economic feasi-

bility of an urban space heating system using electric pow-
er plant coolant water as a heat source for residences

equipped with water to air heat pumps.

Water networks were developed from which annual costs

were obtained, based on a housing distribution analogous to
Boston's. It was found that the lowest warm water-heat

pump system cost is obtained by using a high power plant
coolant water temperature rise, a combination of steel and

concrete piping, and a heat pump system augmented by auxili=-

ary heat. Using a gas furnace system as a reference, the

gas rate would have to increase by about l.5 times for the

heat pump system to be competitive. However, the heat pump
system offers primary energy savings of up to 30%. The
cost difference between the two systems becomes smaller

when summer cooling is considered in addition to winter

heating. For this case, an air to air heat pump system is

shown to be less expensive than a water to air system, and

is currently competitive with a gas heating-electric cool-

ing system. Finally, a rough study of a high temperature
water system shows that this system can be cost competitive

with a gas heating system if gas rates were to increase

only 1.3 times.
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CHAPTER 1

Introduction

. Background

Since the Arab oil embargo of 1973, there has

been increased awareness of the need to practice energy

conservation and to develop alternate sources of energy.

Alternate sources range from fast breeder reactors to

windmill electric generators. On the conservation side,

examples are better home insulation and more efficient

automobiles. Additionally, there is a need to further

develop energy end use methods and equipments,

Examination of energy statistics show that by

1980, the projected total energy needs of residential and

commercial consumers is 702,000 MW(e), of which 363,000 MW

or 52% is for space heating. (1) By considering another

statistic, the U.S. expects to generate 3 x 10° MW(e) by

1980, but will use 8 x 10° mw of energy to do so. (1) The

remaining 5 x 10° MW is dumped into the biosphere as waste

energy. The rejection of such a large percentage of energy

as waste is a characteristic of electric generating power

cycles. Under ideal theoretical conditions, which one can

not hope to achieve, the maximum efficiency permitted by

Numbers in parentheses indicate references.
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thermodynamics is around 60% for the temperature range of

power plant operation (1000°F- 100° F). Hence a large

quantity of energy is wasted even under ideal circumstances.

By noting that while a large amount of energy is being

wasted, a somewhat smaller amount is being generated for

space heating, one could conclude that a great deal of

conservation is possible by merging the apparent waste with

the heating needs.

The waste heat from electric power plants are

re jected from condensing steam at about 1 psia and 100° F,

A frequently used heat sink for waste heat is river water,

which enters at about 55°F and exits at 75°F, Because the

water temperature is only 75°F, it is difficult to extract

heat from the water, and therefore space heating uses are

somewhat limited. Alternate suggested uses include using

the warm water for aquaculture, green houses, and sewage

treatment. (2) However, the problem of providing for space

heating is not alleviated.

1.2 Total Energy Systems

In contrast to individual residential space heat-

ing, systems are available in which home heating originates

from central sources. Two common forms of central energy

systems are district steam and high temperature hot water

systems. Both systems involve the piping of high tempera-

ture heat to the consumer from central furnaces. District
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steam heating is relatively common and exists in several

large American cities as well as numerous sites in Europe. (3)

High temperature hot water systems are less common but may

become important in the future. (4,5) Both systems, however,

are usually pure thermal systems using valuable fuel which

might otherwise generate electricity. Some systems generate

small quantities of electricity.

An important concept that has become prominent is

the "total energy system.” The object of such a system is

to plan a power system from a perspective such that total

energy usage is maximized. Frequently the embodiment of

this idea is in the form of a "dual purpose” or "heat-

electric” plant. In essence, higher quality heat, in the

form of hot water at about 300° F or steam at about 500 psi,

is rejected for heating purposes. Thus for a given amount

of fuel, both electricity and heat are generated. Because

a higher quality heat is rejected, the electric generating

efficiency is necessarily reduced but the overall energy

usage of the primary fuel is improved. Miller, et al (1)

have examined the potential of such a system by modeling a

reference city of 400,000 people supplied with electric and

thermal energy in the form of high temperature water from a

nuclear reactor. Their conclusion is that such a system is

indeed feasible and economical. In Ayorinde's Underground

Transmission of Heat (6), heat-electric plants save up to

31% more fuel than single-purpose electric plants.
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Another approach to the "total energy system" is

to use heat pumps in conjunction with piped warm water from

the power plant as a heat source. This is a potential solu-

tion to the problem of using warm water for space heating.

The heat pump can transfer heat from a low temperature

region to a high temperature region, thus alleviating any

necessity to degrade electrical generation efficiency to

make the rejected heat useful. Such a system promises better

energy usage, but it is not known whether it is economically

advantageous. A schematic of such a hypothethical system

is shown in Figure 1-1. The power plant burns primary fuel,

which by use of a turbine generates electricity. The waste

heat is rejected into a closed water network. Pumps will

circulate the warm water to a city where the residents are

equipped with heat pumps. During the heating season, heat

is extracted from the water network at each consumer. The

network is designed such that the water temperature drop as

seen by the power plant is equivalent to conventional cooling

methods (river water or cooling towers), so that during warm

weather when space heating is not needed, the plant can

switch over to those modes of heat rejection (Figure 1-1).

This design allows minimal changes for the plant coolant

system. On a less ambitious scale, the working of a small

system using pond water as both a sink and a source for an

apartment building is discussed in (10) and a heat pump solar

system is investigated in (11).
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4 2?
el Heat Pumps

A heat pump is a reversed power cycle. Whereas

a conventional power cycle uses a flow of heat (high to low)

to produce work, a heat pump uses work to cause heat flow

(low to high). A schematic of a heat pump system using a

vapor~compression cycle is shown in Figure 1-2. By the law

of energy conservation:

N} |
 ~~ =r )

»

Ay = W + 0).

Qy = heat flow to high temperature region

Q;, = heat flow from low temperature region

W = external work to the heat pump

(1 1)

The low temperature heat (Q;) is augmented by work leading

to the situation where the useful heat (Qy) is larger than

the work put in. A heat pump's performance is characterized

by its coefficient of performance (COP) defined as:

J0P = Qy/ Ww (1.2)

I'he COP or "efficiency" of a heat pump is greater than 1.0

and typically between 2.0 and 3.0. One can see the advan-

tage of the heat pump's ability to transform energy from a

low temperature heat source to a usable high temperature

heat source with a small work input.
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Heat pumps are not new but commercialization has

been somewhat limited due to high initial cost, although

this high cost may be becoming acceptable due to rising

fuel costs. The predominate type of heat pump is air to

air, which uses ambient air as a low temperature source and

transfers heat to the interior of a building. Heat pumps

also serve as air conditioners during hot weather. The heat-

ing capacity and COP of a heat pump go down with source

temperature (Figure 1-3) so that using winter air as a source,

the air/air heat pump is least effective when needed the

most. Hence in the colder regions, the annual average COP

of a heat pump is lower than an identical pump in a warmer

region. The effect of ambient air temperature can be alle-

viated by using a water/air heat pump which uses water as a

heat source and a sink. The temperature of waste water from

a power plant is relatively high compared to ambient air,

and in conjunction with the stability of the source, the

water/air heat pump enjoys effective operation the year

round. Since the capacity is also greater at the higher

temperature, a smaller water/air heat pump may be used rela-

tive to an air/air unit for the same load.

1 hy
Objectives and Methods

The basic objective of this study is to undertake

a preliminary study of the economic feasibility of a resi-
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dential space heating system for a city which uses power

plant waste heat in conjunction with present day water/air

heat pumps. The major costs of such a system consist of the

piping network and the heat pumps. Power plant modification

is minimal as noted in Section 1.2, and therefore this cost

is neglected. For the network cost component, piping layouts

will be modeled for various housing types and unit densities.

An existing city will then be used as a weather and a resi-

dential layout reference from which a rough cost estimate

for installing a piping network for that configuration may

be made from the models. Current heat pump costs will be

used and performance will be based on present technology.

Total annual heating costs of this system will then be com-

pared to other space heating modes. Finally, an energy

usage comparison will be made to determine relative merits

from that perspective.

This work is a preliminary study undertaken to

determine the feasibility of the proposed heat pump-condenser

temperature water system concept. Only design details having

first order effects on the system cost and performance will

be dealt with, This preliminary study will point out the

major factors effecting feasibility.



*

&amp; Chg

CHAPTER 2

System Model

This chapter is a description of the model for the

warm water-heat pump space heating system. A reference city

is initially introduced. Next, model residences are dis-

cussed and thermal loads determined. Residential loads are

then expressed in terms of water flow rates. Flow rate dis-

tribution is then translated into a load map. Finally,

piping network layouts are discussed, followed by the method

used for determining costs.

2.1 Reference City

Rather than assuming an arbitrary housing density

and distribution for piping network modeling, a reference

city is used so that the residential layout is realistic.

Boston is used as the reference city because much of the

cost information obtained would be from the Boston metro-

politan area. It is emphasized that this study's objective

is to determine roughly whether a low temperature water sys-

tem coupled to a water/air heat pump system is economically

feasible. Hence, the important questions to be answered are:

1.

2

Is the system economically feasible?

What are the major controlling cost

parameters?
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3. What are the energy savings?

The selection of Boston is arbitrary.

The 1970 U.S. census survey (29) was used as a

basis for modeling Boston's population and housing distri-

bution. The tract as divided by the Census Bureau is shown

in Figure 2-1. Each rectangular subdivision is 7.08 mi x

505 mi, which for the purpose of this study is estimated to

be 36 square miles each. The smaller subdivisions are esti-

mated at 9 square miles each. Residential areas for tracts

67 and 68 are reduced to account for the areas covered by

water. Compiling the data in the tract record, the distri-

bution of residential housing and population is summarized

in Table 2-1. A "unit" is defined as rooming space for a

group of people living together, whether it is a family or

otherwise. The tract record provides housing data in the

form of total units, one-unit structures and structures of

10 or more units. For this study, the residences are arbi-

trarily divided into single, four and twelve unit structures.

The distribution breakdown is thus not an exact representa-

tion of actual buildings. The "three building types only"

approximation is necessary to keep the study at a manageable

level, and yet still have some relevance. Commercial build-

ings are not included and are not within the scope of this

study. It is noted that each unit averages 3 occupants.



 ed
A

AA,~ 4 0

20
Sve

%
1294 1)0

ty
65 6 -

Atlantic

66 | 7 Ocean

 69 7 J ?

0

JIE }

13

A
19

Figure 2-1
Metropolitan Boston: Census Tracts

(From 1970 US Census Tract Record)

ya nT

N

~3{

\
”

*)
n



Table 2-1

BOSTON METROPOLITAN DENSITY AND IIOQOUSING DISTRIBUTION

Tract #
C2

Area (mi®)

20 3F

21 36

22 J6

3626

27 36

2 8 36

29 36

33 36

34 36

37 36

38 36

12 36

13 36

44 36

45 36

1&amp;8

49

50 |
36

36

36
a

Population
Density

3238

1714

1289

743

2510

3789

3415

7079

414

2070

6080

1865

4765

3079

538

413

1514

1453

Housino
Init Density

1068

482

334

197

795

1154

1217

2331

125

576

2088

541

1554

925

154

99Q

436

123
til

%

Single Units

490.8

82.5

86.0

67.7

71.0

61.1

43,1

33.8

84.5

86.4

39.5

74.1

43.8

62.7

83.4

86.8

68.6

82.5

$ 4 Unit

Apartments

% 12 Unit

Apartments

43.5

17.1

12.6

32.0

24.4

30.9

46.5

55.8

0.0

13.5

40,9

22.9

47.6

32.8

16.6

12.2

24,1

12.5 | 5

6.7

0.4

1.4

0.3

4.6

8.0

10.5

10.5

15.5

0.1

19.6

3.0

8.6

4.5

0.0

1.0

7.3

.0
leane..

1 a



Table 2-1 (continue)

Tract #

51

62

63

64

5

06

67

58

AO

Area (mi®)

in

3}

¥

)

Al

4.5

2.25

3

Population
Density

1216

11157

9325

6752 |

16459

17941

7994

10096

19122

Housing
Unit Density

350

3870

3175

2368

6357

7584

2944

3080

6251

t

Single Units

74.0

21.8

29.3

11.3

9.4

6.3

13.5

26,8

10,0

% 4 Unit

Apartrents

15.5

71.5

66.0

82.8

70,2

51.3

70.9

50.7

80.1

|
% 12 Unit

Apartments

10.5

6.7

4.7

5.2

20.5

42.5

15.7

22.5

9.9

IN

jod
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 ft. eo J Housing Approximation and Thermal Load

The study will deal with 3 basic types of resi-

dential buildings:

1.

2e

3a

Single unit homes

Four unit apartments

Twelve unit apartments

A unit is previously defined in Section 2.1.

Based on census data, it is assumed that an average

of 3 persons occupy each unit and that each person averages

5000, 4200, 3600 £2 of heated rooming space for the single,

four, and twelve unit structures respectively. A thermal

load of 1200 Btu/dd Kft was used for the house and a load

of 1185 Btu/dd Kft was used for each of the apartment types.

A degree-day (dd) is defined as the difference between 65°F

and the average ambient temperature for a given day. Nega-

tive degree days are meaningless. Both loads are within the

range of values listed in (3).

The design dry bulb temperature for a Boston winter

is O°F or equivalently 65 dd per day. (3) The peak load for

each building type is summarized in Table 2-2.

From the District Heating Handbook (3), Boston's

heating season averagedover 48 seasons is shown in Table 2-3.

With the 65 dd design, the annual load factor (actual/design)

is 0.25,
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Unit

Buildinos
Volumg
(K £t7)

“pecific Load
Btu

ddKf&amp;3

Degree Day
Load

(Btu/dd)

Peak Load

(Btu/hr)

~——

12

50.4

129.6

1200

1185

1185

1.8x10%

5.97%10%

1.54x10°

4.88x10%

1.62x%10°

4.16x10°

Table 2-2

Fesidential Heat Loads

+ July Aug Sept Oct Dec |

[ Degree pays| 7 | 15 [98|338| 647 | 1008

| Degree Days|1108 | 1025 841 538 245 66 5936

Table 2-3

Boston Heating Season
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Before a network supplying heat to each residence

can be determined, it is necessary to determine the expected

temperature of the heat source at the consumer. The basic

heat loss per foot is:

 nN “160% ‘qdL

- Tw =Ta

T= Rar,

T, = water temperature (°F)

T, = ambient temperature (°F)

(
-

H

a" 1)

®

Ry = thermal resistance of the insulation (Ref)

hr £+ °F
Rg; = thermal resistance of the soil (HET)

Details of the buried pipe line configuration is discussed

in Section 3.1. For the purpose of this thermal analysis, a

simple geometry of concentric cylinders is used to approxi-

mate the system. See Figure 2-2.

777,

72" mip

77

D

7777 Soil Surface

_—

Figure 2-2

Buried Pipe for
Thermal Analysis
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—

§

NT concret‘

*n
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As in utility water piping, a minimum of 72" cover from pipe

to soil surface is required to keep the pipe below the frost

line and also to avoid interference with other utility cables

and lines. (4,31)

The send out temperature for the water will not

exceed 100°F since that is generally the temperature limit

of present day heat pumps. As such, this water system is

classified as a low temperature water system, although “warm

water” is used synonymously throughout this text. (7?) Be-

cause the temperature is low, heat loss is expected to be

minimal, and only a sheath of insulating concrete is used

for analysis as opposed to separate insulation followed by

total encasement in concrete. This arrangement is in fact

common in even in high temperature water systems where tem-

peratures reach 300°F. (4) The insulation consists of 1 part

portland cement and 4 parts vermiculite, and the thermal con-

ductivity is 0.066 Btu/hr ft°F. (3) Because of the cylin-

drical geometry:

R. = R _ In (Ye /v)

i 7 “concrete T 9 fr k.
{rn )

The conductivity of soil varies from a low of 0.33 Btu/hr f£t°F

for healy clay (4% moisture) to a high of 1.83 Btu/hr ft°F

for crushed quartz (4% moisture) according to District

Heating Handbook tables. (3) The Louden equation (30) for

soil resistance is:



who

— 373 gh.

