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u SUMMARY 

GEOCITY i s  a computer simulation model developed to  study the economics 
of d i s t r i c t  heating using geothermal energy. GEOCITY calculates the cost  
of dis t r ic t  heating based on climate, population, resource charac te r i s t ics ,  
and financing conditions. The principal i n p u t  variables a re  minimum tempera- 
ture ,  heating degree days, populat 
and distance from load center ,  and 
the model designs the transmission 
design, GEOCITY calculates  the cap 

s 

on size and density, resource temperature 
the in t e re s t  ra te .  From th i s  i n p u t  data 
and d i s t r i c t  heating systems. From t h i s  
t a l  and operating costs for  the en t i r e  

system, including the production and disposal o f  the geothermal water. 

GEOCITY consi sts  of two major submodel s : the geothermal reservoir 
model and the dis t r ibut ion system model. The dis t r ibut ion system model cal-  
culates the cost  of heat by s i m u l a t i n g  the design and the operation o f  the 
d i s t r i c t  heating system. 
by simulating the discovery, development and operation of a geothermal 
resource and the transmission of t h i s  energy t o  a dis t r ibut ion center. 
submodels can be used independently; tha t  i s ,  the dis t r ibut ion model will 
accept any source of hot water and the reservoir model will deliver energy 
t o  meet any demand. 

The reservoir model calculates the cost  o f  energy 

The 

The d i s t r ibu t ion  system model can simulate many designs fo r  hot water 
heating systems . These a l te rna t ive  designs include various configurations 
of heat pumps and/or heat exchangers; d i f fe ren t  p i p i n g  system design prac- 
tices; and the use of d i f fe ren t  materials for  pipe, insulat ion,  and casing. 

GEOCITY can simulate nearly any ffnancial and tax s t ruc ture  through 
varying the ra tes  o f  return on equity and debt ,  the debt-equity r a t io s ,  and 
tax rates. Both pr ivate  enterpr ise  and municipal u t i l i t y  systems can be 
simulated. The reservoir  model and the d is t r ibu t ion  model may have the same 
or di f fe r ing  financial  s t ructures  and costs of capi ta l .  The d is t r ibu t ion  
system and reservoir l i f e  can be varied over a long  period, currently up  
t o  50 years, 
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GEOCITY calculates the cost  of energy based on the principle tha t  the b 
present worth of the  revenues will be equal t o  the present worth of the 
expenses including investment return over the economic l i f e  of the  distri- 
bution system and/or reservoir.  The present worth factor  is  determined by 
the capi ta l  structure and rates  of return on invested capi ta l  fo r  the 
organization. 

The models have been designed to  enable extensive sensitivity studies 
t o  determine the re la t ive  e f f ec t  of dif$erent economic and technical parame- 
t e r s ,  assumptions, and uncertaint ies  on the cost  of providing heat. 
GEOCITY program can be used t o :  

The 

0 determine the economic incentives for  spec i f ic  research and  
development programs; 

0 determine po ten t i a l  economic impacts o f  uncertainties i n  
resource conditions and techno1 ogy; 
identify major cost  components; . assess the economic incentive for  d i s t r i c t  heating a t  
specif ic  locations;  and 
provide a systematic method for  comparing d i s t r i c t  heating 
system designs. 

Combined w i t h  resource assessment, c l imat ic ,  and demographic informa- 
t i o n ,  GEOCITY can be used to  define the potential supply curve (pr ice/  
quani  t y  relationship) for  geothermal energy. T h i s  supply curve forms the 
basis for:  . l )  assessing the potential role  o f  geothermal energy i n  competi- 
t i o n  w i t h  other sources o f  energy, and 2 )  estimating potential economic 
incentives fo r  new research and development programs. 
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I NTRO DUCT IO N 

Dis t r ic t  heating is  an area where low qual i ty  energy (geothermal heat) 
can replace h i g h  qual i ty  energy ( foss i l  fuels and e l e c t r i c i t y ) .  Geothermal 
energy is  a potent ia l ly  extensive and inexhaustible energy source. A large 
fraction of the known geothermal resources consis t  of medium to  low tempera- 
ture  water. The energy avai lable  i n  this water may be e f f i c i en t ly  exploited 
w i t h  d i s t r i c t  heating systems. Economic exploitation depends on the design 
o f  the d is t r ibu t ion  systems and the charac te r i s t ics  of the c i t y ,  climate and 
geothermal resource. 

Since wide var ia t ions are  expected i n  c i t i e s ,  climates and geothermal 
sources, a computer program called GEOCITY has been developed to  systemati- 
ca l ly  calculate  the potential cost  of d i s t r i c t  heating using geothermal 
power. 
simulation. This provides the  capabi l i ty  to  evaluate the impacts o f  heating 
cos ts ,  variations i n  economic and technical factors  , resource conditions , 
climate, and demographic factors.  System components a re  designed us ing  
accepted engineering practice;  some component designs a re  optimized. 
report  describes GEOCITY; a f t e r  an overview of the program, the various 
components a re  described i n  de t a i l .  

GEOCITY combines engineering design, engineering economy and  economic 

This 

GEOCITY is an offshoot o f  the GEOCOST computer program,(’) which calcu- 

The  dis t r ibut ion 
l a t e s  the cost  of  generating e l e c t r i c i t y  from geothermal resources. The 
reservoir model i n  GEOCITY i s  taken d i r ec t ly  from GEOCOST. 
model i s  derived from a so l a r  energy dis t r ic t  heating model obtained from 
Sandia Laboratories.(a) The GEOCITY program comprises the en t i r e  production, 
dis t r ibut ion,  and waste disposal system *for geothermal dis t r ic t  heating appl i -  
cat ions,  but  does not include the cost of radiators ,  convectors, o r  other 
in-house heating systems. 

1a)f3.U. Warshell of Sandfa Laboratories generously provided a copy o f  
the code he was developing. 
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c, GEOCITY OVERVIEW 

The GEOCITY program consists of design models and deterministic cos t  
models which simulate the construction and operation of a d i s t r i c t  heating 
system u s i n g  a geothermal resource. The design models develop system' compo- 
nents based on the charac te r i s t ics  of the resource, climate, c i t y  and b u i l d -  
i ngs  heated, Capital costs for  the  components a re  then determined from cos t  
models. Other cost  models provide operating costs. Accounting routines 
generate the cash flow from capital  and operating costs and other  economic 
factors ,  e.g., taxes, i n t e re s t  ra te  and r a t e  of return. 
cash flow analysis,  GEOCITY calculates the u n i t  cost  fo r  d i s t r i c t  heating. 
The i n p u t  data are  the wellhead f l u i d  conditions, density and area of zones 
w i t h i n  the c i t y ,  description of hea t  demand o f  b u i l d i n g s  w i t h i n  each zone, 
climatic conditions and p i p i n g  system design. GEOCITY includes an economic 
and technical data f i l e  consisting o f  design parameters and cost  and tax 
d a t a .  

Using discounted 

The code user may use the b u i l t - i n  d a t a  or supply any desired changes. 

The flow chart  for  GEOCITY i s  shown i n  Figure 1.  The two main elements 
of the program are  the  reservoir and dis t r ibut ion systems models. Linkage 
between these two models i s  provided by the f l u i d  transmission and d i s t r i -  
bution system demand submodels. Total f l u i d  demand a t  well head conditions 
is  computed i n  the demand submodel. The transmission submodel calculates  
the number of wells required, pipe lengths, and diameters, pumping require- 
ments and the temperature and pressure loss  between the reservoir and the 
dis t r ibut ion system, The program i t e r a t e s  between the d is t r ibu t ion  system 
demand submodel , which  calculates  the additional flow required under the 
degraded f l u i d  conditions , and the f l u i d  transmission submodel , w h i c h  pro- 
vides the additional flow requirements by adding  wells and determines the new 
temperature and pressure drop, 
dis t r ibut ion system converges w i t h i n  preset c r i t e r i a .  

I terat ion continues u n t i l  the flow to the 

After the required total  f l u i d  flow is established, the cash flow asso- 
ciated w i t h  the exploration, development, and operation o f  the reservoir from 
the beginning o f  exploration through the l i f e  of the d is t r ibu t ion  system is 
determined. From the cash flow, the required revenue from energy sales  and LJ 

- . 
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1 NPUT DATA 

I 

CITY CHARACTERISTICS 
I 

WELL DESIGN RESERVOIR 
CHARACTER1 STI CS SYSTEM DESIGN 

I I RESERVOIR 
DUELOPMENT OPERATING COSTS 

RESERVOIR 
OPERATI ON 

I TOTAL D I STR I CT 
HEAT1 NG COSTS 

ENERGY I COSTS 
I I 

FIGURE 1 . Economic Model for Geothermal District 
Hea ti ng Systems 

the u n i t  cost o f  energy from the reservoir are determined. The GEOCITY 
program solves for the u n i t  cost o f  energy by equating the present worth o f  
the revenues and expenses over the useful l i f e  o f  the d i s t r i b u t i o n  system. 