In (P/r.)(} *Jl- (re / DY) )
R.= 2 k.

bolt) k, = soil conductivity

(2-3)

Some values of soil thermal resistance are tabulated in

Table 2-4. Total thermal resistance of the underground

piping is shown in Figure 2-3,

The heat loss from a section of pipe, length dx,

due to heat transfer to the soil is:

where

do DT gyII

q = Btu/hr

(2 4)

T, = water temperature (°F)

To = soil surface temperature (°F)

R = total thermal resistance (hr ft°F/Btu)

An energy balance of the entering and exiting water across

length dx is

wl! iro

dg =m C, aT

m = mass flow (1b,/hr)

Ss = specific heat (Btu/lb, °F)

(245)

By energy conservation:



Pipe
Dia (in)

A

 2D

24

36

48

12

16

Rp

120

r (in)

0.66

3.31

06.38

12

18

24

36

48

60

Fat (in)
—

hb

~

11

1 2

D (in)

--

78

78

24

00

26

108

120

132

R hr ft°F
total Btu

high low

12.87 £.56

3.41

71.14 2.59

5.59 1.81

4.60 1.47

3.92 1.27

3.07 0.99

2.51 0.86

2.13 0.74

 aA

Table 2-4

Soil Resistances
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T, -To dix
- m CedT, — Rr

|4 3)

 XX = 0 at Pu T ‘n (source temperature):

x= (Gn-To) xP(FreeR) +T, (z 7)

yp,

where G =

=X

T= (TT exp (Fare CoR)+T

I
Fn
;

), 2Ll

(2.3)

In a preliminary analysis (see Appendix A), it was deter-

mined that the water temperature from the source (power

plant) to the furthest hypothetical user is at worse 1.2°F

and only 0.4°F for the low value of soil conductivity. The

analysis assumes a soil surface temperature of 10°F and a

source temperature of 100°F. Solutions of a similar flow

path, but with bare pipes, show a high temperature drop of

approximately 10°F and a low of 2°F., In conclusion, it will

be assumed that the source temperature at the consumer is

less than at the plant outlet by 1° F.

JN) Water Temperature Drop at Consumers

Generally, coolant water enters a power plant con-

denser at 55°F and exits at 75°F with the steam side conden-

sing temperature at about 100°F. As discussed in Section 273,
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the expected temperature at the furthest user is about 1°F

less than the plant exit temperature. In order to represent

residential thermal load in terms of flow rates, heat pump

performances must be considered. See Section 3.4 on heat

pumps. Using 74°F as the initial temperature at the con-

sumer for a plant coolant water AT = 20°F system, a single

unit home (49,000 Btu/hr peak load) is sized with a series 52

heat pump at 7 gpmj two single unit homes can be placed in

series with the exit water temperature at the second consumer

at 55.9°F. The peak load for a four unit home (162,000 Btu/hr),

on the other hand, can be met by a single series 200 heat

pump rated at 12 gpm. For a twelve unit structure, it is

necessary to use two series 240 heat pumps to supply the peak

load of 416,000 Btu/hr. See Table 2-5.

Exit temperature of the power plant coolant water

can be increased to 95°F by either steam extraction from a

high pressure turbine stage or by back pressuring (conden-

sing the steam at a higher pressure and temperature). A AT

of 40°F is desirable, Since a lower flow rate would be re-

quired, and hence less costly pipe networks and water pumping

power would be needed. In addition, the maximum capability

of the water/air heat pumps would be utilized. For a AT = 40°F

system, four single unit homes or two four unit apartments

can be placed in series. The twelve unit apartment still

requires two heat pumps, although the flow rate is reduced.

See Table 2-6.
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Talhle 2«5a

2 Single Unit
Homes in Series

Series 52

T arr

Pa
Te F)

74 | 2.84 | 9.1

cao | 2.701 0.0

55.9

 —_—

i

Table 2-5b

Four Unit Home

Series 200

12 opm

[ 0 ~ | 7 Oey

 Tint F)| cop | T (°F)

74 | 3.17 + 18.6

55.4 |

Table 2-5c¢

Twelve Unit ilome

2 Series 240

30 gpm

Mn (°F) | cop | T (°F). in w

74 | 3.22] 9.6

6a.4 | 3.08] 9.4

55 |denn.

Table 2-5

WATER TEMPERATURE DROP at CONSUMER

A T=20°TF SYSTEM
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Table 2-6

WATER TEMPERATURE DROP at CONSUMER

D T=40°F SYSTEM

Table 2-Ca

JL
-

4 Single lomes
in Series

ALE

Four nit Lome

Series 200

12 cpm

Twelve Unit Home

Series 240

15 gpm

CoP |, (°F)
94 42 3.32] 9.8

84.2 2|3.14] 56
74.6 52 | 2.84] 9.1

65.4 | 52. | 2.79] 9.0

I Hp

. {°F OE

Tin ) Series

dai

56.4 | .

Table 2-6L

[rr] cop ERG |
| 94 | 3.23| 10

75 | 3.18 | 18.6

sed ___
Table 2-6c

 CEnE———

 il

| o Cr | cop | T (°F)
in —

© 94a | 3.471 19.9

28: a.1 | 3.22) 19.2

54,9
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Yn5 Generalized Pipe Network Cost as a

Function of Housing Density

To approximate a piping network cost as a function

of housing density and housing type distribution, the follow-

ing method is adopted:

1. Draw pipe networks for a square mile area,

assuming various housing densities with the same housing

structure spread uniformly throughout the entire area. Three

structural types, single unit, four unit apartments, and

twelve unit apartments, are used.

2. Given the peak thermal load of each of the

three types of structures, and the design conditions (ambient

temperature, water temperature, and heat pump performance),

a load map, consisting of water flow requirements, can be

drawn for each structural type. The flow requirements are

proportional to the thermal load, when the overall water

temperature drop is specified.

Je For a given building type, the cost for

various networks corresponding to different housing densities

can be calculated so as to obtain a functional relationship

between cost and housing density for each of the three types

of building structures.

L, From the census tract record, a city is

broken down into subdivisions, each defined by the area,

housing density, and distribution of housing types. Hence,
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for any housing density, three network costs can be inter-

polated from the respective cost-density curves for each of

the housing types. The total cost for a network with a

given distribution is then approximated by multiplying the

respective costs by the percentage ratios of the total

housing units for each of the three housing types and then

summing the components.

2,1

” Load Ma-y«

Section 2.4 described the water temperature drop

at the consumer and also specified the water flow rates

required. These flow requirements represent the housing

unit's thermal load. The load map, in essence, consists of

nodes defined as sinks for water flow. The connection of

these nodes to sources would result in a network from which

cost and pumping power can be calculated. The topic of

determining a network configuration is treated in Section 2.7.

&gt;. Water Distribution Network Layout

Public water utility networks were initially

studied as a guide for determining the warm water network

for this system. Utility water networks are of three general

types; circle/belt, gridiron, and tree. Networks usually

are combinations of these types, but the gridiron network is

preferred. The advantages are the elimination of deadends,

flow to a node from different direction, and easy mainte-
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nance. (23, 24, 25) Its drawback is its expense. Branch

networks, on the other hand, are cheaper but require periodic

flushing, and the water may develop taste and odor. Com=-

parison of the requirements for utility networks to warm

water circulation networks shows that the major objection

to a branch network is that interruption in the large mains

would disrupt service to a large number of customers. A

gridiron network, on the other hand, is too.expensive. One

of the gridiron's design functions is to have the standby

capability to supply 600 gpm at fire hydrants, whereas maxi-

mum required flow per customer for the heating network is

about 30 gpm. A compromise is thus desirable to establish

some degree of multiple flow paths for reliability, and yet

keep the cost down.

A study was undertaken to determine a reasonable

design for the warm water circulation system. The goal of

the study was to obtain some general guidelines for a net-

work layout. Five designs were considered and are shown

schematically in Figure 2-4. Each line in the network repre-

sents a feed and a return line. The study used a reference

square mile of 8000 housing units of twelve unit apartments.

Cost estimates were based on a preliminary optimal pipe

sizing study, which includes the cost of feed and return

lines. While the cost figures are necessarily crude, a gen-

eral comparison can be made. It was found that Design I is

the least expensive. The following cost ratios, based on
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Design I, are obtained (Table 2-7).

Designs I and II are both tree designs, with

Design I having finer branching (each block getting a sepa-

rate line). Design III can be visualized as a two-branch

tree network with the end branches connected to form a loop.

The two long horizontal lines contributed significantly to

the high cost of this design. Design IV is basically a tree

with 3 branches. This design also suffers from long pipe-

lines carrying large flows. Design V is the same as Design I

but with 4 loops obtained by connecting the 8 branch ends.

Overall conclusions of this study can be summarized

in some general rules for network design.

la The design should involve as fine a trae

network as possible.

2 If looping is desired, branches should be

formed so as to be as fine as possible and still allow clos-

ing of loops with relatively short pipe sections.

-  o£ bh]

 1] -

3 Avoid routing long lines without flow take-

Design I is not suitable as a network design for

the warm water distribution network, because maintenance can

be a problem. Large city sections can be deprived of ser-

vices if certain portions of the tree are damaged. Design V

is selected as a reasonable design. It is believed that

Design V provides the flow redundancy likely to be considered
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Table 2-7

Square Mile

Network Design:
Cost Comparisons

 | -

~ Design Cost

100

rr | 108

Cor|one

Cw | 117 -

IEEE
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acceptable. With only minor modifications at the pump sta=-

tion, it is possible to circulate water within the network

by channeling exit water back to the inlet. A 36 square mile

network with the above design for 8000 units per square mile

and for twelve unit apartments has the capacity to supply

peak heating needs for about half an hour without heat input.

-~ io
Density Networks

Branch networks with looping as described in

Section 2.7 are used to model each of the density networks.

Densities (in units per square mile) used are 8000, 6000,

4000, 2000, and 1000. This range was chosen by inspecting

the density distribution of the Boston metropolitan area.

With two reference plant coolant water A T's (20 and 40) and

three housing types (single unit homes, four unit apartments,

and twelve unit apartments), the total number of networks to

be modeled is thirty.

The model consists of standard blocks, 660 ft by

330 ft, which make up a square mile network. The square mile

network in turn makes up a 36 square mile network. The lat-

ter network was included for convenience. With the exception

of the downtown areas, each census tract for the Boston

metropolitan area is about 36 square miles. Illustrated in

Figure 2-5 is the network for the case of plant AT = 20°F,

twelve unit apartments, and 8000 units per square mile.

Analogous to district heating network design procedures,
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branch networks (either1or 36 square miles) are connected

with looping added subsequently. (3) The network is pres-

sure balanced such that under normal circumstances, flow

through the loop pipe segments is negligible. Pressure

balancing is further discussed in Section 2-10. Diagrams

of each network are included in Appendix B.

2  75 Pipe Sizing

Because of the large flow rates involved, it is

important to obtain an optimal balance between the cost of

the pipe network and the cost of pumping the water. Annual

costs are used for comparison. For a given water flow rate,

a characteristic annual cost curve as seen in Figure 2-6 can

be obtained. The optimum pipe diameter is the diameter cor-

responding to the minimum cost point. Hence for a given set

of cost conditions and flow rate, there exists a best pipe

size resulting in lowest cost. (For details on the cost of

piping, refer to Section 3.1.)

The pressure drop per length of pipe section is:

Niere

AP_8%Q*
L M™2gD°

f = friction factor

L = length

(2:3)

Q = flow rate
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Figure 2-6
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D = pipe diameter

P = pressure drop

Therefore, pumping cost reaches very high values for small

pipes, unless the flow is correspondingly small. The fric-

tion factor defined as

where

CHL0) 34

hy = head loss (ft)

V = velocity (ft/sec)

g = 32.2 (ft/sec?)

L = length (ft)

D = diameter (ft)

(2.10)

The friction factor is determined from the Moody diagram for

friction in commercial piping. Pao (27) compiled the follow-

ing analytic expressions applicable to the Moody diagram.

laminar Re £2000

transition 2000 &lt; Re &lt;

£=64/Re

-

(2.11)

1 [A (n/e)
5 2 bg(€)=1782Jog(1+187==(2.12)

turbulent ? &lt;Re (2.13)

T= 74 + 2 fog ( 2)
Rg = VD/Y

re = pipe radius (ft)

= pipe roughness (ft)£2



53 gp

The line separating transition and turbulent flow

was determined by curve fitting and can be expressed in the

form:

LCA -2 (58 (2.14)
Iog,,(&amp;) = o.87 dog, Re) 2.46883

For example, when 0.871 logy (Rg) - 2.6583 «( logy, (v/e),

the flow is in the transition region and the appropriate

transitional friction factor equation is used.

Computer solution of the optimal pipe diameter for

a given flow is achieved by a search technique. Additionally,

it is desired for practical reasons to limit pumping stations

to only one per square mile network. With pumps rated at

about 150 psi, a limit of 75 psi drop maximum per mile of

pipe is used. It was found that use of this criteria results

in total pressure drops (feed and return lines) on the order

of 90-120 psi for a square mile network which is within the

capacity of the pumps. Without this pressure drop limit,

square mile networks have total pressure drops ranging from

90-175 psi. Network cost difference was found to be about

1-2% for the apartments and about 15% more expensive for the

single unit networks with the reduced pressure drop.

Figures 2-7 to 2-10 show results of an optimized

1 ft section of dual piping. Piping cost and electric pump-

ing cost are discussed in Sections 3.1 and 3.8 respectively.

With an upper limit of 120 inch diameter pipe, the optimum
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diameter curve plateaus at about 400,000 gpm. Referring to

the cost curve, it is noted that past 500,000 gpm, the annual

cost becomes larger than the annual cost for two pipes each

carrying half the flow of the original. Hence a limit of

500,000 gpm is used as a transition from a single pipe to a

double pipe configuration. A single pipe configuration

refers to both a feed and a return line. In the pressure

drop curve, the 75 psi/mile limit does not apply at the very

high flow range because it is not possible to reduce pres=-

sure loss by going to a larger size, due to the pipe size

limit of 120 inches diameter. Finally, because the computer

program uses a discontinuous piping cost function, steps

appear in the cost percentage curves for piping and elec-

tricity.

Since actual pipes are not manufactured in fine

graduations, calculated ranges of optimum flow rates are used

for each commercial pipe size. The sizes (inches diameter)

used are as follows; 1, 2, 3, 4, 5, 6, 8, 10, 12, 14, 16,

18, 20, 22, 24, 26, 28, 30, 32, 34, 36, 42, 48, 54, 60, 72,

34, 96, 108, and 120.

For the above calculations and in the subsequent

network cost calculations, the following conditions are

specified. The roughness for steel is 0.000 15 ft. An

average water temperature of 70°F is used. Pump life is

estimated at 25 years with pipes and valves rated for 50

years. (23) A pumping efficiency of 85% is used in conjunc-
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tion with an electricity rate of 3.36¢/Kw Hr (see Section 3.8).

As shown previously, the load factor for Boston 0.25. It is

noted (32) that from the fourth quarter of 1974 to the first

quarter of 1976, public utilities are borrowing at a 9% rate

of interest.