The distribution system model designs a p i p i n g  network for each zone 
w i t h i n  a city and ca1,culates f l u i d  conditions i n  each segment of the p i p i n g  
network. Capital and operating cost models are then used to  determine the 
cash flow for the construction and operation o f  the d is t r ibu t ion  system. The 
revenue t o  the reservoir model i s  the energy cost t o  the distribution system 
and is included i n  the cash flow for the d i s t r i b u t i o n  system. From the d is -  
tribution system cash f low,  the required revenue and u n i t  cost of  heat are  
determined. 

- " 

'-' 
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The GEOCITY program allows specifying any debt-equity r a t io ,  any r a t e  
of  return on equity, and any r a t e  of i n t e re s t  on bonds. 
u t i l i t y  o r  private enterpr ise  financing and accounting can be selected. 
program incurs deb t  and equity a t  the specified r a t i o  when expenses exceed 
revenues, and repays debt and equ i ty  i n  the same r a t i o  when revenues exceed 
expenses. A t  the end of each project,  debt and equity a re  exactly repaid 
and the project exactly earns the specified r a t e  of return. 

Either municipal 
The 

The reservoir and dis t r ibut ion systems models are  discussed i n  more 
detai l  i n  l a t e r  sections. The dis t r ibut ion system capital  and operating cos t  
models are  described i n  Appendix A. The resident ia l  zones included i n  the 
GEOCITY data f i l e  a re  described i n  Appendix 8. Appendix C includes an 
example case showing typical i n p u t  and o u t p u t  from the program. 

- 
Y 

I 
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u DISTRIBUTION SYSTEM MODEL 

c * 

The dis t r ibut ion system model simulates the design, construction, and 
operation of a d i s t r f c t  heating dis t r ibut ion system. For this simulation, 
hot water is purchased from the operator of the geothermal reservoir. The 
d i s t r i b u t i o n  system model includes submodels which 1 )  des ign  a dis t r ibut ion 
system for a c i t y  by considering building dens i t ies ,  heat demands, and 
climatic data; 2 )  calculate  head and heat losses for the system; 3)  estimate 
equipment and material requirements ; and 4)  estimate construction, operating 
and maintenance costs.  

A c i t y  consists o f  d i s t r i c t s  with re la t ive ly  homogeneous heat demand 
density. 
demand of typical b u i l d i n g  u n i t s ,  the density of buildings, the area o f  the 

Each d i s t r i c t  i s  defined by describing the heat and hot water 

d i s t r i c t  and two parameters describing the shape of this d i s t r i c t .  From this 
information, a p i p i n g  network is  designed.  
data a re  used to  determine the water requirements for  each building. Working 
down the p i p i n g  network, water requirements a re  used as a basis i n  se lect ing 
the economic p i p e  s i ze  for  each segment of the network. Material require- 
ments, heat losses, and head losses a re  determined for each segment of the 
p l p i n g  network. Construction, material and operating costs , and costs  for  
pumps, meters, and control equipment a re  derived based on the dis t r ibut ion 
system design. 

Heat demand d a t a  and climatic 

Each component o f  the d i s t r i b u t i o n  systems model i s  described i n  the 
fol lowing paragraphs. The logical relationships between the model components 
a r e  i l l u s t r a t e d  i n  Figure 2. 

CITY O E f I  NITION 

the c i t y  i s  defined by i t s  dlstance from the geothermal reservoir, i t s  
climatic characteristics, and the number o f  districts w i t h i n  the c i ty .  The 
i n p u t  parameters which  may be used i n  describing the c i t y  a re  l is ted i n  
Table 1. Most o f  the d e t a i l s  needed fo r  design of the  actual p i p i n g  system 
are derived from the def ini t ions of the districts.  
reservoir t o  the c i t y  i s  used i n  d e s i g n i n g  the f lu id  transmission l i n e  and 

The  distance from the 
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INPUT 
DEFINE DISTRICTS 

4 r 4 . 

~- - 

SIZE: DETERMINE 
PIPE SIZES, INSULATION 
THICKNESSES. ACCUMULATE 
MATERIAL REQUI REMENTS 

DEMAND: CALCULATE 
FLUID DEMAND 
FROM BUILDING TYPE 
AND CLIMATE 

GRAPH: DESIGN 
LAY OUT OF THE 
PIPING SYSTEM 

MORE DISTRICTS 
' YES 
<, MOREDISTRICTS 2- 

CAPITAL AND 
OPERATING 
COST MODELS 

AND TRANSMISSION 

C O S  OF ENERGY 
FROM RESERVOl R 

MODELS 

FINANCIAL 
ACCOUNT1 NG 
ROUTINES 

FIGURE 2.  Logical Relationship o f  the Elements o f  the 
Distribution System Model 
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3 

TABLE 1. City D e f i n i t i o n  Input  Parameters b, 
Cl ima t i c  Parameters 
Actual degree days 
Design degree days 
Maximum degree days 
Minimum temperature 
Design temperature 

City Parameters 
D i  stance t o  reservoi  r 
from c i t y  

Number o f  d i s t r i c t s  
i n  c i t y  

c 

c a l c u l a t i n g  the f l u i d  temperature and pressure enter ing the d i s t r i b u t i o n  
system. 
the demand, peak demand, average demand, the load fac to r ,  and supplemental 
heat requirements . 

The c l i m a t i c  parameters are used i n  determining the d i s t r i b u t i o n  o f  

DEFINITION OF DISTRICTS 

A c i t y  i s  described by disaggregating i t  i n t o  d i s t r i c t s .  A d i s t r i c t  i s  

a contiguous area cons is t i ng  o f  bu i l d ings  o f  r e l a t i v e l y  s i m i l a r  heat demand 
and uni form density. 
i n  Table 2. 

D i s t r i c t s  are def ined by the i n p u t  parameters l i s t e d  

TABLE 2. I npu t  Parameters Describing the D i s t r i c t s  
f o r  a D i s t r i c t  Heating System 

Di s tri c t 
D e f i n i t i o n  Parameters 
Type o f  d i s t r i c t  
Area o f  d i s t r i c t  
Width o f  d i s t r f c t  
l e n g t h  o f  d i s t r i c t  
Length o f  the main 
Elevat ion o f  d i s t r i c t  
above the d i s t r i b u t i o n  
center 
Demand growth r a t e  
dur ing system l i f e  

D i  s t r i c t  Type Parameters 
Density o f  u n i t s  
Peak heat demand per u n i t  
Hot water demand per u n i t  
Reject  temperature 
D i  vers i ty f a c t o r  
Number o f  res idents  per 
u n i t  
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Districts a r e -  the 
F1 u i d  requirements a re  

basic element of the d i s t r i b u t i o n  system model . 
computed, and the p i p i n g  networks are designed for  

cci 
each d i s t r i c t .  
d i s t r i c t  and a re  totaled for the c i ty .  

Material requirements and  costs a r e  a l so  calculated for  each 

District type parameters determine the heat demand density and f l u i d  

Several d i s t r i c t s  
Each type of d i s t r i c t  i s  defined only once, and 

requirements t o  individual b u i l d i n g s ,  while d i s t r i c t  def ini t ion parameters 
define the area,  shape, and location of the d i s t r i c t s .  
may be of the same type. 
the. type designatton i s  included i n  the d i s t r i c t  def ini t ion parameter l i s t .  
For example, several suburban resident ia l  areas may have the same density,  
peak heat demand and hot water requirements. 
single suburban d i s t r i c t  type. 
including this suburban d i s t r i c t  type i n  the d i s t r i c t  parameter l i s t .  

These could be defined by a 
Then each d i s t r i c t  would be defined by 

Five d i s t r i c t  types, representing typical residential  areas,  have been 
ident i f ied and defined. These d i s t r i c t  types are  described i n  Table 3 .  
residential  areas i n  the United States can be described by one of these 
d i s t r i c t  types. 
d i s t r ic t  types can also be defined th rough  i n p u t .  
the defined d i s t r i c t  types are  included i n  Appendix B .  

Most 

Variations o f  the d i s t r i c t  types i n  Table 3 o r  additional 
Bases and assumptions for  

TABLE 3. Description of the Five Residential District 
Types Used by the Distribution System Model(a) 

8ui 1 d i  ng 
Eui I d  tng Hot Water 

Density Peak Heat Demand Reject Number o f  Floor Area 

Residence) 
(Eu f ?dings/ Oenand (ga I Ions/ Temperature ( b) Residences (sq. ft/ 

O i s t r i c t  type sq. mile) (MEtu/hr) day) ( O F )  Per Unft Per Unft 

Suburban 2560 .053 60 100 3.2 1 1620 
High Density 
Single Family 4480 .034 55 100 3.2 1 1000 

Garden 
Apartments 293 1.38 3030 1 00 162 60 990 
Townhouses o r  
Rowhouses 373 .9 1515 100 81 30 1012 
Hlgh Rise 
Apartments 385 I .  728 5400 100 324 108 780 

]:;Any o f  these values may be changed through input. 
Heat demand i s  based on 65OF inside temperature, -S°F outside temperature 
and a 15 mph wind. 
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TOTAL FLUID REQUIREMENTS 

F lu id  requirements are calculated for each dis t r ic t  as a function of peak 

The to t a l  city requirement is the sum of the dis t r ic t  
I t  is  assumed that 1/7 of the to t a l  da i ly  hot  water consumption 

heat demand, density, area, specified temperature drop, climate and sanitary 
hot water requirements. 
requirements. 
occurs a t  the same time as the hourly peak heat demand, i .e . ,  i n  morning o r  
afternoon when people turn up thermostats and use h o t  water for washing and 

- 

* mea 1 preparation’. 

I n i t i a l l y ,  f l u i d  requirements are calculated us ing  the wellhead tempera- 
The reservoir and transmission line i s  then designed t o  meet the f l u i d  

The f l u i d  degradation (temperature and pressure) i n  the transmission 
ture. 
demand. 
line is calculated, and the f l u i d  requirements are recalculated using the 
degraded temperature. 
centage (2%), the reservoir and transmission line are redesigned using the new 
f l u i d  demand. This is repeated u n t i l  the convergence criterion is  satisfied. 

I f  the new demand changes by more than the given per- 

PIPING NETWORK DESIGN 

The p i p i n g  network is based on a rectangular gr id  system i n  which a 
b u i l d i n g  i s  associated w i t h  each g r i d  po in t .  The number of b u i l d i n g s  i s  the 
product of the density and the area for the district .  Buildings are assigned 
t o  g r i d  points a row a t  a time u n t i l  a l l  of the buildings have been assigned. 
The ra t io  of rows t o  columns is  the same as the ratio of length t o  width spe- 
cified i n  the i n p u t  dfs t r ic t  descriptions. 
assigned t o  a street  pipe. I f  there is an odd column l e f t ,  two short streets 
are created, one on each side of the rectangle. A lateral p ipe  connecting 
a11 of the s t reet  pipes is  created a t  the midpoin t  of the streets. A t  the 
midpoint of the lateral 
other districts. An exmple network design and output from GEOCITY are i l l u -  

Each p a i r  o f  columns i s  t h e n  

- 

,- strated i n  Figure 3. 

ain i s  created which  j o ins  the dis t r ic t  t o  the . 

- 
Pipe Design and Material Requirements 

S ta r t ing  a t  the building farthest from the main, the f l u i d  requirements 
for that point  are calculated and pipe size i s  determined. Proceeding t o  

W 
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HOUSE PAIR 

LAYOUT IS FOR A DISTRICT WITH 28 BUILDINGS: THE PIPING NETWORK I S  SYMMETRICAL ABOUT THE 
M A I N  ANDTHELATERAL. BELOW I S A  S ~ ~ P L E O U T P U T F R O M G E O C I T Y  OESCRIBINGTHISNENYORK. 

D I S T R I B U T f O N  S Y S T E M  OF D I S T R I C T  3 S I N G L E  P I P E  S Y S T E M  

R O W  RATE HEAT LOSS TEMFERATURE CFI HEAD LOSS NOMINAL INSUL 
HOUSE DESCRIPTION SUPPLY RETURN Ilblsecl IBTUIsecI feet OIA lin.1 I1n.l 

HOUSE 2.0 - 0.2 194 u 3  8.86 2.00 2.0 

STREET DESCRIPTION 

STREET HOUSE 

1 1 4.1 - 0.2 195 --- 17.32 2.00 3.0 
2 8.2 - 3.0 195 --- 6.19 3.00 2.5 
3 10.2 0 195 --- 0 3.w 2.0 

LATERAL OESCRI PT I ON 

LATERAL STREET 
1 1 8.2 - 5.0 195 --- 12.05 5.w 3.5 

2 28.7 - 3.3 195 --- 17.20 4.M) 3.0 

M A I N  DESCRIPTION 
57.3 -13.1 195 --- 7.38 14.00 3.5 MA1 N 

FIGURE 3. Example Layout and Piping Network for a District, 
with Program Output Describing the Network 

the next pipe intersection toward the main, total fluid flow for that inter- 
section is computed and the pipe is sized. 
in the network, only a few pipe intersections need to be considered to size 
the whole pipe network. 
sized by considering only seven sections. 
for each section by minimizing the sum of the annualized capital cost of pipe, 
insulation, casing, valves, fittings, pumps and trenching and the annual costs 
of heat loss and pumpfng power costs. The optimization scheme is a simple 
search of a restricted set of feasible pipe sizes. Insulation thickness is 
optimized by considering the value of lost heat, cost of insulation, and 
increased casing costs. 

Due to the high degree of symmetry 

For example, in Figure 2 the pipe for the network i.s 
Optimal pipe diameter is selected 

1 2  

. 



Many mater ia l  and conf igura t ion  opt ions f o r  pipe, conduit, and i n s u l a t i o n  
are possible.  These design opt ions are summarized i n  Table 4. 

W 

Mater ia l  requirements inc lud ing  pipe, i nsu la t i on ,  casing, valves, f i t t i n g s  

and meters are accumulated a t  each p ipe  i n te rsec t i on .  The design opt ions deter-  
mine which c a p i t a l  cos t  models are used f o r  the  respect ive system components. 
Deta i led  d iscuss ion o f  t he  c a p i t a l  cos t  models f o r  the  system components i s  
inc luded i n  Appendix A. I npu t  parameters used t o  design the  p i p i n g  network 
a re  l i s t e d  i n  Table 5. 

TABLE 4. Design Options f o r  D i s t r i b u t i o n  System Model 

1. 
2. 
3. 
4. 
5. 
6. 

7 ,  
2. 

1. 
2. 

1. 
2. 
3. 

Pipe Options 
Two pipes, supply i nsu la ted  only  
Two pipes, bundle insu la ted  
Two pipes, both insu la ted  separately 
Two pipes, each insu la ted  and i n  separate condui t  
Two pipes, supply insu lated,  each i n  separate condui t  
S ing le pipe, i nsu la ted  

Pipe Mater ia l  Options 
Carbdn -steel, schedule 40 
f i be rg lass  re in fo rced  p l a s t i c  

I n s u l a t i o n  Options 
Calcium s i l i c a t e  
Polyurethane foam 

Steel  , prefabr icated,  Class A 
P l a s t i c  (PVC) , pre fabr ica ted  
Concrete f i e l d  cons t r u c t c d  

i 3  



TABLE 5. P i p i n g  System Design Parameters 

Design Parameters 
Pipe Option 
P i p e  Material Opt ion  
Insulation Option 
Conduit O p t i o n  
Annu 1 ar  A i  r Space S i  ze 
Burial Depth 
Thermal Conductivities of:  

0 Pipe 
0 Ground 

Insulation 
Ground Temperature 
Age Factor for Pipe Roughness 
Combined Motor and Pump Efficiency 

Temperature Cal cu 1 a t i  ons 

Heat loss and temperatures are calculated for each pipe section starting 
a t  the main and following the pipes t o  the points  farthest from the main. If 
the system includes a return pipe, heat losses and temperatures are also cal- 
culated for every return pipe segment. Parameters used i n  the heat loss cal- 
culations are listed w i t h  the design parameters i n  Table 5. 
calculations assume a single s t r a igh t  pipe buried i n  soil,  w i t h  insulation, 
an annular a i r  space and casing. 
remains undisturbed a t  a radius equal t o  the pipe burial  depth. 

Heat loss 

I t  is  assumed that the soil temperature 

Capital and Operating Costs 

Capital and operating costs for the accounts listed i n  Table 6 are com- 
puted from cost models. 
d i x  A. A discounted cash flow accounting scheme i s  used t o  calculate the price 
of  heat. The price of heat is determined so t h a t  the bonds and/or the specified 
return on equity are exactly satisfied a t  the end of  the project l i fe .  The geo- 
thermal reservoir and transmission system can be operated as a separate entity 
from the dis t r ic t  heating system. 
purchases heat from the reservoir and transmission line operator. A1 terna- 
tively, the entire system can be treated as an integral u n i t .  

Detailed discussion of these cost models is  i n  Appen- . 
I )  

In  this case, the dis t r ic t  heating system 

L 
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U. TABLE 6. Capital and Operating Cost Accounts 
for the Distribution System Model 

Pipe 
Insulation 
Cas i ng 
Va 1 ves 
Meters 
Pumps 
Expansion Loops 
Trenches 

Capi t.al Cost Accounts 
F i t t i n g s  
Metering and Control Equipment 
Bui 1 d i  ngs 
House Retrof i t  (optional ) 
Heat Pump (optional)  
Storage (optional) 
Heat Exchanger (optional ) 
Engineering and Administration 

Operating Cost Accounts 
Operating Expenses State  Income Tax 
Maintenance Property Tax and Insurance 
Pump Operation Federal Income Tax 
Meter Readers 
Bond In te res t  
Gross Revenue Tax Supplemental Heat Cost 

Heat Pump Operation (optional)  
Heat Exchanger Operation (optional ) 

I n p u t  parameters for the economic analysis a r e  l i s t ed  i n  Table 7. The 
leakage, supplemental heat cos t ,  and cost  of e l e c t r i c i t y  are  used by the 
operating cost  models. Trenching d i f f i c u l t y ,  b u i l d i n g  r e t r o f i t ,  and heat 
pump capi ta l  costs modify the capi ta l  cost  accounts. Based on the number 
of years o f  construction and operation, annual cash flows a re  determined. 
Using a discounted cash flow analysis,  the cost  o f  heat t o  meet the required 
taxes, r a t e  o f  re turn,  and bond i n t e r e s t  payments is calculated. 
a r e  deducted from Federal taxes. The  discount r a t e  is determined from the 
r a t e  o f  return on equity, bond in t e re s t  r a t e ,  and the capi ta l  s t ructure .  
Plant cap i t a l  costs , including interim I -  capi ta l  replacements , are  recovered 
through the depreciation account. 