2."
wr

i Network Cost

For each type of housing structure, networks are

defined according to density, area, and a list of water flow

rates and the associated lengths and number of branches. The

commercial pipe size for each branch is determined from the

optimal pipe study of the previous section. The pipe cost is

amortized to obtain yearly costs using life and interest rates

used previously. From the discussion on piping cost, Sec-

tion 3.1, the pipe network is about 1.5 times the cost for

single pipe installation.

Other components of the annual capital cost are

valves and pumps. Each piping branch larger than 4 inches

is assumed to have a valve. A branch in this case refers to

a combined feed and return pipe segment. Initial results

based on optimum piping show that each housing block is

usually isolatable. In conventional utility distribution

practice, a valve is placed every 800-1200 ft. (23) Pump

cost is estimated as a function of flow rate and pressure

drop at the network entrance for each square mile.
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The cost for engineering this water network system

should also be included. Engineering cost is recommended to

be 15% of initial capital. (1) An annual maintenance and

network operating cost of 5% of initial capital is used. (30)

Another operating cost component is the electrical

pumping energy needed to overcome pipe friction. According

to Geiringer (4), effects due to piping elements such as

valves and pipe fittings, and bends, increase a network's

losses from 1.3 to 1.45 equivalent pipe lengths. Therefore,

a square mile network pressure drop is about l.4 times the

frictional losses from network inlet to furthest user and

backe The 1.4 multiplier is used in all piping pressure

drop calculations.

It is recognized that sizing all pipes using opti-

mal piping as calculated in the cost versus pumping power

tradeoff does not result in an optimal network cost. The

reason is that for a square mile network, each branch must

be pressure balanced with respect to each of the other

branches. If this is not done, then flow maldistribution

and/or undesirable secondary flow may result. Referring to

Figure 2-11, each branch A through D carries identical flows.

(Mirror images of branches A through D on the other side of

the main is omitted for this discussion.) Each corresponding

piping section for the branches is sized identically, since

they carry the same flows. However, flow from the pump to
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feedline 8D is longer than flow to line 8A, so that frictional

drop for A is less than for D, C or B. Because the branches

must be balanced, control devices such as valves are needed

to cause pressure drops equivalent to the frictional drops

incurred in the paths to the more distant branches. By siz-

ing the branch piping in A smaller, a cost saving is achieved

as well as pressure balancing, since frictional losses for

that branch would increase. The same applies to branches B

and C. It should be noted that no additional pumping power

is required; the overall network pressure drop remains the

same. In an analysis using a AT = 40°F network of twelve

unit apartments and 8000 units/mi?, it was found that equal-

izing branch pressures by using smaller pipes result in an

annual saving of only 0.8%.

Feedlines 1 through 8 are also balanced with respect

to one another. Once again, application of optimal piping

from the previous section results in slightly oversized pipes

for lines 1 through 7 in each of the branches, requiring

pressure balancing with valves. Calculations of cost savings

using smaller pipes to balance the pressure show an annual

cost saving of only 5% for the same network as above. In

conclusion, while application of optimal piping from the

tradeoff study of Section 2.9 does not result in an overall

optimal network cost, the estimate is sufficiently close to

optimal for the purpose of this preliminary feasibility
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study. This is especially true in light of the large vari-

ances in piping cost from situation to situation and locale

to locale.

» - I Metropolitan Tract Calculations

Each census tract for the Boston metropolitan area

is characterized by area, density, and housing type ratios.

Cost, pumping power, and flow requirements are interpolated

from the generalized cost-density curves (see Section 4.1)

as well as corresponding pumping power and flow curves. Each

tract is then linked into another network from which annual

parameters (cost and pumping power) are calculated. The

sum of the tracts and the connecting network is the total es-

timated piping system cost.

2.1py

” Penalty for Lost Power Generation

Conventional fossile power plants generally operate

at 2400 psia and 1000° F with reheat to 1000° F at 530 psia.

In (6), the gross cycle efficiency is calculated to be 45%

for 100° F steam withdrawal. For a system temperature drop

of 40° F, where coolant water exits the plant at 95° F, steam

needs to be withdrawn at a higher temperature with a resultant

decrease in overall plant efficiency. Assuming that the with-

drawn steam is 125° F, the gross cycle efficiency is decreased
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by 2 %. For this reason, the overall plant efficiency for a

delta T=40° F system is decreased from about 33% to 31.5%.

The plant losses 1.05 x 10™9 Kw in electrical generating ca-

pacity for each btu/hr sent into the coolant water. This

constitutes a lost power which is included as a charge in ad-

dition to the normal charge for electricity. Alternatively,

larger plant steam condensers may be used. The temperature

of the exiting coolant water will increase while the steam

condensing temperature remains close to 100° F. Thus the

decrease in overall plant efficiency and the resulting loss

generating capacities are small. It can be shown that the

increased annual cost of the larger condensers per consumer

is negligible. However, it can also be shown that the cost

of loss generating capacity makes up approximately 3.5% of

the annual heat pump cost per consumer for the delta T=40°

system. Consequently, the overall effect of either condensing

arrangements on the annual cost is small.
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CHAPTER 3

Fquipment and Cost Items

This chapter presents data on current cost for items

pertinent to the system model and for items of interest for comparison

purposes. Also discussed are performances of water/air and air/air

heat pumps.

3.1 Piping

Piping for the warm water/heat pump system can be of three

general configurations; above ground, underground in tunnels, and

underground buried. The first configuration is not suitable for a

city-wide distribution system because of possible potentially dangerous

obstructions to movement of people or traffic and vulnerability to

damage. The second configuration is cost justifiable only in special

circumstances where accessibility is at a premium. Buried pipelines

can be installed in molded conduits or in larger conduits with elabo-

rate insulation and air spaces. The underground configuration with

molded conduits is selected for this system. The use of insulating

concrete has been generally successful, except in cases where the pipe-

line is below water tables, in which case waterproofing methods such as

pipe sheathing or trench sheeting are used. (4)

Before pipeline installation cost is discussed, the term

"simple pipe installation" should be defined. A simple installation

is the digging of a trench, compacting a bed, laying and installing the



-66-

pipe, pouring concrete around the pipe, and finally refilling the

trench. The cost formulation which follows is for a simple installa-

tion. Three Boston metropolitan construction contractors cooperated

in providing piping cost estimates. J. F. White Contracting Co. (New-

ton, Mass.) in particular provided a detailed method for estimating

costs which compares favorably with information provided by Perini

Corp. (Framingham, Mass.) and D. L. Maher Co. (Reading, Mass.). The

method is as follows:

Dig/lay/backfill

(includes pipe installation and bedding compaction)

Cost ($/ft)

Pipe Diameter (in) High Low

35

 0

42

72

120

A

3

)

 0)

3

~

id

A

10

 NnSy

H.)

2. Pipe purchase

$0.40/1b for "black" steel pipes

3. Bedding (purchase)

$3.00/cubic yard

General bedding dimensions are 2 ft depth and pipe

diameter plus 3 ft width.

4. Concrete (purchase and installation)

$50.00/cubic yard
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Some assumptions implicit in this cost formulation are

I. Standard 6 ft minimum depth from top of pipe to soil

surfAID

J. Cost is for single pipe laying. For double pipe sys-

tem (feed and return lines), multiply dig, lay, and backfill costs

oy 1.5

Steel pipes are welded.

4 Pipes are above water line.

5. Trenches are open cut.

5. No rock excavation.

The general specifications for a double pipe pipeline are

shown in Figure 3-1. The "a's" were used as concrete thicknesses in

the heat loss analysis of section 2.2, where it was shown that by using

insulating concrete, the temperature drop under the worst conditions

is about 1°F.

Since the system will see a maximum temperature of 100°F

(i.e., subcooled water) there is no need to pressurize the system be-

yond what is needed to pump the water. High capacity pumps are gene-

rally not rated at greater than 150 psi, so that an operating pressure

of 150 psi is appropriate. Water pipes must satisfy ASA B31.1, Code

for Pressure Vessels, which prescribes pipe minimum thickness by the

formula

m
PD +c

(2S + 2yP)
(0.1)



-68-

Soil

hr 1

concreto I

a

|

O)
'

a

a—doD sha fp Joa

!;

A;

Figure 3-1

General Piping Layout



-69-

where t = minimum wall thickness (in), P = working pressure (psi),

D = pipe outer diameter (in), S = allowable stress (psi), y = 0.4

for ferritic steel, and C = allowance for miscellaneous effects.

The above equation is not applicable to cast iron pipes. For the

temperature range -20 to 100°F, ASTM A120 states that the allowable

stress is 10800 psi. C = 0.065 for plain end pipes with diameters

of one inch and greater. Pipe cost is estimated by calculating

minimum wall thickness and selecting a standard thickness just above

minimum, using a steel density of 506 1b/ft® and pipe cost of $0.40

per 1b. A summary of piping cost for a simple installation at 150 psi

is shown in Table 3-1.

In order to obtain a credible total cost estimate for a

piping netwerk, a survey was undertaken to determine some actual cost

breakdowns of pipeline constructions. From various issues of the

Engineering News Record (a construction contractor-oriented periodical),

examples of actual bids were available from which one could analyze the

cost structure of a project.

A summary of the 12 cases analyzed is presented in Table 3-2.

The locales are in the eastern portion of the United States. Job sizes

ranged from $734,500 to $2,596,900. Nearly all of the jobs are sewage

pipelines. The cases were analyzed to determine the major cost items

which were not covered by the simplified pipe laying formula. This is

necessary because one must include effects deviating from the ideal

simple installation. Resulting data show that costs not covered by the



Table 3-1

DUAL PIPE SIMPLE INSTALLATION

COST SUMMARY

Dia (in)

~
Li

L3

12

, 2

J ZY

Dig/Lay/Backfill ($/ft)
hiah low

9.0 4_3

9.0

15.0

4.5

0. 0

30.0 15.0

45.0

90.0

Pipe
(S/ft)

1.20

14.0

39.2

138.0

304,0

1051.0

Bedding
(S$/ft)

0.81

0.99

1.44

2.01

3.51

5.34

Concrete

(S/ft)

2.4

4.9

14.3

42.0

33.2

220.2

ed Ra _hich low

13.4 8.9

28.9

69.9

212.0

24.3

63.9

197.0

535.7

1366.5

Nl
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Locale

Columbus, |

Ohio

Portland,
Maine

DeSoto

County,
Miss.

York,
Maine

Chester~

field,
Va.

Wash.,
D.C.

Northeast,
Texas

Plymouth,
Conn.

~ Table 3-2 SUMMARY of CONTRACTOR BIDS

Sucessful

Bid

Nonsimple
Piping

Cost $%Discription
3.7 miles of

sanitary sewers

Notes

$1,670,381 59.7% 45,9%
9.2%

tunneling &amp; carrier piping
manholes

1.3 miles of

RC pipe sewer

$1,078,957 45.5% 12,6%

8.3%

5.6%

7.2%

manholes

regulators
RxR crossing

special construction

8 miles of
sewer work

$2,952,831 34.3% 17.8%
6.3%

tunneling for RXR
manholes

3 miles of

RC gravity sewer

2.4 miles of

trunk sewer

$1,149,810 23.0% 11.1% manholes

7.0% ledge &amp; rock excavation

$807,078 26,8% 7.4%

10,3%

5.5%

manholes

tunneling
ventilation system

1 mile of

RC gravity sewer

$2,596,941 41.4% 30.4%

5.3%

tunneling under RxR &amp; Hwy

gravel below subgrade

13 miles of

DI water main

$1,128,278 10.8% 6.1% control station

5.2 miles of

sewer with pump

station

$1,353,840 (He 13.3%

11.4%

10.0%

7.8%

5.8%

pump stations (2).
pavement replacement
waterline sheeting
rock excavation

manholes

 rma SORASB



Table 3-2 (continue)

Locale

Chesire,
Conn.

Highland,
N.Y.

Barring=-
ton,

R.I.

Chanhas- |
seu,

Maine

Discription

4.2 miles of

sanitary sewer

7 miles of

gravity &amp; force
mains

9.6 miles of

sewer lines

12.4 miles of

sewer and water

lines

Sucessful

Bid

$816,550

$1,559,824

$1,747,380

$1,258,203

Nonsimple
Piping
Cost %

53.9%

45.8%

36.6%

35%

 Ih Joes

14.4% rock excavation

9.2% pavement replacement
8.6% building connections

17.6%
9.9%
6.8%
5 4%

rock excavation

pavement replacement
manholes

pump station

pavements
precasted concrete manholes

dewatering and draining

13.0%

8.2%

5.7%

9.5%

7.6%

5.6%

fire hydrants
lift stations

manholes

TE wy fpr

 NN
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simple installation cost range from a low of 10.8% to a high of 59.7%

of the total cost. The major contributing items are tunneling for

the crossing of streams, railroads, and highways; and manholes, rock

excavation, and pavement replacement.

It is desirable to apply a percentage factor to the simple

installation cost formula to account for the above-noted items and

the remaining miscellaneous items. However, the bids were mostly for

sewers which use predominantly reinforced concrete piping. A study

of the cost breakdowns for reinforced concrete piping under similar

burial conditions as for the warm water system yields the cost curve

shown in Figure 3-2. For comparison purposes, a cost curve for a

single steel pipeline (no return) is shown from which one concludes

that the steel pipeline is significantly more expensive. Since this

is so, the application to the steel pipeline of cost increase percen-

tages equal to those determined above for the concrete pipeline would

result in higher cost for equivalent items not covered by simple pipe

installation cost. Assuming that 60% of the concrete pipeline's cost

is due to other than simple installation, then equivalently 33% of

the steel pipeline's cost would be due to other than simple installa-

tion. This is arrived at by proportioning the total cost with the

higher cost for steel pipe installation. In conclusion, a reasonable

total network cost may be estimated by using a 1.5 multiplier on the

simple installation cost.

Figure 3-3 shows various other piping costs for comparison.

The striking variances in magnitude point out the difficulty in deter-
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mining a "typical" piping cost. The Ayorinde cost curve'®) for 1973

was derived from steampipe cost data in the District Heating Handbook,

updated by a factor of 1.65. Miller's 1969 cost curve was determined

locally (Oak Ridge, Tenn.) for dual high temperature hot water piping.

Boston and New York steam line cost provided by Boston Edison and

Consolidated Edison are current. It is remarkable that even between

two large congested cities, pipeline cost for the downtown areas can

vary significantly.

The problem of determining a "typical" piping cost still

remains. It is noted in the Miller, et al. report} that the cost

for installing high temperature water (HTW) pipelines for Oak Ridge

is purported to be approximately the national average. The general

specification for the HTW pipeline is 400 psi, 350°F and 6 ft soil

cover. The general specification for the warm water system is 150 psi,

and less than 100°F with the same soil cover. For a direct comparison,

the cost of 400 psi piping is calculated using the simple pipe instal-

lation formulation. No account is taken for insulation. The calcu-

lated cost is then increased by a factor of 1.5 to account for non-

piping cost and the result is plotted in Figure 3-4, along with the

Miller curve updated by a factor of 1.5. The factor is determined by

a reported cost fiqure of $210/ft for 24 inch steam lines for down-

town Boston (~1969) compared to approximately $300/ft for the same

size in 1976, as reported by Boston Edison. One notes that despite

the crude calculations, the two costs are roughly equivalent. In con-
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clusion, when compared to some existing pipeline data, the previously

described method for pipeline cost estimation is reasonably "typical"

for the purpose of this study.

3.2 Water Pumps

Engineering data for high capacity centrifugal water pumps

were obtained from the DeLaval Turbine Corp. (Trenton, N.J.). Capa-

city ranges from 20,000 to 45,000 gpm. These pumps are $50.00 per

horsepower, exclusive of driver. A delta P of 100 psi was selected

as a reference to establish capacity. Pump selection was based on

performance in the 85% or greater efficiency range.