Special Options and Capabi 1 i t i  es 

S ta te  taxes 

- . Options and adgustment factors  have been incorporated i n t o  the distri bu- 
t fon system model t o  make i t  useful f o r  specialized studies and s i tua t ions .  
Using these options one can study the ef fec ts  o f  1 )  designing capacity t o  
meet different growth ra tes  i n  demand, 2) using heat pumps or heat exchangers, 
and 3) designing different storage capaci t ies .  Parameters for the special 
options a re  summarized i n  Table 8. A short discussion of each o f  the avai l -  
able options fof lows. 

- 
1 

W 
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TABLE 7. Economic I n p u t  Parameters for 
the Distribution System Model 

Percentage of F l u i d  Lost by Leakage 
Cost of Electricity 
Supplemental Heat Cost 
Trenching Difficulty Factor 
Cost of Retrofitting Buildings 
Heat Pump Capital Cost 
Number of Years of Construction 
Number of Years o f  Operation 
Depreciable Plant Life 
Startup Year for Distribution System 
Interim Capital Replacement Rate 

Property Insurance Rate 
Property Tax Rate 
Bond Interest  Rate 
Earning on Equity a f t e r  Taxes Rate 
State Gross Revenue Tax Rate 
State  Income Tax Rate 
Federal Income Tax Rate 
Fraction of Investment i n  Bonds 
Depreciation Option 

Straight Line 
0 Sum of Years Digits 

TABLE 8. Parameters for  Special Options 

Growth 
Total demand growth over study period (%) by d i s t r i c t  
Number o f  years i n  which growth occurs 

k a t  Pump Option by Distr ic t  
1 - heat pump a t  reservoir 
2 - heat pumps on mains t o  d i s t r i c t s  
3 - heat pumps a t  individual b u i l d i n g s  
4 - no heat pump 
Temperature a t  heat pump outlet ( O F )  

Coefficient of performance 
Heat pump capital cost  

- Heat Exchange Option .- 
1 - heat exchanger 
2 - no heat exchanger 
Geothermal f l u i d  temperature drop i n  heat exchanger 
Circulating water temperature i n  
Circulating water temperature o u t  

Storage Option 
1 - storage as  number o f  days demand 
2 - storage as number o f  gallons 
3 - no storage 
Storage capacity (days or gallons depending on option) 

16 



When designing a dis t r ic t  heating system, i t  i s  often desirable t o  design 
for growth i n  demand since i t  may be costly t o  replace pipes t o o  small t o  meet 
future demand. The d i s t r i b u t i o n  system model will design the p i p i n g  network 
for each dis t r ic t  t o  1) meet only current demand, 2)  meet future demand includ- 
ing  a l l  pipes t o  future demand points,  and 3)  design only the mains and laterals 
w i t h  sufficient capacity t o  meet future growth. 
may grow a different rate. 
a t i n g ¶  additional annual capital costs and growth i n  annual heat sales are 
factored in to  the accounting routines. 

Total demand i n  each dis t r ic t  
If growth options are used, growth i n  annual oper- 

Geothermal resources of very low temperature (less t h a n  120’F) may be 
used i n  conjunction w i t h  heat pumps. 
perature source could lower the operating cost of the heat pump by al lowing 
i t  t o  always operate i n  i t s  most efficient range. 
used t o  boost the water temperature for service t o  commercial o r  residential 
buildings. 
located a t  the geothermal reservoir, a t  the main for each dis t r ic t  or a t  each 

Use o f  heat  pumps w i t h  a constant tem- 

Heat pumps may a l so  be 

Three heat pump configurations are available; heat pumps can be 

bu i ld ing .  
based on the i n p u t  value of the coefficient of performance and the cost of 
electricity. 

Capital costs must be supplied, b u t  operating costs are calculated 

Heat exchangers are used because either the temperature of geothermal 
f l u i d  needs t o  be reduced or the f l u i d ‘ s  chemical composition makes it  unde- 
sirable for use i n  a d i s t r i b u t i o n  system. A tube and shell heat exchanger 
is designed t o  meet the specified temperature changes. 
calculated as i n  GEOCOST.(*) I t  is  assumed t h a t  the heat exchanger i s  
located a t  the geothermal reservoir, b u t  owned by the dis t r ic t  heating sys- 
tem operator. 

reduce the peak capacity requfrements o f  the transmission line and reservoir. 
Storage options include specifying either the volumetric capacity o r  the 
number o f  days of demand. Capital costs and effects of storage on trans- 
mission lfne and reservoir are factored i n t o  the accounting routines. 

Capital costs are 

Storage capacity may be used t o  meet demand surges, emergencies, or t o  

1 7  



Adjustment Factors 

Adjustment factors have been included 
tions quite different from the norm. Avai 
listed i n  Table 9. 

t o  allow a way of studying situa- 
able adjustment factors are 

For areas w i t h  large elevation differences, i t  is possible t o  specify * 

the relative elevation of each district, t o  be used when designing the pump 
and estimating the operating costs. Trench digging  costs vary depending on 
terrain, ground conditions, current use and other buried ut i l i t ies .  
trench difficulty factor allows the user t o  a d j u s t  for cost-related factors. 

- 
The 

TABLE 9. Adjustment Factors for Use w i t h  
the Distribution System Model 

Elevation differences by d is t r ic t  
Trench d i f f i cu l ty  f ac to r  
Leakage 
Age factor for pipe roughness 

The amount of leakage expected i n  the system can also be specified. Head 
losses i n  the d i s t r i b u t i o n  system are calculated based on the roughness of 
pipe that is about 10 years old.  The roughness factors can be changed through 
i n p u t  t o  handle other cases. 
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THE RESERVOIR MODEL 

The reservoir model simulates a firm which explores for,  discovers, 
develops, and operates a geothermal reservoir. The components of the energy 
costs supplied by the reservoir t o  the d i s t r i b u t i o n  system are computed and 
shown separately from the distribution system. This permits independent 
parametric analyses for the reservoir. The reservoir model includes sub- 
models for simulating exploration and development costs, f l u i d  transmission 
and disposal costs, dri 11 i ng costs , and reservoir operati ng expenses. 

* 

c 
.I 

EXPLORATION AND DEVELOPMENT 

The exploration submodel simulates the process by which a geothermal 
resource would be identified and evaluated. The exploration model reduces 
the process t o  a series of discrete steps which  have costs and success ratios 
assigned t o  them. These steps are 1) ident i f icat ion of target areas, 2 )  pre- 
liminary land  check, 3)  preliminary geologic reconnaissance, 4 )  detai led land 
check and geologic reconnaissance, 5) ident i f ica t ion  of d r i l l a b l e  s i tes ,  
6)  exploratory d r i l l i n g ,  7 )  identification o f  the producible resource and 
8) devel opment. 

Each o f  these e i g h t  major areas includes a time function, associated 
costs, decision points, and success ratios ( f i n d i n g  rates) The reference 
cost values and f i n d i n g  rates are assigned on the basis of industry estimates. 
However, these values and rates are variable and sensitivity analyses can be 
performed t o  evaluate their relative importance. 

In the present submodel the discrete steps occur sequentially i n  time 
w i t h  sane specified time overlap. Each one of the steps may contain several 
substeps whkh parallel each other i n  time. 

All reservoir exploration costs are i n i t i a l l y  capitalized. As the si tes 
- c are classified unfavorable through the success ratios, the costs which pertain 

t o  those sites are expensed. The rema.ining capitalized costs for the favorable 
s i t e  are recovered through a cost depletion account (analogous t o  straight 
line depreclation) throughout the producing l i fe  o f  the dis t r ic t  heating 
system, w 



b The reservoir development submodel simulates the field development of 
the proven geothermal reservoir identified by the exploration submodel. This 
submodel accumulates all costs associated with reservoir development; these 
costs include drilling, fluid transmission, and fluid disposal. The develop- 
ment submodel allows specifying the percentage o f  nonproducing (dry) we1 1 s , 
capacity of injection wells, geometry of the well field, and the fraction of 
excess producing wells. Input data are shown in Table 10. 

TABLE 10. Input to Transmission and 
Disposal Submodel s 

Input Required for All Geothermal Plant 

Average well flow rate (lb,/sec) 
Well spacing (acres) 
Well head fluid temperature (OF) 
Well life (yr) 
Fraction nonproducing wells 
Fraction excess producing we1 1 s 
Transmission maintenance factor 
Disposal maintenance factor 
Fraction of pipe that can be salvaged 
Ratio of injection/production we1 1 flow rate 
Distance from city to injection wells (m) 

Ty p i c a 1 
Value 

40 
20 

120 
20 
0.2 
0.2 
0.05 
0.05 
0.10 
2 

(a) A l s o  includes built-in data base for computing well layout 
design, pipe schedule, pipe cost, insulation cost, cost 
of valves gauges , separators , f 1 as hers electric motors 
and booster pumps; also data base for computing nodal 
temperature drop, nodal pressure drop, and electrical 
power required by booster pumps. 
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Reservoir development costs include only those costs required t o  develop 
and provide  the energy supply t o  the specified d i s t r i b u t i o n  system; if  the 
reservoir could support several d i s t r i b u t i o n  systems, the costs of provid ing  
the  energy supply t o  each would be treated separately. 

W 

DRILLING 

Well d r i l l i ng  cost may be i n p u t  d i rect ly  or calculated. A submodel was 
- developed for calculating d r i l l i n g  costs for geothermal wells as a function 

of the well d e p t h ,  s ize  of the well a t  the well bottom, the fract ion of the 
well cased, and the hardness of the material being dr i l led .  The component 
cost breakdown splits costs i n t o  tangible and intangible parts because tax 
regulations may t r e a t  these costs different ly .  

The GEOCITY program t r ea t s  producing, nonproducing (dry) ,  and injection 
wells different ly .  
and expensed through a depreciation account. 
e i ther  capitalized or expensed immediately. Nonproducing we1 1 s are  expensed. 
All costs,  b o t h  the tangible and intangible, for injection wells a re  capi ta l -  
ized; these costs are  recovered through the depreciation account. 

The tangible part  of the producing wells i s  capitalized 
The intangible part  may be 

. 

W 

RESERVOIR OPERATION 

The operation submodel simulates the operation of the required reservoir 
capacity throughout  the l i fe  o f  the d i s t r i b u t i o n  system. I t  is composed of 
several annual costs,  e.g. royalty payments, injection costs, taxes, over- 
head and management, and well maintenance. The operations submodel also 
includes operating costs for the transmission and disposal systems as well 
as replacement well d r i l l i n g  and redr i l l ing  costs. A l l  of the operating 
costs a r e  assumed t o  be constant each year throughout  the l i f e  of the power- 
plant. As w i t h  reservoir development costs, operating costs refer only t o  a 
single dis t r ibut ion system. All annual operating costs are  expensed except 
Jnterim capital  replacements. These are  capital  ixed and recovered through 
the deprecfation account. The capitalized pa r t  of replacement wells is  
treated analogously t o  interim capital  replacements. The expensed par t  of 
replacement we7 7s is treated as an operating expense. 
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6.. FLUID TRANSMISSION AND DISPOSAL 

The fluid transmission submodel simulates the conduction of the hot 
water from the well head to the distribution system. This submodel calcu- 
lates the pipeline diameter, length, number o f  producing wells required, 
the well field layout, pumping requirements, and the costs o f  the trans- 
mission piping system, pumps, and associated equipment. 
the fluid temperature, pressure, viscosity, density, and enthalpy on a node- 
by-node basis during transport from the wellhead to the city. 

It also calculates 

- 
The disposal submodel is analogous to the transmission submodel and simu- 

lates the conduction of water effluent from the city to the injection well 
field. Disposal into a sewage system or river can also be simulated. It 
calculates the effluent pipeline diameter and length, number of injection 
wells, injection well field layout, and the costs of the disposal piping 
system and associated equipment. 

The initial costs for the transmission and disposal systems are capital- 
ized. 
the-year's digit method. 

Cost recovery is through the depreciation account using the sum-of- 

Is 
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CONCLUSIONS bi 

. 

GEOCITY has been developed t o  study the effects o f  different economic 
and technical parameters, assumptions, and uncertainties on the cost of 
provid ing  dis t r ic t  heat from a geothermal resource. GEOCITY can determine 
the economic incentives for research and development on geothermal resources, 
identify costs and assess incentives for a specific s i te ,  compare different 
heating system designs, and a1 lows for uncertainties i n  resource conditions 
and technology. 
mal energy. 

2 

GEOCITY i s  another tool for  assessing the value of geother- 
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APPENDIX A 

CAPITAL AND OPERATING COST MODELS FOR 
DISTRICT HEATING DISTRIBUTION SYSTEMS 

. 
As pipes are sized for each segment of the distribution network, capital 

* 
cost models are used t o  price the p i p i n g  string and associated components. 
The capi ta l  cost models are primarily functions of pipe size and design 
options, a l though  other parameters are used i n  many o f  the models. Other 
-capital  cost models and operating cost models are used for  pumps, instrumenta- 
t i on ,  operating expenses, and taxes. 

This appendix describes the cost models i n  three sections: capi ta l  cost 
The f i r s t  two sec- 

The third sec- 
Each cost model i s  associated 

models, operating cost models, and cost model equations. 
tions describe the bases and assumptions used i n  the models. 
t i on  l i s t s  the equations or  cost tables used. 
w i t h  an account i n  wh ich  the costs are accumulated. 

CAPITAL COST MODELS 

Costs are calculated for the entire p ip ing  system up  t o  the outer wall 
o f  housing units. The basic design i s  a two-pipe network (Figure A-1) .  A 
two-pipe network includes both a supply and a return pipe for each building. 
The cost models also apply t o  one-pipe networks w h i c h  have only a supply pipe 
for each building. 

The total piping bundle is  called a conduit. The’conduit consists of one 
or more pipes, which may be insulated, enclosed by the casing. 

Depending upon the p ipe  option, insulation opt ion ,  conduit op t ion ,  and 
material opt ion  chosen, applicable component cost models are selected, and 
costs generated. Component costs are then added t o  give total p ip ing  system 
capital costs. F i t t i n g s  and valves are costed a t  each pipe intersectton. 

L 
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BRANCH 

c 

SUPPLY 

RETURN 

FIGURE A-1. District Heating System Two Pipe Network 
(shown w i t h o u t  expansion loops) 

P i p e  

Optimal pipe diameter i s  selected for each segment of the p i p i n g  network 
by minimizing the sum of the annualized capital cost of p i p e ,  f i t t ings ,  insula- 
t i o n ,  casing valves, pump capacity and the annual costs of heat loss and pump- 
i n g .  
assumes a p i p e  age of 10 years, b u t  the value can be changed through the i n p u t  
data. 
plastic (FRP) depending on the pipe material options.  

Head losses are based on correlations for aged pipe. The default valve 

Pipe may be either carbon steel ,  schedule 40, or fiberglass reinforced 

The p i p e  account includes only the material cost for s t r a igh t  lengths 
of pipe. 

Insu 1 a t  i on 

Optimal insulat ion thickness is that which produces minimum annual costs of 
Either polyurethane foam or calcium 

t 

insulat ion and casing and heat loss values. 
s i l icate  insulation can be specified. 
installed unless foam insulat ion and field erected concrete casing is specified. 
For that situation, i t  is assumed t h a t  the insulation is  foamed i n  place. 

Insulation i s  assumed t o  be factory . 

The insulation account includes material and labor  cost for insulating 
straight pipe lengths and pipe fittings. 
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Casing 

The smallest standard casing size t h a t  will contain the pipe(s), insula- 
t i o n ,  and annular air  space i s  selected for each segment of the p i p i n g  network. 
Casing may be either f e l t  and tar wrapped steel ,  polyvinyl chloride (PVC) o r  
concrete. 
box. 

Concrete casing is assumed t o  be a field constructed rectangular 

The casing account includes costs of material, labor for placing the 
pipe(s) i n  the casing, warehousing, transportation, field placement, and a l ign -  
ment o f  the casing sections. 

Fittings 

Two pipe fittings and one casing f i t t i n g ,  sized according t o  the pipe and 
casing, are accumulated a t  each pipe intersection. 
are accumulated for each pipe i n t o  a bu i ld ing .  

Two add i t iona l  f i t t ings 

The fi t t ing account includes b o t h  material cost for the f i t t ings and 
labor for field connection of the pipes and casing sections. 

Expansion Loops 

One expansion loop i s  located i n  each 300 f t  segment of the p i p i n g  net- 
work. The size of the  loop is calculated as a function of pipe diameter. 
Expansion loop cost is the sum of the pipe, f i t t i n g ,  insulation casing, trench 
and installation costs. Each of these component costs for the expansion loops 
are calculated separately as described previously and then summed. 

The expansion loop account includes a l l  labor and material costs asso- 
ciated w i t h  the expansion loop. 

Trench 

The trench model assumes slopes of 1/2 t o  1 ink  damp sandy loam. 
f i l l  material is hauled t o  the s i te .  The casing is  laid on 2 t o  4 i n .  of 
sl'fted f i l l  and i s  covered t o  a depth of 4 i n .  w i t h  hand placed and tamped 
sifted f i l l  material. The rest of the trench is then f i l led and packed by 
dozer. The top o f  the casing will be a t  the specified burial depth  below the 
surface. A trenching difficulty factor may be specified through i n p u t  t o  

Sifted 

reflect unusual circumstances. 