Electric open frame motors were selected to drive the pumps.

Prices for motors in the thousand hp range (see Figure 3-5) were sup-

plied by Reliance Electric Co. (Wellesley, Mass.). A 15% increase

based on driver cost was used to allow for gear reduction to match

driver speed to pump speed (720 rpm).

The installation of the combined pumping unit is priced at

10% of total capital cost, according to J. F. White Contracting Co.

The resulting total purchase and installation cost is plotted in

Figure

1.3

3-6

Cost of Valves

Using gate valves as a reference, costs for valves in the

range of 2" to 48" were supplied by the Mueller Co. (Chattanooga,

Tenn.). Valves are American Water Work Association (AWWA) rated and
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are intended for service at 150 to 200 psi. The installation cost is

$100 for each twelve inch valve and under, $300 each for sizes between

twelve inches and twenty-four inches, and $30 per inch diameter for

sizes beyond twenty-four inches. J. F. White Contracting Co. supplied

the above estimates. Total inplace cost for valves is plotted in

Figure 3-7.

3.4 Water/air heat pumps

The scope of this study is limited to present day water/air

heat pump technology. No effort will be made to project probable future

heat pump developments. Climate Master (Utica, N. Y.) water/air heat

pumps are used as being typical of present day water/air units, based

on availability of engineering data for a wide range of capacities and

the upper source temperature limit of approximately 100°F. A listing of

various commercial water/air heat pumps can be found in reference (33).

Based on an indoor dry bulb temperature of 70°F, the performances of

Climate Master heat pumps are shown in Figures 3-8 to 3-12. The coef-

ficient of performance (COP) is defined as heat output per work input.

Heating system cost variations with higher COP's are treated in section

4.12.

The costs of various air/air and water/air heat pumps from

metropolitan Boston distributors are shown in Figure 3-13. The Air

Conditioning and Refrigeration Institute (ARI) references air/air heat

pumps at 47°F source air, while water/air heat pumps are referenced at

50°F source water. If air/air units are adjusted to a source tempera-
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Figure 3-8
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ture of 60°F, water/air units would cost more. The heat transfer

coefficient for water is about an order of magnitude greater than for

air and a smaller heat exchanger is needed for the water/air units;

therefore one would expect water/air heat pumps to cost less. A pos-

sible explanation for this discrepancy is that water/air heat pump

manufacturers are relatively small and that these units are not pro-

duced in sufficient numbers to enjoy a cost advantage.

For a power plant condenser coolant delta T of 20°F, Table

3-3 summarizes total initial water/air heat pump cost for each of

three types of residences. Water temperature drop at each consumer

is discussed in section 2.4. The cost for duct work is treated in

section 3.6.

For a plant coolant delta T of 40°F, the cost is somewhat

different since consumers receive higher temperature water. Because

of the gap between heat pump sizes, initial cost for the apartments

remains the same but pump performances are better. For single unit

nomes, however, a range of prices is more applicable since there are

four units in series and the first consumer in the series is able to

purchase a smaller heat pump, due to the increased capacity at the

higher source temperature (Table 3-4).

Cost of heat pump installation is from McNamara &amp; Donnelly,

Inc. (Braintree, Mass.) and ductwork cost is treated in section 3.6.

Life of a water/air heat pump is better than an air/air heat pump, since

its temperature source is essentially constant. Estimated life is about

fifteen years. Annual maintenance is estimated at $15/ton, which is

aquivalent to air/air heat pump maintenance for some southern and mid-



Table 3-3

Initial Heat Pump System Cost for

Plant AT=20°F System

Climate Master
Series

ARI Rating (Btu/hr)

Heat Pump Cost

Installatin/Wiring/
Thermostats

Ducting and
Installation

Total

Single Unit Home

 3“7

51500

$1448

$350

32170

S3968

Stn et

Four Unit Apt.

200

164600

S4405

$800

SE-30

$11585

 =]

Twelve Unit Apt,

Tn/ &amp;,

200000

$5330 x 2

$1400

$15880

$27940

i

 LO
p—

gr!

appar
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Single Unit Homes

High

Climate Master
Series

ARI Rating (btu/hr)

Heat Pump Cost

Installation/Wiring/
Thermostats

39000

$1122

52

51500

$1448

$350 $350

Ducting and
Installation

$2170 $2170

Total I $3642 1 $3968

Table 3-4

Initial Heat Pump System

Cost for Single Unit Homes
Plant AT=40 F
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western states. (14)

3

)
~, Air/Air Heat Pumps

For overall cost comparison purposes, air/air heat pumps

are considered for heating each of the housing structures. Design

load for each structure is identical to that for the water/air heat

pumps. The balance point for Boston is approximately 32°F and

using the engineering data for Carrier air/air heat pumps in reference

11, requirements for each residential type are evaluated and summa-

rized in Table 3-5. For the twelve unit apartment, two heat pumps

are used. The cost for air/air heat pumps based on ARI ratings can be

taken from Figure 3-13. The cost of auxiliary heat from the Anderson

Air Conditioning Corp. (Brookline, Mass.) is shown in Figure 3-14.

The average seasonal COP for air/air heat pumps in the Boston area is

2. (17) Estimated life of air/air heat pumps is ten years. Annual

maintenance contracts for heat pumps for Boston are about $35/ton

(Anderson Air Conditioning Corp.; Brookline, Mass.).

The total installed cost for air/air heat pump systems for

each of the residential types is shown in Table 3-6. Installation

costs are from McNamara &amp; Donnelly, Inc. (Braintree, Mass.), and

ductwork cost is treated separately.

3.6 Heat Pump Ductwork Cost

Estimation of ductwork cost is made difficult by lack of

concrete housing details. Based on recommendations from various air



Table 3-5

Air/Air Heat Pumps
for

3 Residential Types

Licidnpn

—————

Single Unit

Four Unit Apt.

Twelve Unit Apt.

Heating Load
32 F (btu/hr)

| 82000
| 213000

25000

Carrier

Heat Pump
Series

50 DO 005

50 DO 016 |
50 DO 016

|

Auxiliary
Heating

(Kw)

8.7

25.7

79.5

Heat Pump

ARI Rating

(btu/hr)

53000

170000

170000

snfepperSEWyrrweirewe FE raf re ree FfweeFR rrrw
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Figure 3-14

Cost of Auxiliary Heating
for Air/Air Heat Pumps
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Table 3-6

Air/Air Heat Pump Cost for 3 Residential Types

Single
Unit

Home

Four

Unit

Apt.

Twelve

Unit

Apt.

i

O
Ly

hr

leat Pump Cost

Installation/Wiring/
Thermostats

Auxiliary Heaters

Ductwork and

Installation
[a

Total

$1488

$350

S106

$2170

S4114

a

 +oEE.TFSA——TTRReye—

$4546

S600

cng

56380

S11 761

$9092

$1400

S558

515880

$26930
A———tA——  -—

Beni ii
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conditioning and heating contractors, three methods were used to

arrive at a "typical" cost. Method I was based on a cost of $0.55/ft?

of residential surface. Method II used a percentage of 50% of the

total cost. Method III assumed an average of $20/ft of ducting. The

calculated cost variance is as much as 40% for the single unit house,

but only 20% for the twelve unit apartments. Average cost is summa-

rized in Table 3-7. Life of ductwork is estimated at forty years. (17)

3.7 Furnaces

The reference heating mode used for comparison purposes is

a gas furnace system. Current prices obtained from the Aspinwall

Plumbing and Heating Co. (Brookline, Mass.) are shown in Table 3-8.

Estimated life of the furnace is twenty years with annual cost being

two percent of original equipment cost. (17) Furnace efficiency is

55%, which is reported to be satisfactorily used for sizing purposes. (19)

3.8 Gas and Electric Rates

Current residential natural gas rates are shown in Table 3-9.

The fuel adjustment charge is $0.093/100cf. Using a gas heating valve

of 1022 btu/ cf 28) and a furnace efficiency of 65%, the integrated

average rate for a single unit home is $0.31/100 cf. Addition of the

fuel adjustment charge results in an average of $0.403/100 cf.

 nN

Current electric rates for all-electric residences are shown

Table 3-10. The average 1976 (January-April) fuel adjustment charge
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Table 3-7

Average Ductwork Cost

Single Unit

Four Unit Apt.

Twelve Unit Apt.

$2170

$6380

$15880

Table 3-8

Average Costs for
Gas Furnaces

Furnace Rating
(btu/hr)

43950

16G0C0

400000

Equip.
Cost

“qo 9)‘? “yp N

S70 3

51300

Total Cost

Installation

&amp; Baseboards

$1500

$2600

$3500 - $4000
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Table 3-9

Residential Gas Rates*

(Boston Cas)

a 100 cf $2.95

9300 cf $0.452/100 cf

1500 cf $0.33/100 cf

5000 cf $0.285/100 cf

12500 cf $0.255/100 cf

20000 cf $0.235/100 cf

+

L

+

L"

symbols

r=up to

+=increment

*Rates are exclusive of fuel

adjustment charges.

Table 3«19

Electric Rate for All-electric Residenced

(Boston Edison Co.)

b

+

15 Kwhr/mon $1.94

35 Kwhr/mon 5.6¢/Kwhr
50 Kwhr/mon 4,3¢/Kwhr
50 Kwhr/mon 3.5¢/Kwhr
234 Kwhr/mon 2.0¢/Kwhr
616 Kwhr/mon 2.5¢/Kwhr
on up l1.4¢/Kwhr

tL

4

iL.

 $+

R Rates are exclusive

adjustment charges.

of fuel

1symbo

t=up to

+=increment
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is $0.0186/Kw Hr. By a calculation similar to that done for the gas

rate, an integrated average rate of 2.1¢/Kw Hr is obtained. Adding

on the fuel adjustment charge, the total rate is 3.96¢/Kw Hr or approx-

imately 4¢/Kw Hr.

Assuming that residential electric rates also apply to

electricity used for pumping water through the piping network, an

average of 1.5¢/Kw Hr is used. With the fuel adjustment charges, the

electricity rate for water pumping is 3.36¢/Kw Hr.
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CHAPTER 4

~easibility Study

The system model as described in Chapter 2 will be used with

cost data from Chapter 3 to study the economics of a heating system

involving heat pumps and power plant coolant water. First, the piping

network cost is calculated and then the total cost of space heating

with this system is compared to that of other modes. In addition, pri-

mary energy utilization will also be compared. Various parameters such

as interest rates, heat pump COP, fuel cost and load factor will be

adjusted to determine cost sensitivity. Finally, possible modifications

of the proposed concept (single pipe system, combined heating and coo-

ling, multiple heat sources and a system with auxiliary heating) are

included.

4.1 Basic Networks

There are thirty basic piping networks with housing densities

varying from 8000 to 1000 units per square mile (see section 2.1 for

definition of a "unit"). The networks are further differentiated by

housing types and overall temperature drop of the source water. For

more detail, the reader is referred to sections 2.2, 2.5, and 2.8. The

cost of each network is calculated by the method described in section

2.10. A summary of annual network cost and pumping energy is presented

in Table 4-1 and Table 4-2. Each 36 square mile density network is
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57.94
0.893

50.64 |

0.626
36.16 |
0.442

24,00

0.309

16.23

53.1 0.7

48,71 0.7
53.8] 0.7

49.81 0.7

53.9] 0.6

48.6 | 0.6
55.71 0.3

51.11 0.4

56.5] 0.3

52.51 0.3

|
2,0] 5.2

2.511.9
1.8] 4.5

2.3110.4

1.6] 4.8

3.0|11.4
1.0] 3.1

2.2] 8.7

0.7] 2.5

1.61 7.7

1.538

205,0

1.193

156.5

0.903

122.5

0.411

62.37

0.233

37.10

123.4

201.2
148.9

234.4

156.5

251.1
220.8

333.3
309.0
450.7

192.3

711.8

198.9

724.6

225.6

850.5

205.4

866.3

233.1

1031.

|

L

36

1

36

L

36

1 1.967

36 | 97.84
1 1.507

36 | 75.75
1.224

36 160,29

0.724

35.22

0,607
27.88

54.9] 0.9
51.2] 0.9

55.1] 0.8

51.4) 0,7

55.7] 0.5

51.4 0.5

56.2 0.3
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57.1 0,7
2A °C Nn

1.3] 2.9

1.9] 8.3

1,3] 3.0

1.8] 8.3

1.0) 2.8

2.3, 7.9

0.8l 2,7
2.0 7.2

2.5 1.9
i ~~ ” O12

1.717

240.9

1.332

188.2

1.033

141.9

0.573

75.35

0.335
43.77

245.8

339.7
251.1

350.7

306.0

418,7
362.2

489.2

607.4
174.6

214.7

836.4
222.1

871.4

258.2

985.6

286,7
1047.

335.0

1216,
|

1
od

a

a

kCost percentage of total annual cost.

**Cost calculated according to Sections 2.9 and 2.10,
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* Cost percentages of total annual cost.

** Cost calculated according to Sections 2.9 and 2.10.
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further broken down to show cost and pumping energy for each square

mile sub-network.

Examination of Tables 4-1 and 4-2 shows the dominance of

the pipe installation component at about 55% of the total piping net-

work annual cost. Cost of valves and pumps is negligible, being on

the order of 2.5% combined. Electricity cost for pumping the water is

also small, ranging from about 4 to 10% for the 36 square mile net-

works. Remaining cost items consist of engineering charges for the

original system and annual maintenance, which is on the order of 30% of

the total annual cost. Cost for lost generating capacity for the

delta T = 40°F is charged based on the amount of heat used by each

residence.

As noted in section 2.5, one of the primary objectives of

the system model is to obtain generalized cost-density relationships

for each of the housing types and plant delta T's. Cost data from

Tables 4-1 and 4-2 are plotted and shown in Figures 4-1 and 4-2.

Curves for annual pumping energy as a function of density are shown in

Figures 4-3 and 4-4. It is noted that the sum of the annual cost per

unit for the square mile networks makes up 65-80% of the total annual

cost for the 36 square mile network. The remaining 35-20% is due to

the distribution network connecting the square mile networks.

4 2? Metropolitan Boston Tracts

The annual cost and pumping power for each tract of the Me-

tropolitan Boston area are estimated by interpolating and ratioing from
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Figure 4-3
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Figure 4-4
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the basic network data of the previous section (see section 2.11).

Fach tract network is assumed to be independent of the other tract

networks. The tracts are linked together by a distribution network

which originates from the power plant. A summary of each tract is

presented in Table 4-3. A lower limit of 1000 units per square mile

is used.

The tracts are linked according to a density criterion.

The NI and N3 networks include all tracts with at least 1000 units

per square mile (refer to Figure 4-5). The N1 network is for a sys-

tem delta T of 20°F, while the N3 is for a delta T of 40°F. The

power plant, or energy center, is assumed to be located on a site

which is approximately 11 miles from the downtown area. The N2 and

N4 networks (Figure 4-6) include those tracts with at least 2000

units per square mile. The N1 and N3 networks each contain a total

of 658,750 units or approximately two million people, while the N2

and N4 networks each contain 445,710 units or about 1.3 million peo-

ple. Cost summary for the system networks is presented in Table 4-4

and the pumping energy per network is shown in Table 4-5. It is to

be noted that the tract distribution network makes up only 18-26% of

the total annual cost.