A-3 



The trench account includes excavation, purchase and delivery o f  sifted 
f i l l ,  hand f i l l i n g  and tamping, and dozer f i l l ing and packing costs. 

Valves 

One valve, sized according t o  the larger pipe size, i s  located a t  each 
pipe intersection. 
than  2.5 i n .  
forged steel ball type. 

Screwed valves are used when the nominal pipe size is less 
Larger sized valves are flanged. The valve i s  assumed t o  be a 

The valve account includes valve, mating flange, b o l t - u p ,  h a n d l i n g ,  insu- 
la t ion ,  casing and field connection costs. 

Meters - 
One meter i s  located a t  each bu i ld ing .  Meters are sized according t o  the 

expected range of f 1 owra tes . 
The meter account includes meter, connections, and in s t a l l a t ion  labor  

costs. 

Pumps 

One pump and a standby pump are located i n  each district .  The pump i s  
sized t o  overcome the to ta l  head loss and pump the dis t r ic t  f l u i d  requirements. 
Pump motor size is determined from the hydraulic horsepower and the i n p u t  pump 
and motor efficiency factors. 

The pump account includes the main pump, standby pump, motors, vault, - 
setting and instal la t ion,  f i t t ings,  and labor costs. 

Metering and Control 

This account covers the cost of instrumentation, addi t ional  flow con- 
trollers, and sensors required t o  operate the d i s t r i b u t i o n  system. 
ing  and control account covers capital and installation costs, and is  calculated 
t o  one percent of the p ip ing  system capital cost. 

Building and Land Use 

The meter- 

T h i s  account covers the expense o f  purchase or lease of land and the con- 
struction o r  modification of a bu i ld ing  t o  house the system's instrumentation 
and control equipment. The costs are calculated t o  one percent of the p ip ing  
system capital cost. 

A- 4 



W Bui 1 di  nq Retrofit 

The user can specify retrofit  costs for b u i l d i n g s  i n  each dis t r ic t  type 
i n  order t o  study to ta l  costs of dis t r ic t  heating i n  o l d  b u i l t - u p  areas. 
user specifies the retrofit  cost per bu i ld ing  i n  i n p u t  data. 
account will consist of retrofit  costs for a l l  of the buildings i n  the distri-  
b u t i o n  system. 

The 
The retrofit  

Storage 

Uater can be stored i n  vertical tanks a t  the terminus o f  the transmission 
The tanks are assumed t o  be vertical painted and insulated steel tanks. line. 

The storage account includes material cost, f i e l d  erection, handl ing  and 
setting, p i p i n g ,  concrete, instrumentation, insulation, p a i n t i n g ,  and indirect 
costs . 
Heat Pump 

Several possible configurations using heat pumps and a water circulation 
system are possible (see discussion i n  section on "5pecial Options and Capa- 
bil i t ies").  
evolving technology, a capital cost model for heat pumps is not used. The 
user should i n p u t  the heat pump capital cost including installation, instru- 
mentation, and indirect costs. 

Due t o  the wide range i n  heat pump capital costs and rapidly 

Heat Exchanger 

If the heat exchanger option i s  specified, a t u b e  and shell heat exchanger 
is designed t o  satisfy the i n p u t  requirements and is located a t  the geothermal 
reservoir, even though the costs appear i n  the d i s t r i b u t i o n  system account. 

the heat exchanger account includes material , installation, and indirect 
costs 0 

Engineering and Administration 

This account I s  12% o f  the piping system total cost t o  cover the engi- 
neering and administration costs of bu i ld ing  the distri b u t i o n  system. 
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OPERATING COST MODELS 

The operating cost accounts consist of annual expenses and taxes. Meter 
reader and operating costs are related t o  the number o f  meters connected i n  
the system. Maintenance cost is proportional t o  the capital investment and 
is based on estimates from water d i s t r i b u t i o n  systems. The pump operating, 
heat pump, supplemental heat, and heat exchanger costs are derived from 
models which are controlled by the system design. The other accounts (inter- 
est, taxes, capital replacement and insurance) are percentages of capital 
investment or portions o f  annual revenue. The percentages are specified 
through i n p u t  data (see discussion i n  the section on "Capital and Operating 
Costs"). 

Opera ti ng 

T h i s  account includes the personnel cost for operating the distribution 
The charges t o  th i s  account depend on system and administrative functions. 

the number of meters connected t o  the system. 

Maintenance 

The maintenance account includes routine repair and maintenance o f  the 
distribution system. The charges depend on the pump size, the number of 
bu i ld ings  connected, and the flow t o  each bu i ld ing .  

Pump Qperation 

T h i s  account includes charges for the annual pumping costs, calculated 
from the i n p u t  values for the cost o f  electricity, and pump and motor 
efficiencies.. 

Meter Readers- 

Th i s  account includes wages , benefits, and overhead for meter readers 
w i t h  an assumed productivfty of 50 meters/day. 

Heat Pump Operation 

Th i s  account includes the electrical cost o f  operating the heat pump or  
heat pumps if they are used. 
i n p u t  values for the coefficient of performance and the cost of electricity. 

The cost depends on the climatic data,  the 

. 
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w Supplemental Heat 

The difference i n  heat demand a t  design temperature and the min imum tem- 
perature is met by purchasing heat and elevating the temperature of the c i r -  
culating water. 
design temperature, and i n p u t  value for the cost of supplemental heat. 

Heat Exchanger 

The charges t o  this account depend on the climatic data, the 

The annual operating cost  of the heat exchanger is  assumed t o  be 2% of . 
the to ta l  capital  cost of the heat exchanger. 

Other Operating Cost Accounts 

The fol1 owing accounts a re  calculated as percentages of other accounts. 
The percentages are specified i n  the i n p u t  data. 

Interim Capital Replacement - percent of t o t a l  system capital cost 
a Bond Interest  - percent r a t e ,  charges assume compound in te res t  on unpaid 

Gross Revenue Tax - percent of annual revenue 
0 Sta te  Income Tax - percentage of taxable income (revenue less operating 

expenses including capital costs, energy costs,  opera- 
t i n g  costs , interim capital  replacement, property tax 
and insurance, in te res t  and depreciation) 

Federal Income Tax - percentage of taxable income less  s t a t e  income tax 

por t ion  of debt and are  calculated for each year 

Property Tax and Insurance - percentage of d i s t r ibu t ion  system capital  
cost  

COST MODEL EQUATIONS 

Capital cost models are summarized i n  Table A-1, and operating cost 
#. models are summarized i n  Table A-2. The cost models use the equational 

form: 

Equation coefficients r e f l ec t  f ixed costs ( a ) ,  variable casts  (b) , and scale 
size (5) and ( t ) .  Costs are i n  July 1976 dollars .  Where cost equations a re  
not appropriate, cost  tables (Tables A-3 through A-6) are used. Cost data 
was gathered from three sources: industry vendors, mechanical contractors, 
and archi tect-engineers 

'6.' 
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TABLE A-1. District Heating System Capital Cost Coefficients (July 1976 Dollars) 
(NOTE: All measurements are in meter units) [Cost = a + b(x)st] 

P 
cx, 

Account No. Component 

1 .o 
Carbon Steel Pipe 
FRP Pipe 

I nsu 1 a t  i on 

(Fiberglass re in forced p l a s t i c )  

Calcium S i l i c a t e  

a b X S t - U n i t  - 

Meter 0 368.71 P 1.27 1 
Meter * O  2.89 2.72 (=e) 11.62 P 

2.0 

F i berg1 ass 

Rig id  Polyurethane (See Note 1) 

Foam-in-Place Polyurethane 

F i t t i n g  Insu la t i on  
Valve Insu la t i on  

- Nom. p ipe s i ze  5 0.0635 
- Nom. p ipe s i ze  < 0.0635 

Meter 0 3.12 2.72 (=e) 4.25 P 

Meter -1.30 51.90 P 
+221.77 R 

Meter 0 '  1 2.72 (=e) 3.56 

+22.33 R 

t4.83 P 

+1.00 ln(R) 
Meter 0 141.00 (Q)(P)+(Q)(R)(2) 

Each 0 0.91 F 
- ( Y ) (  P)2(  0.79) 

Each 0 0.61 F 
Each 0 9 F 

NOTE: (1) If nominal p ipe  diameter = 0.0254 meters and pipe mater ia l  = carbon s tee l  - Add $3.50/meter t o  pipe cost. 
I f  nominal p ipe diameter = 0.0381 meters and p ipe mater ia l  = carbon s tee l  - Add $1.70/meter t o  p ipe cost. 

F = Insulated Cost/Meter 

Y = Amber o f  Pipes i n  Conduit 

P = Pipe Diameter Q = Outside Diameter of Pipe & I nsu la t i on  R = I nsu la t i on  Tnickness 

c 
I * 



Account No. 

3.0 

4.0 

H =  
N =  
U =  

V =  

Q =  

TABLE A-1. (contd) 

U n i t  a - Camponen t 

Casing 
Steel (One Pipe Conduit) Meter 0 

Steel (Two Pipe Conduit) Meter 0 

PVC (See Note 1) Meter 0 
Concrete Box Meter 18.87 

Placement Labor Meter 0 

F i t t i n g s  

Steel Pipe F i t t i n g  Each 

F i t t i n g  Steel  Casing Each 
F i t t i n g  WC Casing Each 
Valve Casing 

FRP Pipe F i t t i n g  Each 0 

- Nan. p ipe s l ze  5 0.0635 t.ieters Each 0 

a - Nom. pipe s ize > 0.0635 ilteters Each 0 

b 

40.54 

38.99 

5.54 
49.73 

t142.27 
+264.54 

111 

5.47 

0.61 
9 

2.72 (=e) 

2.72 (=e) 

2.72 (=e) 

Q 
P 
R 
N 

See Table A-3 
2.72 (=e) 

See Table A-4 
See Table A-5 

H 
H 

S t - -  

2.06 U 

-0.07 V 
2.16 U 

-0.06 c' 

5.09 N 

14.30 P 

I f  U = 0.0254 meters and p ipe i s  carbon s tee l  then add $3.50/meter t o  p ipe cost 
Note 1) I f  U = 0.0381 meters and p ipe i s  carbon s tee l  then add $1.70/meter t o  p ipe cost  

Casing Cost/).leter 
Casing Diameter 
Nominal Casing Size 
Pipe Diameter 
Outside Diameter o f  Pipe and Insu la t i on  
L. / rel . 



TABLE A-1. (contd) 

Account Na. Component - Unit  a b X S t 

P 
.-1 

0 

5.0 Expansion Loop 
Expansion loop (See Note 2) 

6.0 Trenching Labor 
Trenching 

- Two conduit (Pipe opt. 4) 

- Two conduit [Pipe opt, 5) 

Each 

Meter 0.95 12.77 
t11.75 

Meter 0.98 6.19 
+0.19 
+2.38 

-12.47 
t18.66 

- One conduit (Pipe otp. 1,2,3,6) Meter 0.61 6.19 
t6.79 

- Concrete box conduit Meter 0.92 2.97 
t3.98 
t0.27 

2.0 1 

2.0 1 

2.0 1 

2.0 1 

2.0 1 

- 
NOTE: (2)  Expansion loop length = (19.27)(nom. pipe dia.)0'46 - (9)(nom. pipe dia.) 

- 
G = Insulat ion f i t t i n g  cost C = Expansion loop leng th  

H = Casing Cost/Meter 3 = Casing f i t t i n g  cost K = Trenching cost/meter N = Casing Diameter P = Pipe Diameter R = Insulat ion Thickness 

Q = Outside Diameter o f  Pipe and I n s u l a t i o n  

D = Pipe cost/meter E = Pipe f i t t i n g  cost F = Insulated Cost/Meter 

c 
4 n 

c 



c 

Account No. 

7.0 

8.0 

9.0 

10.0 

11 .o 
--1 12.0 

1 3 3  

7 
-1 

14.0 

15.0 

16.0 

TABLE A-1. (contd) 

Camponen t U n i t  a b X t - S - - 
Valves - 

Valve 

Meters 
Water meter (1 per housing u n i t )  - 

Pumps 
Basic Pump (2 per d i s t r i c t )  

- horsepower( 26 
- horsepower > 26 

Accessor Pump f 2  per d i s t r i c t )  

Metering and Control  

Bu i l d ing  and Land Use 

Bu i l d ing  R e t r o f i t  

Storage 

Heat Pump 

Heat Exchanger 

Engineering and Admi ni s t r a t i  oh 

M = Horsepower 
NB = Number o f  Bui ld ings Connected t o  the System 

CT = Pip ing System Capital  Cost 

Each 

Each 

Each 1269 
Each 4929 
Each 0 

0 

0 

0 

Input 

See Table A-4 

See Table A-6 

80 M 
64 M 
81.53 2.72 (=e) 

.01 CT 

.01 CT 

Input  NB 

.35 GL 1.315 

93.3 HTA .78 

0 .12 CT 

GL = Storage Capacity i n  Gallons HTA = Heat Transfer Areas 
P = Pipe Diameter 

P 
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D 
I 
d 

N 

Account No. 
1 
2 

3 

4 
5 

6 

7 
8 
9 

10 
11 

12 

13 

TABLE A-2. Operating Cost Models 
[Cost = a + b ( ~ ) ~ ~ ]  

X - -  S t Component a b 

Opera t i  ng 25,000 5 N B 
Maintenance 500 .1 CP 

+.05 CM 
Pump Operation 

Meter Readers 
Heat Pump Opera t i on 

Supplemental Heat 
Heat Exchanger 
I n t e r i m  Cap1 t a l  Replacement 
Bond In te res  t 
Gross Revenue Tax 
State Income Tax 

Federal Incane Tax 

Property Tax and Insurance 

6532 

25,000 2.1 
293 

CSHEAT 
.02 

Inpu t  
I npu t  
I npu t  
I npu t  

Input  

Input  

HP*CKU*PF 
ETfi 

SDD 
HEC 

CT 
UB 

REVENUE 
Revenue-items 1-9 above, nnd 

Reveoue - items 1-11 above, and 
energy costs 

energy costs 
CT 

NB = Number o f  Connected Bu i l d ings  
CP = To ta l  Cost o f  Pumps 
CM = To ta l  Cost o f  Meters 
HP = To ta l  Hydraul ic  Horsepower 

CKW = Cost o f  E l e c t r i c i t y  ($/KwH) SDD = Supplemental Heating Degree Days 
MEC = Heat Exchanger Capi ta l  Cost 

CT = Tota l  D i s t r i b u t i o n  S y s t m  
Capi ta l  Cost 

UB = Amount o f  Unpaid Bonds 

AD = Average Annual Heat Demand 

COP = Coe f f i c i en t  o f  Performance 
OlBN/yr) 

CSHEAT = Cost o f  Supplemental Heat 
( S/MBTU 1 

c 
b b 

c 



TABLE A-3. Valves and Carbon Steel F i t t i n g  

D i  ameter (meters ) C o s t / F i t t i n g  ($ )  Cost/Valve ($) 
Nominal Pipe 

LJ 

. 

0.0254 
0.0381 
0.0508 
0.0635 

58 
70 
85 

118 
0.0762 5 274 
0.1016 
0.1524 
0.2032 
0.2540 
0.3048 
0.3556 
0.4064 
0.4572 
0.5080 
0.6096 

9 
24 
41 
84 

109 
162 
227 
3 22 
433 
638 

375 
528 
776 

1276 
1687 
2535 
3802 
5052 
6740 
9678 
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6; TABLE A-4. Steel Casing Fitting 

Nominal Inside Casing 
Di ame ter (meters ) Cost/Fitting ($) 

0.1614 145 
0.21 22 158 
0.2662 
0.3170 
0.3488 
0.3996 
0.4504 
0.5012 
0.5489 
0.5997 
0.6505 
0.6998 
0.7506 
0.8014 
0.8522 
0.91 44 

189 
222 
238 - 
259 
295 
31 5 
340 
373 
406 
432 
436 
505 
550 
558 

. 
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TABLE A-5. PVC Casing Fitting 

i 

Nominal Inside 
Casing Diameter (meters) 

0.0762 
0.1016 
0.1143 
0.1270 
0.1524 
0.1778 
0.2032 
0.2540 
0.3048 
0.3556 
0.4064 
0 4572 
0.5080 
0.6096 

TABLE A-6. Meter 

Minimum Flow Maximum Flow 
(GPM) (GPM) 

0 7 
7 30 

30 50 
50 100 

100 160 
160 360 
360 500 
500 1000 

A-15 

Cost/Fittinq ( 8 )  
27 
27 
35 
40 
40 
57 
76 

108 
143 
190 
247 
437 
591 
828 

Cost/Meter 

164 
229 
333 
628 
941 

3111 
4766 
9639 

0 



cii Costs are factored t o  r e f l e c t  lower u n i t  costs f o r  larger  p ip ing systems; 
such systems have reduced material u n i t  costs because o f  quant i ty  purchase 
discounts. Also the i n s t a l l a t i o n  labor learning curve lowers u n i t  labor 
costs f o r  large systems. Costs are "factored" a f t e r  they are generated from 
component cost models. 
trenching labor costs are mu l t i p l i ed  by FACTOR 1. F i t t i n g ,  valve, and meter 
costs are mu l t i p l i ed  by FACTOR 2. Table A-7 l i s t s  values f o r  these factors.  