For simplicity, it has been assumed that all the source water

originates from one site. To supply peak space heating needs for the

N1 and N3 systems, an energy center with a total electrical generating

capacity of 3000 Mi(e) is needed. For the N2 and N4 systems, a 2000 MW

{e) generating complex is needed. A dual plant system is treated in

section 4.14.
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4.3 Heating Mode Cost Comparison

The total annual cost for the warm water/heat pump system

consists of the average network cost per unit plus the cost of the

individual heat pump system. The average network costs per unit

are discussed in the previous section, while water heat pump costs

are discussed in section 3.4. The total annual heating cost is de-

pendent on the size of the network and the residential type. Air/air

heat pump systems using ambient air as a heat source are also in-

cluded for comparison purposes. The reference heating mode is a gas

furnace-baseboard system. Cost for an air/air system is discussed in

section 3.5, while the gas furnace is discussed in section 3.7. Fuel

and energy rates can be found in section 3.8. A summary of the annu-

al cost for each of the systems is presented in Table 4-6. Cost

penalties for lost electrical generating capacity due to a higher

than conventional send-out temperature for the delta T = 40°F system

are included for the N3 - N5 networks. The N5 network is identical

to the N4, except that tracts 33 and 38 are omitted to obtain a higher

overall density for the area covered. Average per unit cost is $383

annually; a nine percent reduction from the N4. However, overall

heating system savings is less than three percent.

Exclusive of network costs, heat pump cost for the single

unit home averages less for the delta T = 40°F system than for the

delta T = 20°F system, due to the installation of smaller heat pumps.

For the cases of the 4 and 12 unit apartments, where the same size

units are installed for both delta T's, improved performance at the
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—— teat—

Gas Furnace

Air/Air
Heat Pumps**

Water /Air Heat
Pump (Exclude

network)

AT=20°
w/ Nl

w/ N2

Water/Air Heat

Pump (Exclude
network)
2

AT=40 w/ N3

w/ N4

w/ N5

Single

857

1031

(936)

1743

1538

(910)

1469

1330

1293

-

4 Apt.

613

821

(€- 3)Ty

1490

1285

(700)

1259

1120

1083

12 Apt.

504

664

(575)

1382

1177

(581)

1140

1001

964

SUMMARY of ANNUAL COST ($/Unit)
for VARIOUS HEATING SYSTEMS*

Table 4-6

Cost are calculated at 9% interest using

details provided in Chapter 3.
1/2 credit is taken on capital cost for

cooling function,
Note: Cost of gas is $0.403/100 cf

Cost of electricity is 4¢/Kw hr
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higher source temperature for the delta T = 40°F system is offset

by the cost of power lost at the power plant. It should be noted

that one half of the air/air heat pump capital cost is credited for

the air conditioning mode. However, for a given area coverage, the

delta T = 40°F networks are less expensive by thirty percent, ma-

king annual costs less for the higher temperature systems.

The cost summary shows that at present day fuel prices,

neither the air/air heat pump system nor the water/air system can

compete with the gas furnace system as heating modes. The warm

water-heat pump system's shortcoming is that it couples two high

capital cost components, each of which is about the same magnitude

as gas furnace cost.

1  4 Primary Energy Usage

The primary energy usage of various heating systems is

shown in Table 4-7. Primary energy is defined as the energy deri-

vable from the original fuel. Electricity, for example, is not a

primary energy because the efficiency of overall electrical genera-

tion must be accounted for to arrive at the primary energy consump-

tion for electrical heating modes (see section 2.12).

From an energy usage standpoint, the warm water-heat pump

system is clearly superior. A savings of up to 26% can be achieved

for the delta T = 20°F system and up to 30% for the delta T = 40°F

system can be saved. The gas furnace is used as the reference energy

iICQAY
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Table 4-7

SUMMARY of PRIMARY ENERGY USAGE

(10° btu,
vr

—

Gas

Furnace

All

Electric

Air/Air

Water /Air

(no network)

AT=20° F

w/ N1
£
+
TR)
 3

a
al

or
w/ N2

~~

0; | Water/Air
(no network)

AT=40°F
w/ N3

wt

©
JU
I

w/ NA4

w/ N5

Single

165.1 [100]1*

325.2 [197]

162.6 [98]

(115.6)

135.6 [82]

132.1 [86]

(113.3)

125.1 [76]

123.1 [75]

124.7 [76]

4 Apt.

136.5 [100]

268.8 [197]

134.4 [98]

(84.8)

104.8 [77]

101.3 [74]

(86,55)

98.35 [72]

96.35 [711

97.95 [72]

i

12 Apt.

117.9 [100]

232.3 [197]

116.1 [98]

(73.7)

93.7 [79]

90.2 [77]

(72.9)

84,7 [72]

82.7 [70]

84.3 [72]

Numbers in brackets are percentages based on

gas furnace primary energy consumption.
Note: Efficiency of gas furnace is 65%.
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4.5 Effect of Increased Fuel Cost

As noted in section 4.3, the warm water-heat pump system

is capital cost dominated. The effect of increased fuel cost on

overall annual cost would not be expected to be great. On the other

hand, the capital cost component for the gas furnace system is small

compared to the annual cost; therefore increases in fuel cost would

balance the difference between the warm water-heat pump system and

the gas furnace system. Table 4-8 shows that network cost increases

due to a doubling of electric rates is indeed minor, about 7%. Over-

all effects of increased electric rates and gas rates are shown in

Table 4-9. It can be seen that if gas rates were to double, then the

warm water-heat pump system with the N4 network is economically com-

petitive. If electric rates were to double, then gas rates would have

to be almost triple for the warm water-heat pump system cost to re-

main even

1 6 Effects of Interest Rates

Interest rate effects are most pronounced with the warm

water-heat pump system. Based on a 9% interest rate, the N4 net-

work heating system's annual cost variations for interest rates of

7 and 11% are + 9 percent({since the N4 network system appears to be

the best, it will be used for all subsequent analyses and comparisons).

Annual cost for the apartments with gas furnaces is almost independent

of interest rates, due to the low initial capital cost. Cost varia-
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ANNUAL NETWORK COSTS

with DOUBLED ELECTRIC RATE

($/Unit)

Nl

N2

l x rate

807

602

2 xX rate

865

647

 wn

J
2

N3| 559

N4 429

N5 | 383

504

443

411

Table 4-8

Note: Cost includes piping network only.



Gas Furnace

Air/Air Heat

Pump*

water /Air Heat
Pump

(no network)

w/ Nl

AT=20"F

w/ N2

single

1508

1663

(1382)

2247

2029

2 X rate

4 Apt.

1151

1341

(1011)

1876

1658

12 Apt.

969

1113

(860)

1725

1507

single

2159

2291

(1-29)

3 x rate

4 apt. |

1689

1861

(1339)

12 Apt.

1434

1562

{1145)

i

Me
~y

 SS ——

Water/Air Heat

Pump
(no network)

~w/ N3

AT=40° F

w/ N4

w/ N5

(1358)

1952

133%

1769

(1046)

1640

1 19. 1

1457

(873)

1467

4n 1

1284

(1806) (13291) (1164)

ANNUAL COST ($/Unit) of HEATING SYSTEMS with INCREASED FUEL RATES

Table 4-9

1/2 credit is taken on capital cost for cooling function.

HETEETER.
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tions as a function of interest rates are shown in Figure 4-7.

4.
ny

Effects of Annual Load Factors:

Boston's annual load factor is 0.25 (section 2.2). If the

load factor were significantly larger, then the operating cost of a

gas furnace system would increase more than the operating cost of the

heat pump system. Therefore the overall cost difference would de-

crease. However, a study of the seasonal heating requirements of

various American citiest® shows that maximum load factors are gene-

rally 0.3. In cold regions of the U. S., the design temperature is

lower than Boston's, such that the load factor does not usually go

above 0.3. For this reason, calculation of heating cost with a load

factor of 0.5, for example, would be unrealistic. As shown in Table

4-10, the cost ratio between gas furnace heating and warm water-heat pump

heating improves with the higher load factor, but not enough to af-

fect basic feasibility.

4.8 Annual Maintenance Cost Estimates

It is uncertain whether an annual charge of 5% initial cost

for maintenance is applicable. District heating network maintenance

ranges from 5 - 15%, while hot water systems generally use 59. (4,30)

However, in Miller's high temperature water system, 5% of initial cost

for annual maintenance was discarded as being too conservative. In-

stead a 3 percent estimate was used. (1) In view of the fact that the
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Figure 4-7
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Table 4-10

LoadFactor
0.25 | 0.3

singlel4 apt.]12 Apt. single]4 apt. | 12 Apt.
—

Gas Furnace

Water/Air
Heat Pump

(no network)

w/ N4

857 | 613

(910) | (700)

1330 1120 |

504

(581)

1001

q9R7

{999)

1419

7120

(770)

1190|

597

(639)

1059

ro
~J

i

ANNUAL HEATING COST ($/Unit) with HIGHER LOAD FACTOR
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warm water networks require no pressurization to prevent water from

flashing, a 3% estimate is probably more reasonable. Maintenance

cost makes up roughly 30% of the annual network cost. By using a

3% estimate, the overall cost reduction for the N4 network is 12%

(see Figure 4-8). The feasibility of the warm water-heat pump sys-

tem, however, is not significantly affected.

4.9 Effects of Equipment Life Estimates

Revised extended 1ife for some of the key equipment com-

ponents has negligible effect on the total annual cost for the warm

water-heat pump system. Piping is a major cost component, with an es-

timated 1ife of fifty years. Reference 23 suggests that lifetimes

of utility water piping are 100 years. Since the warm water system

closely approximates utility water conditions, use of a 100 year

piping Tife may be reasonable. The calculated annual capitalization

at 100 years versus 50 years for interest rates of nine percent differs

by only 1.3%, so that a revised extended pipe life estimate has a neg-

ligible effect.

The water/air heat pumps have estimated lifetimes of 15

years. Using a 20 year life as was done in reference 17 reduced annu-

al heat pump cost by 11.3%. However, the duct work cost component

remains unchanged and overall heat pump system savings is only 5%.

When coupled with the N4 network, the total cost reduction for network

and heat pumps is only 3.5%.
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COST of N4 NETWORK

vs. MAINTENANCE ESTIMATES
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4.10 Effect of Localized Load Distribution

Results of a study on the uniformity of housing distribution

show that in cases of networks involving low average densities, a sig-

nificant cost advantage is achieved by clustering. Figure 4-9a is a

schematic of a 2000 unit per square mile network, as used in this

feasibility study. Figure 4-9b is an alternate design which does not

have a uniform distribution of housing structures. Each block for the

alternate design is denser than the equivalent block for the original.

Calculated cost for the alternate design was less expensive than that

for the original by 4% for a system delta T of 20°F. For the case of

1000 units per square mile, the alternate design (Figure 4-10b) costs

less than the original (Figure 4-10a) by about 30%. This points out

the importance of local density effects, especially in the low average

density areas. In communities where homes are clustered and surrounded

by open space, a high local concentration may exist, whereas the average

per mile density is very low. To deal with this effect would require

much more detail than is within the scope of this study. However, it

is noted that this effect is weak in areas of high density. Since

the feasibility study neglects areas of very low density, the effect of

localized concentration may not be overly significant.

4 11 Effects of Residential Block Feedline Configuration

Feedline configuration within a residential block may be an

‘mportant cost factor. Figure 4-11a shows a standard residential block
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for the case of single unit homes, system delta T of 40°F, and 6000

units per square mile. There are four homes in series for each feed-

line. Figure 4-11b is an alternate layout. It was found that the alter-

nate design cost nearly 40% more than the original design. Actual feed-

line configuration and cost would depend on the housing arrangement.

q.12 Effects of Heat Pump COP’
”

.

Current water/air heat pumps operate in the warm water tem-

perature range (60° - 90°F) with COP's of about 3. If the source water

network is designed for higher heat pump COP's then the required water

flow rates for each housing unit would be somewhat greater for the same

system temperature drop, since more heat would be supplied by water.

So while improving heat pump performances would decrease that cost com-

ponent, the water network cost would increase to partially offset the

benefit. Figure 4-12 shows annual cost per unit for the N4 network

system with various COP's. Despite an infinite COP, the average decrease

in annual cost is 23%. On the other hand, primary energy usage improves

dramatically. With the gas furnace system as the reference, energy

usage decreases of 40 and 50% are possible with COP's of 4 and 5, re-

spectively.

4.13 Single Pipe Network

Since the piping cost for a distribution network is such a

dominant component, a single pipe system in which water is not returned

may be a viable option. Necessary assumptions for this system are
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1. The city sewage system can handle the large quantity

of water without modification.

2. The existing waste water treatment capacity is adequate.

3. The required water is availabe.

Estimated cost for a single pipe N4 network is $95.7 million annually,

or a savings of 49% compared to a dual pipe system. The reduction in

annual cost per unit is from $420 to $215.

The single pipe system introduces another major cost com-

ponent, water. Table 4-11 shows the cost of water in metropolitan

Boston. Water requirements for the N4 network are 1.2 x 10% ft3/yr,

so that the cost of water is $55.2 million annually. The net savings

for a single pipe system compared to a dual pipe system is reduced to

19%. The assumptions made for this system are not realistic. For

example, Boston's peak water capacity (according to Boston Public Works

Department) is 142.3 x 10° gal/day, while the heating system's peak

is 909 x 10° gal/day.

4.14 Cost of Distribution from Two Power Plants

It has been assumed that source heat for the warm water-heat

pump system originates from a single electricity generating center.

Required size of this center for a distribution of N4 size would be

about 2000 MW(e). Perhaps a more reasonable arrangement is two power

plants at 1000 MW(e) each, supplying heat to cover a combined area

equivalent to the N4 network. Figure 4-13 shows the dual power plant
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Table 4-11

COST of PURCHASING

ROSTON RATES

Up &lt;n 80000 Nft” yr

80000 to 4 «x 108 £3yr

4 &lt; 10°¢ O11 Lv

WATER

$7.65/1000 ft°

$6.25/1000 fe

$4.60/1000 £t°
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arrangement. The northern and southern networks' annual costs are

$127.2 million and $87.4 million, respectively. Combined average

cost per unit is $437 annually, or 4% more than the cost for the N4.

1 N combined Heating and Air Conditioning System

The application of a water/air heat pump system for heating

only severely limits the device's year round space conditioning ca-

pabilities. Adaptation of the water network system to provide for a

cooling function during summer months is a desirable and logical step.

For this analysis, it is assumed that each of the building types has

cooling loads equal to the heating loads, and that the load factor is

0.25. To reject heat during the summer, cooling towers are incorpor-

ated into the water network system. The location of the cooling

towers is assumed to be at a site close to the energy center. Coolant

vater for the heat pumps is approximately 70°F if ambient wet bulb

temperature is around 60°F. Engineering data for Climate Master heat

pumps show that the upper limit for coolant water temperature is about

100°F, so that an effective temperature drop of 30°F is used for the

water network system.

Analysis shows that using a delta T = 40°F heating system

piping network is undesirable because of large flowrates required for

cooling. The large flowrates is a result of the water network having

to handle a larger thermal load for cooling than for heating. Equa-

tion I.1

,, tJ + W { 1)
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shows that for heating, the thermal load on the water network is Q

which is less than the heating load, Qy,- During the summer, the ther-

mal load on the water network, Qs is a sum of the heat pump work and

the cooling load,which is equal to the heating load. Therefore, the

vater network must handle more heat, necessitating larger water flow-

rates. Network configuration for the delta T = 20°F heating system is

used to minimize the flowrates. Despite a summer temperature drop of

30°F in the water network, the summer flowrates are still greater than

ninter flowrates by 35%.

For a system coverage equivalent to the N2 network configu-

6

ration, a peak summer thermal load of 7.78 x 10 Kw is estimated for

the water network. If cooling tower cost is approximately $25 per

equivalent Kw(e) generated in a power plant, then cost for cooling

towers is about $130 million. Estimated total annual cost is $19.15

million, based on a 9% interest rate, a tower 1ife of 30 years, and an

annual maintenance cost of 5% of the initial capital investment. Max-

imum make up water requirement at the cooling tower is estimated at

2.73 x 107 1bm/hr. Using data from Table 4-11, the annual cost of

make up water is $4.6 million.

Buildings heated by gas furnaces are equipped with air con-

ditioning units for comparison purposes. Costs for air conditioners(34)

are $1000, $3440, and $8736 for the single, four, and twelve unit

structures, respectively. Ductwork costs are the same as noted in

section 3.6. The performances of the air conditioners are measured

by an energy efficiency ratio (EER) defined as the ratio of btu/hr per

watt input (33) A value of 6.5 is used. Because of the lower sink
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temperature, the water/air heat pumps have EER's of about 10. A com-

paritive cost summary is presented in Table 4-12. It is seen that

the cost differences between the gas furnace-air conditioning system

and the heat pump systems are relatively small. The water system

with the heat pump, however, still suffers from a large piping net-

work cost.

4.16 System with Auxiliary Heaters and Concrete Pipes

The warm water-heat pump system is designed for a 65 dd

peak. However, during a winter heating season the peak load is not

required very often, thus resulting in wasted heat pump capacity. To

study the effect of lower design heat loads, a 40 dd peak is used to

size the heat pump. The design Toad is then 30,000, 100,000, and

258,000 btu/hr for the single, four, and twelve unit structures, re-

spectively. To meet higher demands, auxiliary oil fire furnaces are

installed.

Using a water network temperature drop of 40°F, it is found

that four single unit homes can be put in series using a flowrate of

4 gpm. Each home is equipped with a Climate Master series 27. Two four

unit apartments eacheguipped with a Climate Master series 100 can be

put in series at a flowrate of 7 gpm. The thermal requirements can be

net at 10 gpm for the twelve unit apartment using a Climate Master

series 240. Note that the lower design peak load reduced water flow

requirements to roughly 60% of the flowrates for the delta T = 40°F

SYS am.
a -
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Table 4-12

ANNUAL HEATING=-COOLING COST COMPARISON

($/TTNIT)

Gas Furnace Heating

Electric Air Conditioning

Total

Water/Air Heat Pump*
Heating

Cooling

Cooling Tower &amp; Wat-

er (Load correspond

to N2 configuration)

Water Network
(N2 configuration)

Total

Air/Air Heat Pump*
Heating

Cooling

Total

-—

single

857 €13

1091 882 |
1948 ' 14¢©5

4 Apt. | 12 Apt.

504

752

1256

936

429

683

355

575

307

53 £3 33

697

2115

697

1788

697

1632
ES——— ————

1352 |

cer |2013

1050

546

1596

839

472

1311

Heating cost includes total capital cost

and maintenance plus electric cost for

heating. Cooling cost only includes elec~
tric cost for air conditioning.
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The cost of heat pumps is taken from Figure 3-13. It is

estimated that with mass production of water/air heat pumps, the cost

will be reduced by 30% because of smaller heat exchanger requirements

for the water source. All other data remains unchanged from section

3.4. To determine the load factor for a 40 dd design, daily Boston

temperature statistics for the year 1968(3%) were analyzed to show a

resultant load factor of 0.39. It is determined that auxiliary heating

is needed for 298 dd for the year.

The cost of auxiliary oil fire furnaces plus tanks is from

the Fortuna 011 Co. 3%) and is estimated at $260, $550, and $1101 for

the single, four unit, and twelve unit apartments, respectively. Cost

of fuel oil is $0.397/gal as quoted by Exxon 0i1 (Everett, Mass.). An

interest rate of 9% is used along with a furnace Tife of 20 years.

As seen in Figure 3-2, the cost of reinforced concrete pipes

is very much less than steel pipes. However, reinforced concrete

sewer pipes are not rated for service above 15 psi. There are rein-

forced concrete pressure pipes rated for service at about 200 psi and are

suitable for use as warm water distribution piping. Figure 4-14 shows

the cost comparison (simple installation) of dual concrete pressure pipe

versus the equivalent 150 psi steel pipe. The concrete pipe's size

range is 16 inches to 120 inches in diameter. For this analysis, cost

of pipes under 16 inches will be for steel and above 16 inches will be

for concrete. Concrete pressure pipe costs are obtained from the J. F.

White Contracting Co. (Newton, Mass.).
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A summary of the system's annual cost with the reduced design

peak Toad, auxiliary heaters, and the steel-concrete piping network is

shown in Table 4-13. Comparison with Table 4-6 shows that a cost re-

duction of about 19% is achieved for the system with the N4 network

configuration. This system is still about 45% more expensive than the

gas furnace system. For today's prices this heat pump system will

break even with the gas furnace system if gas rates increase to 1.5

times the present rate, as opposed to 2.0 times the present rate for

an all steel pipe network heat pump system designed for a 65 dd.

A 17 High Temperature Water System

The warm water heating system is modified to obtain a rough

cost estimate for a high temperature hot water system. According to

reference 5, high pressure high temperature water systems (350°F water)

require licensed engineers for operation. This is clearly not prac-

tical for the residential homes. To avoid this situation, the network

will be divided into primary and secondary networks. The primary net-

work includes piping from the power plant to the square mile networks.

It has a temperature drop of 100°F with a high temperature of 280°F.

The secondary networks are square mile networks circulating water of

210°F to 160°F. This range was chosen because commercial hydronic

equipment for residential use is designed for this temperature range.

The system uses 150 psi steel pipes for the secondary network, while

240 psi pipes are used for the primary network. Costs for pipes for
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Table 4-13

WARM WATER-HEAT PUMP

ANNUAL COST ($/Unit) with 40 dd DESICN,

AUXILIARY HEATERS, and STEEL-CONCRETE PIPELINES

1sinale 4 Apt. 12 Apt,

Heat Pumps

Capital

Operating

Maintenance

Auxiliary Oil Heater*

Capital

Operating

N4 Network

(Steel &amp; Concrete

Pipes)

313

429

217

303

170

246

2136 26

28 1 5 10

23 193 17

315 2
ot?
 1 11

Total 1144 R095IR 779

i

%*
Maintenance cost of o0il heater is neglected
because of low furnace usace.



-147-

both pressures are shown in Figure 4-14. The 240 psi pipe includes

an insulation cost of 15% of the total. It is assumed that cost of

heat exchange for the primary-secondary network interfaces and pres-

surization tanks is small compared with the piping.

The performance of Beacon Morris hydronic heaters™isshown

in Figure 4-15. For the temperature range 210°F to 160°F, two houses

can be put in series with a flowrate of 4 gpm. A four unit apartment

requires 8 gpm, while a twelve unit apartment needs 24 gpm. The

piping configuration is identical to the N2 piping configuration, ex-

cept that each square mile network is closed. Cost of heaters is

$300 and $175 for the HC-130P and W82, respectively. Plumbing to

hook up heaters to hot water service lines is estimated from reference

36 and heater installation is ten percent of the cost. Total installed

costs of the hydronic heaters are $2124, $6336, and $14892 for the

single, four, and twelve unit homes, respectively. Annual capital cost

is calculated using 9% interest rates and a 35 year expected life.

Operating cost consists of electricity for the fan, and annual mainte-

nance is estimated at two percent of equipment cost.

Steam is assumed to be condensed at 320°F at the power plant

to heat hot water for the network. Under these conditions, the gross

cycle efficiency is about 24% for a typical fossile reheat power plant'®)

The loss of generated electrical power is 6.153 x 107 Kw per btu/hr of

heat transfered into the water network. A summary of annual costs for

the hot water system is shown in Table 4-14. As expected, the piping

network makes up a large portion of the total cost. Because of lower

High temperature water space heaters.x
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Table 4-14

ANNUAL COST ($/UNIT)
for HOT VATER SYSTEM

flydronic System
Cost

Lost Power Cost

later Network

(N2 configura-
tion)

Total

single 4 Apt.

275 210

264 218

4.3 ?
- .

 4

a

972 | 861

12 Apt.

162

1-9

ie 3.3

784
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flowrates the hot water network cost per residential unit is 72% of

the identical N2 piping configuration. Consistent with references 4

and 30, annual maintenance cost is estimated at 5% of initial capital.

As noted in section 4.8, 5% was also used for estimating annual main-

tenance cost for the warm water system, although that figure may be

somewhat high. It is noted that the lost power cost is a significant

portion of the total cost of hot water heating. Comparison of Table

4-14 to 4-6 shows that the hot water system is clearly superior to the

warm water-heat pump systems. However, it is roughly equivalent to

the modified heat pump system described in the preceeding section.

Gas rates have to increase about 1.3 times for this system to break

even relative to the gas furnace.
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CHAPTER 5

conclusions

The warm water-heat pump system is characterized by the

distribution of large quantities of water. Because the distribution

cost goes up with larger flowrates, it is more advantageous to use

a system temperature drop of 40°F rather than one of 20°F, despite

the cost penalties for the loss of electrical generating capacity

at the higher plant condensing temperature. Halving the flowrate,

however, does not half the cost. It was found that the dominant

component of the annual network cost is piping (roughly 55%), fol-

lowed by maintenance at about 30%, electricity cost for pumping at

about 10%, and approximately 5% for the engineering of the original

network. Pumps and valves contribute negligible effects on cost.

The total cost of a distribution network was found to be dominated by

local distribution (roughly 75%), rather than the network intercon-

necting the tracts. Based on current prices, it was estimated that

warm water could be distributed as a heat source to 1.3 million people

in a city with a housing distribution similar to the metropolitan

Boston area from a 2000 MW(e) electricity generating complex for about

$420 per housing unit. This cost can be reduced to $315 for a heat

pumps with auxiliary heaters and mixed steel-concrete piping distribu-

tion.

Initially, the reason for considering a warm water-heat pump

system is to exploit the higher heat pump performances (COP and capaci-
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ty) at the constant and relatively high temperature (compared to

winter air) of power plant coolant water. However, current cost data

show that cost savings are far overshadowed by piping network cost.

It is determined that a warm water-heat pump system is not cost com-

petitive with a gas furnace system. For each housing unit, the annual

heat pump cost component is roughly 60%, while the piping distribution

component is about 40%. The heat pump component alone costs more than

the gas furnace's annual cost. The inherent problem appears to be the

use of expensive equipment to extract heat from a Tow quality source,

requiring large water flowrates and consequently expensive piping

distribution. The study shows that the warm water-heat pump system

becomes competitive with gas furnace systems if natural gas rates

double or if electricity rates double and gas rates triple.

In an alternate study, it was shown that significant cost

savings can be achieved by using concrete pressure pipes and sizing

heat pumps for a smaller design load; the peak load being met by use

of auxiliary heaters. This system breaks even with gas furnace sys-

tem cost if present gas rates increase by a factor of 1.5.

Further cost savings can be achieved by abandoning the heat

pump in favor of hydronic heaters and designing the network for hot

vater. While the gas furnace system is still less expensive, gas

rates have to increase by only 1.3 times for this system to break even.

It is shown that if air conditioning is also desired, the

cost difference between a heat pump system and a gas furnace-air con-

ditioning system becomes small. In this study, the air/air heat pump
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system becomes very competitive, while the water/air heat pump system

still suffers from an expensive piping network.

The major cost variables for the warm water-heat pump system

are piping installation cost and the cost of energy. Variations of

system cost with interest rates, equipment life, load factor, and main-

tenance cost were shown to be secondary. Effects of local housing

concentrations and block feedline configurations may affect cost as

much as 30% in specific circumstances, but the two may offset eachother

since one affects the cost favorably and the other does the reverse.

The overall effect of all the above considerations is minor compared to

piping cost and energy rate effects.

With the likelihood of gas price increases due to deregula-

tion in the near future, it is probable that the warm-water heat pump

system can become competitive. Moreover, if such a system is planned

for a new city, it may be even more economically attractive since the

pipe installation cost would closely approximate cross-country condi-

tions (i.e., simple installation) and hence, overall pipe network cost

will be much Tower than the figures calculated for this study.

It was found that system feasibility is not a strong function

of improved performance (COP's) of the heat pumps. It was estimated

that even if the COP is infinite, the annual cost reduction is only 23%.

System cost was also estimated for a single pipe system where the source

water is not returned to the power plant, but drained into sewers as

waste. This scenerio introduced another major cost variable, the cost

of water. Despite unrealistic assumptions of zero cost for sewerage
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and waste treatment capacities, this scenerio was estimated to reduce

annual cost by only 19%. Finally, a dual power plant distribution

system was compared to the modeled system where all heat is derived

from a single energy center. It was found that the dual system is only

marginally more expensive than the single source system.

The major advantage of the warm water-heat pump system as

compared to the other heating modes is the efficient use of primary

energy. Heating with this system saves up to 30% of the primary energy

consumed by a gas furnace system. If the water/air heat pump's COP

of about 3 is increased to 4, then energy savings is further increased

to 40%. Energy conservation potentials,coupled with the possibility

of economic competitiveness in the near future, suggest that the warm

water-heat pump system warrants further consideration for future urban

space heating applications.
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APPENDIX A

Temperature Drop from Power Plant to
a Remote Hypothetical Consumer

A preliminary temperature drop study using the

calculated underground thermal resistances of Section 2.3

was carried out to obtain an indication of the temperature

difference between water at the plant exit and at the con-

sumer inlet. For this study, the power plant is located

at the northwest corner of metropolitan Boston tract num-

ber 37. The hypothetical consumer is located in the south-

east corner of tract number 43, about 31 miles from the

plant. Flow requirements are based on an overall load temp-

erature drop of 20°F and an all twelve unit apartment ar-

rangement. Water is assumed to exit the power plant at

100° F. Pipe sizes used were preliminary estimates and are

not the result of the optimal study described in Section

2.9. Table A-1l is a summary of the temperature, T,, at

the inlet of each pipe section length leading from the pow-

er plant to the hypothetical consumer. The calculations are

for two extremes of soil conductivities, kg (btu/hr ft F).

Thermal resistances for pipe sizes 72" and greater are for

bare pipes.
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Table A-1l

TEMPERATURE DROP ANALYSIS*

Pipe Water

Dia Flow |
(in) (gpm)

Length
(ft)

Kg=1 «84
R Tx (F) 857023(7)

21

41

33 |
330
165
495
165

L320
1320
1320
660

5280
5280
2640

10560
10560
10560
23760
13200
13200
13200

Ae 56
5.32
5.32
4. 08

Joell
3.41
3.00
2.84

2.44

2e29
2.01

1.66
1 «66

1.47
1.40
1.18

1.13
0.45
0.45
0.36
0.36
0.30

98.9
99.0
99.1
99.3
99.3
99.5
99.5
99.6
99.6
99.7
99.7
99.7
99.8
99.8
99.8
99.8
99.8
99.9
99.9
100.

100,

100.

J

| 16

32
a4

128

256
572
768

1792
3328
5376

L0752
16128

21504
37600
75264

112900

131700
279200
472700
706900
1265700

12.87 199.6
11.44 | 99.6
11.44 | 99.7
9.84 99.8
8.87 99.8
8.87 99.8

8.20 | 99.8
7.57 99.9
6.87 99.9
6.59 99.9
6.03 99.9
5.02 99.9
5.02 99.9
4.60 99.9
b,22 100.

3.68 100.
3.43 100.
2453 100.
2453 100.
2.01 100.

2.01 100.

1,60 100.

.0

1 4.

1

J

Q
TN Ek

yy

Sh
a0

72
72

36
36
120

i

Thermal resistances, R (hr ft F/btu), for
plpe sizes 72" and greater are for bare pipes.
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APPENDIX B

WATER DISTRIBUTION NETWORKS

In the following pages are
the model networks used in this

study to determine generalized
parameter-density relationships.
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Figure B-2
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Figure B-5
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Figure B-6
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Figure B-9
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Figure B-10
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Delta T=20" F Figure B-13
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Delta T=20"F Figure B-15
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Delta T=40"F Figure B-16

Twelve Unit 2partments

8000 Units per sg mi

5 Structures per block

128 Blocks per sg mi

i R

|
-

-

 TFy

LR

EK oF

15
JE

 PF Ke

== _— |

-1— —— = se
TO Oo CD
A a ol— mn — a es wm + son|

|  —— |

TT Di Ti Tie

Notes Numbers adjacent to flowpaths are flowrates (gpm).



=177=-

Delta T=40"F Figure B-17
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Delta T=40"F Figure B-18
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Delta T=40°F Figure B-19
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Notes Numbers adjacent to flowpaths are flowrates (gpm).



»1l830-

Delta T=40°F Figure B-20

Twelve Unit Apartments

1000 Units per sg mi

1 Structure per block

80 Blocks per sq mi
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Note: Numbers adjacent to flowpaths are flowrates (gpm).
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Delta T=40°F Figure B-21

Four Unit 2partments

8000 Units per sq mi

16 Structures per block

128 Blocks per sq mi
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Delta T=40°F Figure B-22

Four Unit Apartments

6000 Units per sq mi

12 Structures per block

128 Blocks per sq mi
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Note: Numbers adjacent to flowpaths are flowrates (gpm).
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Delta T=40°F Pigure B-23

Four Unit Apartments

4000 Units per sq mi

8 Structures per block

128 Blocks per sg mi
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Note: Numbers adjacent to flowpaths are flowrates (gpm).
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Delta T=40°F Figure B-24

Four Unit Apartments

2000 Units per sq mi

8 Structures per block

64 Blocks per sg mi
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Note: Numbers adjacent to flowpaths are flowrates (gpm).
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Delta T=40°F Figure B-25

Four Unit Apartments

1000 Units per sq mi

4 Structures per block

64 Blocks per sq mi
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Notes Numbers adjacent to flowpaths are flowrates (gpm).
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Delta T=4Q°F

Single Unit Homes

8000 Units per sq mi

64 Structures per block

128 Blocks per sq mi

Figure B-26
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Note: Numbers adjacent to flowpaths are flowrates (gpm).
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Delta T=40°F Figure B-27
Single Unit Homes
6000 Units per sq mi

48 Structures per block

128 Blocks per sq mi
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Note: Numbers adjacent to flowpaths are flowrates (gpm).



,188-

Delta T=40°F Figure B-28

Single Unit Homes

4000 Units per sq mi

3} Structures per block

128 Blocks per sq mi
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Note: Numbers adjacent to flowpaths are flowrates (gpm).
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Delta T=40°F

Single Unit Homes

2000 Units per sq mi

16 Structures per block

128 Blocks per sq mi

Figure B-29

| 7

| 21} 28
» 28

——— I ———

== TL Ti =
 oe

lv oh TF

RCA — — mm ——
 a

= I J J!
hh
oh
 J

===
Notes Numbers adjacent to flowpaths are flowrates (gpm).



-,190~

Delta T=40°F Figure B-30

Single Unit Homes
1000 Units per sq mi

B Structures per block

128 Blocks per sq mi
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Note: Numbers adjacent to flowpaths are flowrates (gpm).
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Figure B-31

BASIC 36 SQ. MILE NETWORK
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APPENDIX C

PROGRAM LISTINGS
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207

J

 LAGRAM FOR CALCULATING OPTIMUM PIPING FOR GIVEN FLOW

COMMON ROURH,WTEMP,pIPLIF,PUMLIF,PURATE
COMMAN PIRATE, PUMEFF, DELP, FACT, ERATE
DIMENSION PQ(32,2)
DO 202 1=1,38
READ(8,2) pQ(Is1)
FORMAT (Fu 0)
CONTINUE
ROUGL=C,07015
NTEMP=700
PIPLYFa50e
PUML 1F=p5.
PURATE=p*@q
PIRATE=nPq
PUMEEF=Q8x
“ACT=2.25
ERATF=3,436

Q=1,
MM=1
N0=1,
J=1
DELD1A=60D
DIaygle,. _ .

COST1=PrOST(QsDIAL,")
DIAz2s12@0 - i

COST2=PCOST(QsDIAZ,)
DIA2=67s _ |

COSTR=PCOST(B,NTA3,)
IF (CAST1eLT+COST2eaANDsCOSTI«LT«COST3) GO TO 10

IF(CAST2eLT.COST14AND«COST2,LT«COST3) GO TO 29

G0 In 30
DTA3aDTAL _

COST 3=~NST4
30 1a 307

J
[Wr]

\O
\a)

8



20 014320142_
COSTa=CQOST2
DELDIA=NELDIA/2.,
IF(DELNIA+ Te@e@1) 60 TO 100

DIA1=DIA3=pELDIA
IF(D1A1+GT,10¢) GO Tn 4p

DTAl=1..
C08T1=PCOST(G,DIAL,)
D1A2=DTA3+DELDIA
IF(p{A2.LT412%+) Go TO 52
dIA?=120° _ .

"08T,=PrOST(QsDIA2,))
GO _T0 5
Jap -

PRINT=PCOST(Q,DIA3,))
IF(MMeGT*3) GO TO =01

IF(D1A3+EQ.12@+) Go TO 500
IF(DTA3+GT,PQ(MMs1)) GO TO 5@2
0O=Q

oD=nA3.
I=Qwq077827941 _

IF(Q,LTs1E7) GO TO
00 6a? 1=1,30 ”

PRINT 0|JT MATRIX AND g| OVE FOP VELOCITIES
D IS IN INCHEg AND Q Ig IN GPMg

IF(1,EQel) Q1=1e

D=PQ 1,1)
P=PR (1,2) _. i

Vi20,408524%Q1/D**2
VPa@,40R52620/Dx*?
01=0 i. LL -

WRITE (5,601) PR(I»1)sPR(122)sV1sV2
FORMAT (4H FaeBs3X,r1104s3X,FE542,3X9F542)

IC

ww V

5@

120

505

AQ1

£
w

ar -

a

 0n



0

R02

500

504
503

pogo

CONTINUE
GO TQ 9999_.
SL=(PIA3=DR)/(Q=00Q)
B=DIa3=SL*q oo

PR(MMs2)=(PQ(MM,1)mp)/SL
MMM],
GO Tn 505

END _

!
et
\O
to.

 anaopal,
I SRRt,



FUNCTION PCAST(0sDTA2J)
COMMON ROUGH, WTEMP,pIPLIF,PUMLIF,PURATE
COMMON PIRATE,PUMEFF,DELPsFACT,ERATE
Dla=plasiz, Co

PARE A=321415926%DTA%2/4,
HVE =Q/PAREA/ 4488
AMU=793283E=4/WTEMP
NDFNgEXP(®qe3654E=44WTEMP+4414129)
REYN=WYEL*NIA/WMU
FRICT=FRIC(ROUGHDTASREYN)
PLOSG®1 J4*FRICT#WVE| ##2#WDEN/DIA/927346
POWER=4 + 352E=4*PLOCS*Q/PUMEFF

PENGY=8760,«POWER®FACT
ICoaT=P *ERATEXPENGY/100.
D=nyaside .

[F(D,GFe8e999999+ANNeDLE120s) GO TO sp
ARTIF (5,6@).D nN
FORMAT (85H FRRORIPIpE SIZE OUT OF RANGE,

+F622) muy

PIPEC=PIPE(D)
XXm(1¢+PIRATE) #xP1IP) IF
PIPEr=ptPEC*PIRATExX/(XX=10)
PCOgT=rCcOST+PIPEC
DIA=nIaxi2,

IF(J.EQe1)GOTO1pg
CHECK FR PRESSURE DROp CRITERIA OF 75 PSI/MILE MAXIMUM

IF (PLOSSeLE.@+@142)GOTO10
IF(N]AsGEe423+) GO 0 10

DIA=nTA+De1
GO TQ.2¢

PR

sb |

 re

~

ar

| &amp;

«DIAMETER(IN)=,

'
Ad
2
™



PRINTOUT IN SFQUENCE pa=J
A=Q (GPM)
BeDIA(TIN)
C=TOTAL _COST(g/FT)
FePIPE OST($/FT)
GePIPE ~OST(¥%)
H=ECOST($/FT)
I=eCOST(%),  _,

J=PLO0ge(PSI/FT)
P2=PIPEC/COST
P3=Er0ST/CNST
WRITE(8,2) GsDIA2CNsT,PIPEC,P2,ECOST,P3,PLOSS

e FORMAT (1H ,F11e423%,F60203X,E110422(3XsE110423X,F503),3XsE1104)
100 RETURN
PPSS END

sy

C

c
&amp;

i

Le
 PS

Q
)

 tnEra$2EFan



Be

30g

302

304

3%6

54

FUNCTION PIPEI(D)
IF(DyLE.60)GOTO300
IF(n.LE+18,) GO YO 202
IF(D.LEe42,) GO TO 304

[F(DLEs72.)GOTO206
DIPE=EXP(1,83324ALOGID)=105564)
GO_Tq.5¢ . _
PIPF=EXP(@.,4273R*ALNG(D)+2596)
GO TQ.56 .

PIPE=EXP (@¢ROE36*ALNG(D) +1917)
GO T10.5« _

PIPF=EXP(1,30B2%xAL0RID)I+Be46661)
GO Tn.56  . Ve

PIPELEXP(1,72023%A nG(D)=1.,07324)
PIPE=PIPE®1,5
RETURN
END

!
E~

3
4
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ie

4

70

TR

-¥7,)

30

FUNCTION FRIC (ROUGH DIASREYN)
Z(A RyC)™1,/SORTIC)Be86BE6HALOGIA/(10418e7%A/(SARTI(C)*B)))=1074
RE=D1A/2¢/RQUGH B

IF (REYN,LE.208@¢) Go TO 10

XX=REYN%*P,271/455,2
IF(RE«GTeXy) GO TO7
FRICw(107447¢8686%2)OG(RE))w*(=2)
RETURN. -

FRIC=64+/RFYN
RETURN
DELF=?@375
Flzo,005
Zi=Z(RE,REYN,F1)
IF(71eGTe1Fm4e0R*21,LTe=1E=4) GO TO 60

FRICaF1
RETURN
Foul, 08,
227 (RE,REYN,F2)
[F(75¢GTe1FmksO0RZ2,LTem1Ems) GO TO

FRIC=F?
RETURN
IF(210GT*@esAND+Z24| Te@es0RZ1 a TeBseANDeZ24GT 0) GO TO 892

WRITE (5275). Cl
FORMAT (54H FRROR«q nO ZERO SOLUTION TO FRICTION FACTOR,KILL RUN.)

3Q_I0 9999
F3=F14¢DFLF
Z3=7(RE,REYNIF3)
IF(Z3+GT*1E=5¢0R*Z3,LTe=1E=8) GO TO

FRIC=F3
RETURN.
DELF=DF | F/2,

IF (Z210GTo@eeAMDZ3¢nTe@eeOReZ ol TeDoeANDZ3,L Tope) GO TO 112

F2=F 1a
12x77 Co
GO Tp 170

!

-

ul

-

Ia



190 FlsFna

Z1m23
F3=sF4+DFLF
Z3=7 (RF,REyN,F3)
IF(Z3¢GTe1Fo4s0Re23,LTem1E=4) GO TO 90

FRIrgF3
RETURN
END2959

!

bh}
a
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C PROGRAM FOR CALCULATING NETWORK COST AND PARAMETERS

COMMAN ROUGH WTEMP,PIPLIFsPUMLIF,PURATE
CoMMaN PIRATE sPUMEFFsDELPsFACT,ERATESPLOSS,ECOST
DIMENSION pQ(30,2)

INPUT LTsT OF ~OMMERCIA, SIZE PIPE AND THE OPTIMUL FLOW FOR THAT SIZE

DO1I=1,30. ”

REAR. (8,2) PO(1,1),p0(1,2)
FORMAT (F4ems E1104)

i CONTINUE .

CT LisT OF _THF CONTROL PARAMETERS

ROUGH=C 000215
ATEMp=7@e
°1PLTE=50.
PUML TF =25.
VLIFg=50.
PURATE=pQo
PIRATE=Q+@9
VRATE=0.09
PUMEFE=R+85
DELP=10p"
FACT=2425
ERATE=3,36_

CALCULATION OF CAPITAL RECOVERY FACTORS
CR1=PTPF,CRE=yALVE,CR3=PUPP

XX= (1a +PIRATE) xPIp) IF
CR1=PIRATE#XX/(XX=9,)
XXe(1e+yRATE) #xVLIFF
CRPmyRATE®YX/ (XX=1,4)
XX=(19+PURATE) ®¥PuUp IF

 CR3=PURATExXX/ (XX=q4)
= INPUT...1=UNIT STRUCTURES,NN=#0F DENSITY NETWORKS

13 READ(8,3) IsNN
) _FORMaT(212)

v

E

r

.

po

4

4



€ CHECK FOR END OF RUN _

IF(1,FQ:@)_GO TO 9999
PRINTOYT STRUFTURAL UNTTS

WRITE (5,4) 1
4 FORMAT (1H1,12716H _ UNIT STRUCTURE)
C CALCULATION FOR ONE NETWORK AT A TIME

DO 5 _L=3sNN
COST symMMATIONS

PSuUM=®
VEUMG®
PUMPg=@,

SUM=ge
PORNP=Ge | '

INPUT, + T=TOTA| ENTRIES, JJ=ENTRIES FOR SQ MI,DEN=UNITS PER sO MI

READ(8s&amp;) T4JJsDEN
FORMAT (212,F5+0)
WRITF (5,17) DEN .
FORMAT (1H@,F5¢@,18HUNITS PER SQ.

 00 7 Nets!

LE RFAD NETWORK ENTRIES _

REAR (8,8) ,PLsBRNCL
FORMAT (3XsFRe@)F7e4,F5.0)
XOm1 ,

B1=Q
C CHECK FnR FLOw WHERE HALVING 0 WOULD MORE THEN HALF THE COSY

40 IF (01 +6T+500008,) GO TO 41

PLaPL*xQ
BRNFH=BRNCHxX0
GO Tn 4»
XQu¥n+ts
F1=0,/XQ
GO Tn 40 -

 =p THEN UefF PIPE g1ZE OF PREVIOUS FLOW RATE

Q=R1 ,

IF(R.FQe@e) GO TO

:
vy

“

ay

rise



Iran ray

€ COMPARE0 WITH LIST OF FLOWS FOR OPYIMUM DIAMETER
DO 10 M21,30
IF(Q.LEsPR(M22)) GO TO 27

CONTINUE
DIAm120e
GO. Tp 21

20  DIA=pQ(Ms1) a

C CALCULATE PRESSURE LOse PER FT

21 PLOge=PRESg(QsDIA)
C AVERAGE PrrSSURE DROP pER BRANCH

PLOSg=PLOSg*PL*528@,/BRNCH
C CuMULATYVE PRESSURE DROP

.POROp=PnROP+PLOSS
C CALCULATE PIPING COST

PIpre=PIPE (DIA)
ANNUAL _AMORTIZED PIPINs COST FOR THAT SIZE

PIPEC=CR1*pIPEC*PL¥5280,
CUMULATIVE PIPING cOST

PSUMgPSIM+PIPEC  _

CALCULATINR VALVE COST

VeyenST(DI) .

ANNUAL yALVE rOSTS ALL BRANCHES OF GIVEN PIPE SIZF
VeCRp*V#BRNCH |

CUMULATIVEVAVECOSTe
VSUMRVSIIMey i

TO 1a@p CARD SUPPRESES INTERMEDIATE PRINT OUTS

50 Tp 100@ CL

NRITF(5215) QsDIASPAROP,PIPEC,V
“ORMAT (3H Q=sF742,3%s2HD=,F4e@,3X, 6HPDROP®, F602, 3X» 6HPIPEC®2E11 44,

+3X, 7uVa  VER= ELL 0h)
C TEST ror END oF SG MI NETWORK
2? IF(N.NEJJJy GO TO 7

Qeexd .

Iaa

|

nN
J?

J



C PUMPING ENERGY PER MIx42 PER YEAR
ENGY=FACT#PpROP%Q#5,*3,8108/PUMEFF

C ELECTRIC COST_FOR PUMPING POWER
ECOST=(FRATE/Z102+)xFNGY

CALCULATING PMP CNSTs FOR GIVEN FLOW
PUMPr=pPUMP (PDROP,Q)xCR3

TOTALS _

AnD ON 15% ENGINEERINGANDTHEN5% INITIAL CAPITAL FOR MAINTANENCE

SUM=(1+15+Q+25/CR1)+(PSUM¢VSUM+PUMPC)+ECOST
WRITE(S18)
FORMAT (1H ,10Xs30H»x%*SQy MILE NETWORK SUMMARY x)
WRITE (5,16) SUM,PSyUMsVSUM
FORMAT (1H  EX2 4HSUMZsE1104,3X,EHPSUM®E1104,3X25HVSUM=,E1104)
WRITE. (5210) PUMPC,rCOST,ENGY
FORMAT (1H » EX 6HPUMPC=sE11+423X, 6HECOST=sF 1104) 3XsSHENGY=2EL11 04)

R1=PSUM/SUM
R2=yeUM/SUM
R3=PyMPC/SUM
ReeFr08T/ SUM
RS5=8|M/DEN
Ré6é=ENGY/DEN a

WRITE (5,43) R1,R2s5R~sR4,R5,R6
4&gt;  FORMAT(1H ,8Xs4(FS,303X)22(F741,3X))

C EXPAND 70 36 cQ MI AREA

PSUM&lt;36+*PSUM
VESUMz36,4*%VSUM
PUMPg=3¢ « *p(iMPC

ESUM=34.*Er0ST
POROp=2,
CONTINUE
O=Qxy0Q _ _

ENGY=FACT#*pNROPxG*2 ,#3.8108/PUMEFF
ECOoeT=(FERATE/120+)xENGY
PUMPr=PUMP (PDROP»Q)xCR3

x

J

3

|



C FINAL TnTALS

PuUMPg=PUMPg+PUMPC
ESUMsESUM+FCOST
ENGYgESUM/ (ERATE/1ppe)

ADD ON 15%_ENRINEERINGANDTHEN8% INITIAL CAPITAL FOR MAINTANENCE

SUMs (1415+@+@5/CR1)«(PSUM+VSUM+PUMPS)+ESUM
WRITE (5,30) 3
FORMAT (1H_ 4 10Xs27Huu#TOTALNETWORKSUMMARY#x#)
WRITE (5,31) sUM,PgumsVgUM
SORMAT(1H 5X2» 4HSUM=s E1104, 3X, SHPSUM= E1104, 3X) SHVSUM=s ELL eh)
WRITE (5,32) PUMPS,ESUM,ENGY
FORMAT (1H , 5X2 6HPUMPS=2E11 042 3X BHESUM=,E 1144s 3X» SHENGY=sEL1L ed)

Ri=PguM/SUM
R2=VSUM/SUM_
R3=P||MPS/ SUM
Rb mE SUM /SUM_

RE=S|IM/DEN/36
RémpNGY/DEN/360 CL

WRITE (5,43) R1,R2sR2,R4,RE,R6
CONTINUE .

TO NeXT _STRUCTURAL sIZF
GO Tn 13

END

xy

1
ra

nn
po
A

ern BR



&gt; 01

 OP

wi"
KY

34

FUNCTION PUMP (PDROP,Q)
COMMON ROUGH WTEMP,pIPLIF,PUMLIF,PURATE
COMMAN PIRATE,PUMEFF,DELP,FACT,ERATE,PLOSS,ECOST
P=1,_ _ Co

IF (PPDROP+LF.DELP) Gn TO

=P +7 a

PDROpP=PRROP/P
GO To 2¢

A1=0
Ame, . |

IF (OY +LEc45ABA¢) GO TO 30
AmA+]s
Q1=Q A,
30 10 42 Co

PUMP (5¢278%01=2700,38)#A%P#2,
PDROp=PDROP*P
RETURN
END

‘Nd

t
.

f
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Figen
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27,

37

50

50

FUNCTION VrnST(DIA)
[IF(nTA«LTes,) GO TO 69

Amyq,
D=DTIa _.

[F(D,LEs12,) GO TO 1@

[F(D,LE.24,) GO TO 22
IF(D,LF.48,) GO TO 20

AmAsy)e
D=D1A/SART(A)
30 10 40 | -

VCOSTREXP (2 11875%D 4872) A
GO To 52 Cw

VCOST=FEXP(0e10245%D45+81)%4A
GO. rp 50 .

VCORT=EXP (3¢06226%D47+055) %A

RETURN
VCOSI=
RETURN
END

i
wr
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1 -
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FUNCTION PRESS(QsDIA)
COMMAN ROUGH, WTEMP,pIPLIF,PUMLIF,PURATE
COMMON PIRATEsPUMEFF,DELP,FACT,ERATE,PLOSS,ECOST
DIA=DIA/12, ,

PARFA®3¢14159262DTaAn*2/ 40
WVELmO/PAREA/448¢8
WMU=7¢3283E=4/WTEMP
ADEN=EXP (= 43656E=4xWTEMP+4014129)
REYNgWVEL®NTA/WMU
FRICT=FRIC(ROUGHsDasREYN)
PRESq=1s 4*FRICT*WVE ##2+WDEN/DIA/927346
DIa=plA=xi2,
RETURN
END

{
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C PROGRAM FOR CALCULATING DATA FOR GIVEN TRACK
£ TK IS TRACK INFO MATRIXees15 TRACKS

DIMENSIQN TK(15,6)
DO 10. 1l=1,15 . cw

READ (8,1) TKUI21) aT (122) TKIT,3) 2 TKI 4)» TKI) TK(Is6)
i FORMAT (F3e0,FS5e02F5, 2,3F403)
C Tk(Is1) To TK(1,6) CONTAINS TRACK NO+s» DENSITY, AREA,RATIOS SINGLE,

C 4 APTS pNp_12 APTS
1? CONTINUE |

&gt; READ DATA SET_INDEXsM
READ (842) M

FORMAT(12)_
D0 2p ls=i,M

NRITE(5,5) 1
5 FORMAT(14H1w**DATAqET#,12,3Ha%*x)
C READ DATA gET IN ORDER APT 12 TO SINGLE,80800 To 17060

READ (8,3) a128,A126,A124,4122,A121
READ (8,2) A4BALE,AL4AL2ALY
READ(8,3) gR2S6,Sk,52,51
FORMAT (BE19 0 4)
DO 3g J=1s15
IF(Tk(J,2) ¢LEs2000, GO TO {Ag
IF (TK(Js2)o| E+4p28,, GO TO 200
IF(Tk{Js2)4LEe622A,GOTO300
SL=(A128=A176)/200¢.
B=pA128=cl.¥3p@0
PT12sSL*TK(Js2)+B
SLe(A4BmAky)/2000,
BeAyg=SL*8a00
PTomgl *TK(J,2) +R
SL=(gR=86)/2000,
BeSReSL*800p
PTlagl*TK(J,2)+B
GO Tn 1020

i
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SLe(A122=3121)/10p0
Bupl22=SL%2000
PT12=5L#TK(Js2)+8
SLe(A4P=A4Y)/1000,
BuAhn=S| #2000
PTymglL=TK(J,2)+B
SL=(gP=cl)/1000,
B=52=5L42000
°Timgl #TK( 1,2) +B
GO Tp_1@90_.

SL=(at124=A122)/2%00,
Beplok=cl%,p@0,
OT125L2TK(Js?)+B
SlLe(pbhmAhn)/2000,
BAL, =GL*4Q00
PT4mqlL*TK( 1,2)+B
SLe(g4=S2) 2000.
Buhl x4000
PT1mgl *TK(,1,2)+B
GO Tp.1000__
SLe=(a1P6=A124)/2000,
B=p126=SLxe000.
OT12pSL*TK(J22)+B
SLe(pabemAbs)/2000.
BupAhg=S| *6Qn0
PTy=gl #1K(J,2) +B

SL=(ge=c4) 2000.
BeSheSL*600R
PTimgL*TK(Jg2)4R  _

DATA (PT124TK(Js6) 4p T4xTK(JyS)ePTITKIJ4))2TK(Js3)/36,
TOTAL =TK(J,2)%TK(J,3)
XenATA/TOTAL oo.

WRITF(m,4)TKIJ,1),7K(Js2),TK(J,3)2DATA,TOTAL,X
FORMAT (BHATRACK #5F3+0,5X) BHDENSITY=»F540,5Xs6HMI**2m,F542+5X,EHDA

+TAmsF11,4s5x212HTOTAL UNITS=sE1104s5Xs8HAVERAGEE1104)
CONT TNUE
CONT TNUF
END
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2 PROGRAM FOR CALCULATION OF ANNUAL COST OF GAS FURNACES

WRITE (5,4)
FORMAT (36H UNITS,CAP,FUEL,UPKEEP,$/UNIT,BTU/YR)
REAN(8+1) RTI/HLIFE,cFFsRATESFACY

i  FORMAT(F503,F3¢0sF4,2sF543,F442)
C Br=BORRNWING INTERFST,4LIFESLIFE(YEARS)JEFF=EFFICIENCYsRATE=$/100 CF

XX=(1s4BI)suH|IFE
CRaByaXX/ (XX=1s)
20 10 I=1,3 | N

READ (8,2) 1,HEAT,COGT,UPKEP
2 FORMAT (F300 ,F7¢02F5,8,F3:0)
C  U=UNIT,uFAT=BIU/HR,FACT=LOAD FACTOR,COST=s,PKEP=MAINTANENCE

CAPaCOST*CR_ .

 GAS®MEAT*FACT*8+5714/EFF
C GAS=CF/yR

FUEL=GAS*RATE/10%.
C FuUEL=FyglL OST (8%) .

UCOgT=(CAP+FUEL+UPKFP)/U
C UCOSTmaNNUAL COST PER INIT

ENGY=GAS*1pP2e/U
C ENGY=BTy/YR/UNIT ’

WRITE (5,3) UsCAPsFUFL,UPKEP,UCOST,ENGY
FORMAT(1H ,F3+0,5(3ysE1104))
CONT TNUF
END

{

ra
+

—d



PROGRAM_FOR CALCULATING ANNUAL COST OF AIR/AIR HEAT PUMPS
WRITE(S,11) wd

FORMAT (29H 12CAPIECAST,UPKEPS»UCOSTIENGY)
READ(821) RI1,COPSRATE,FACT

lL CTORMaT(E5+3sF2e0sF4,2sFhe2)
C BI=INTEREST RATEsCOP=CAP,RATE={/KWHRIFACT=_0AD FACTOR

READ. (R22) Y1sYPsY3

FORMAT (3F3.0)
»Y2,Y3 ARE LIFE OF pMP,AUXILIARY HEATER, AND

XX (3 o#BT)unYl

CRimpI*XX/(XX®14)
XX=(10+R]I)unY2
CR2=pIaXX/ (XX~14).
XX=(10+RI)enY3
CR3mpIaXX/(XX*1s)
00 19 1e1113

READ(853) {1,HEAT»CQgT1,C0ST2,COST3)UPKEP
FORMAT (E34@sF7e023FgeB,FSep)

U=UNIT,HEAT=BTU/HR,COST1=PUMP COST,COST2=HEATER COsT,COgT3=DUCT CngT
UPKEP= MAINTANENCE COgy |

CAP=(COST14CR1+COST2RCR2+4COST3%CRI)/2
CAP DIVIDEDByTWOTO~REDITHEATPUMPWITHA/C FUNC.10r

ENGYgHEAT#FACT%R760p,/COP
ENGY «BTY,YR

ECQST=ENGY#2.93F=4spATE/100,
ECOST=¢,/YR_ - vo

UCQar=(cAP4ECOST+UPKEP)sU
UCOST=aNNUAL OST PER (INIT

ENGY_ENAY/y/8e33
ENGY=PRIME ENERGY CONg,|\MED PER UNIT

NRITF(S,%) UsCAPSECNST,UPKEP,UCOST,ENGY
FORMAT (1H ,F3e@,5(3ysE1104))
CONTINUE
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PROGRAM FOR CALCULATING COST + ENFRGY CONSUMPTION OF WATER/AIR HEAY PUMPS

DELTA T=22 F
WRITF(S,11) .

FORMAT (33H U,»COP,CAP,ECOST,UPKEP,UCOST,ENGY"
READ(Rs1) RYJRATESFACTSY1,Y2
FORMAT (FS5e3,2F4e2,2F340)
XXz(1oepl)anyYl
CRi=pI®yX/(XX=1s)
XXz(geenl)uny2
CR2=RIeyX/(XX=14)
READ(822) WN. 3

NUMRER OF Cal CULATION SETS

FORMAT (12)
20 10 T=isN B

READ 8,3) UsHEAT2COgT1,COST22UPKEP,» COP
FORMAT (F3e@,F7e012Fge@sF5e0sFie?)
CAP=CR1%xCOST1+CR2#CNST2
ENER1=HFAT#FACT®87¢pe/COP
ECQST=ENERY#2093E=44RATE/10D
UCOST=(CAP+ECOST+UPKEP)/U
ENGYSENFR1¢@e33/U _

WRITE (S24) UsCOP,CAPSECOST,UPKEP,UCOST,ENGY
FORMAT (1H »F3e@s3X,FheRs5(3X2E1104))
CONT YNUE
END

|
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PROGRAM FOR CALCULATING COST + ENERGY CONSUMPTION OF WATER/AIR HEAT PUMPS

DELTA T=bp F
WRITE(S,11) CL

FORMAT (33H U,COP,CAP,ECOST,UPKEP,UCOST,ENGY
READ(8,1) RISRATE,FaCTsY10Y2
FORMAT (F593,2F402,2F340)
XX=(1e4¢BI)nnyl
CR1mpT®XX/ (XX=1s)
XXm(9oenl)nuy?2
CR2=RI®yX/ (XX=10)
READ (8,2) N_ ~

N=NUMBEpOFCALCULATIONSETS
FORMAT(12)
DO 12 IslynN -

READ (2,3) UsHEAT»CQST1,C0ST2,UPKEP)COP
FORMAT(F3emsF7e0s2Fge@sF5e2,F402)
CAP=CR1#COgT1+CR2*CNST2
ENER]=HEAT4FACT#87¢m0¢/COP
ENERp=HEATx(1e=1e/coP)*FACT*87603,
ECOST=(ENER1#*2¢93Ee4+ENER2*1+BS48E=5)*RATE/108
UCOST=(CAP4ECOST+UPKEP)/U
ENGYsENER1/@¢315/U _

WNRITE(S,4) aCOP»CAPIECOST,UPKEP,UCOST,ENGY
FORMAT (1H JF3e@s3X,rhe2s5(3X0F1104))
CONTINUE |

END
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