Pipe, insulat ion,  casing, expansion loop, and 

- 
TABLE A-7. Cost Factors 

Housing Uni ts  i n  D i s t r i c t  > 800 FACTOR 2 = 0.6 
Housing Units i n  D i s t r i c t  > 600 and < 800 FACTOR 2 = 0.75 
Housing Units i n  D i s t r i c t  > 400 and < 600 FACTOR 2 = 0.85 
Housing Units i n  D i s t r i c t  > 200 and c 400 FACTOR 2 = 0.95 
Housing Units i n  D i s t r i c t  < 200 FACTOR 2 = 1 .OO 

Length o f  Same Diameter Pipe i n  D i s t r i c t  > 4000 m FACTOR 1 = 0.85 
Length o f  Same Diameter Pipe i n  D i s t r i c t  > 2500 m and < 4000 m FACTOR 1 = 0.90 
Length o f  Same Diameter Pipe i n  D i s t r i c t  > 1000 m and < 2500 m FACTOR 1 = 0.95 
Length o f  Same Diameter Pipe i n  D i s t r i c t  < 1000 m FACTOR 1 = 1 .OO 
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hi APPENDIX B 

DESCRIPTION OF PREDEFINED RESIDENTIAL DISTRICT TYPES 
FOR OPTIONAL USE IN THE GEOCITY MODEL 

Many residential areas i n  the United States can be described by one of 
five residential dis t r ic t  types defined i n  the GEOCITY model data base. 
These dis t r ic t  types are: i 

Suburban 

0 High density single family 

Garden apartments 

Townhouses 

H i  g h r i  se apartments 

The d is t r ic t  type parameters of peak heat demand, hot  water demand, 
density, reject temperature and diversity factor have been calculated for 
each of these district types. The user may use these dis t r ic t  types as 
defined or  may modify one or more parameters as required. 

Peak heat demand was calculated by designing typical residential u n i t s  
for  each dis t r ic t  type and calculating the heat loss according t o  ASHRAE 
procedures assuming - 5 O F  outside temperature, 67°F inside temperature and 
a 15 mph wind. Floor plans,'dimensions and construction parameters for 
each of these dis t r ic t  types are summarized i n  Figures 8-1 through B-5. 
water demand i s  based on the number of residents i n  a typical bu i ld ing  and 
ASHRAE design recommendations. Density data is an average of the values 

Hot 

* recommended i n  various planning books and zoning guides. The dis t r ic t  type 
parameters used by GEOCOST are also summarized i n  

i 

Tables B-1 through B-5. 
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I 54' -_I 
I I 

FIGURE B-1. Plan o f  Suburban Residential House 
1.25 x 30 ft. Attached garage not shown. 

TABLE B-1. Design Basis f o r  Suburban Residential 
House 125 x 30 ft 

SUBURBAN RES1 DENTI AL 

NUMBER OF STORIES - 1 

D IMENS I ON S 

ROOR f? 

EXTERIOR WALL AREA ft2 

GARAGE WALL AREA ft2 

WINDOW GLASS f? 

DOOR AREA f? 

CEILING ft' 
STORY HEIGHT f? 

1620 

918 lN!3 OF GLASS) 

240 

186 

21 
1620 

8 

CONSTRUCT1 ON PARAMETERS 

FLOOR 

EXTERIOR WALLS 

M A R €  FINISH FLOORING ON YELCOW PINE 
SUEROORING. 

BRICK VENEER, BUILDING PAPER, WOOD 
SHEATHING, STUDDING, METAL LATH, 
2 in. INSULATION 
METAL LATH AND PLASTER, 6 in. I NSUlATlON CEILING 

WINDOWS DOUBLE-HUNG WOOD WINDOWS 

D l  STRICT TYPE PARAMUERS 

PEAK HEAT DEMAND 

HOT WATER DEMAND 

DENSITY 
REJECT TEMPERATURE 

DIVERSITY FACTOR 

53.000 BTU Ihf 
60 gallons /day 

2560 HOUSES / SQ. MILES 

100 OF 
0.7 
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bi 

I 1 LIVING MASTER ICL 
13' 1 BEDROOM 

FIGURE B-2. Plan for High Densi ty S ing le Family Home 

Design Basis for High Densi ty S ing le Family Home TABLE 8-2. 

HIGH DENSITY 
NUMBER OF STORIES 1 

DIMENSION 5 
FLOOR ft2 

EXTERIOR WAUS f? 

WINDOW f? ,. 
DOOR f* 

CEILING f? 
STORY HEIGHT ft 

CONSTRUCTION PARAMETERS 
FLOOR 

MTER IOR WALLS 

CEILING 

WtNDOWS 

DISTRICT TYPE PARAMaERS 
PEAK HEAT DEMAND 

HOT WATER DWlAND 

DENSITY 
REJECT TWPERATURE 
DIVERSITY FACTOR 

1Mlo 
865 

133 
42 

loo0 
8 

MAPLE FINISH FLOORING ON YELLOW 
PINE SUffLOORING 

BRICK VENEER, BUILDING PAPER, 
WOOD SHEATHING, STUDDING. 
METAL UTH, 2 in. INSULATION 
METAL LATH AND PLASTER.6 in. 
INSULATION 
DOUBLE-HUNG WOOD WI  NDOW '5 

34,DM) 61U I hf 

55 gallons /day 
4,48U HOUSES1 SO. MILE 

100% 
0.7 
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MASTER BEDROOM ROOM 

iI 
BATH CL CL 1 1 1  

DINING KITCHEN 

* I I I I 

L 45' 
I 

FIGURE 8-3. Plan for Garden Apartment U n i t  

Design Basis fo r  Garden Apartment U n i t  TABLE B-3. 

GARDEN APARTMEM 

NUMBER OF STORIES - EACH APARTMENT I 5 ONE STORY AND ' 
I S  CGNTAINED I N  A 2 STORY BUILDING 

DIMENSIONS 
FLOOR f? 

EXTERIOR WALLS f? 

WINDOWS f f2  

DOOR ft' 
CEILING 
STORY HEIGHT ft 

CONSTRUCTION PARAMETERS 

FLOOR 

MTERIOR WALLS 

CEILING 

WINDOWS 

DISTRICT TYPE PARAMETERS 

PEAK HEAT DEMAND 
HOT WATER DEMAND 

DENSiTY 
REJECT TEMPERATURE 

DIVERSITY FACTOR 

990 
617 

82 

21 

1R (990) FOR HEAT LOSS 

8 

MAPLE F I N I S H  FLOORING ON YELLOW 
P I  NE SUBFLOOR1 NG 

BRlCK VENEER. BUILDING PAPER, 
WOOD SHEATHiNG. STUDDING, 
METAL LATH, 2 in. INSULATION 

METAL LATH AND PLASTER 6 in. 
INSULATION 

DOUBLE-HUNG WOOD WINDOWS 

1.38 MBTU I hf 

3030 gallonslday 
293 BUILDINGSISQ. M I L E  

loo aF 
0.7 

i 
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UTILITY 

1st FLOOR 2nd FLOOR 

FIGURE B-4. P l a n  f o r  Townhouse U n i t  

ROW HOUSE 
NUMBER OF STORIES - 2 

D I MEN S I  ON S 

ROOR f? 

FLOOR f? 

EXTERIOR WALL f? 
WINDOW ft2 

DOOR f? 

CEILING f? 

STORY HE1 GHT ft 

CONSTRUCTION PARAMETERS 

FLOOR 

EXTERIOR WALLS 

CEILING 

WINDOWS 

DISTRICT TYPE PARAMETERS 
PEAK HEAT DEMAND 
HOT WATER DEMAND 
DENSlN 
REJECT TEMPERATURE 
OlVERSlTY FACTOR 

- - 

- 

506 (1st STORY) 

506 (2nd STORY) 

582 
2 4  

21 
506 

a 

TABLE B-4. D e s i g n  Basis for  Townhouse U n i t  

B- 5 

MAPLE FINISH FLOORING ON YELLOW 
PINE SUWLOORING 

BRICK VENEER, BUILDING PAPER. 
WOOD SHEATHING, STUDDING, 
METAL LATH, 2 in. INSULATION 

MEfAL U T H  AND PVISTER, 6 in 
INSULA11 ON 
DOU BLE-HUNG WOOD WINDOWS 

0.9 MBTU J h r  
1915 g a l t o n S l U a y  

373 BUlLOlNGS I SQ. MICE 

1m OF 
0.7 



i 

KITCHEN 

LIVING 

DINING 

BEDROOM 

MASTER 
BEDROOM 

I - 16'-6'+ 
I 

I 1  

i 
I 

FIGURE B-5. Plan for High Rise Apartment U n i t  
Eight Apartments per Floor 

TABLE B-5. Design Basis for High Rise Apartment Unit 

HIGH RISE APARTMENT 

NUMBER OF STORIES - EACH APARTMENT IS ONE STORY 
AND IS CONTAINED I N  A 9  STORY 
BUI LDI NG. 

DIMENSIONS 

FLOOR f? 
EXTERIOR WALL f? 

WINDOWS f? 

DOOR fr? 

ROOF $ 
STORY HE1 GHT ft 

CONSTRUCTION PARAMETERS 

EXTERIOR WALLS 

CEILING 

WINDOWS 

Dl  RRlCT TYPE PARAMETERS 

PEAK HEAT DEMAND 

HOT WATER DEMAND 

OENSiTY 

REJECT TEMPERATURE 

DIVERSITY FACTOR 

780 

370 
78 

21 
119 (780) FOR HEAT LOSS 

8 

BRICK VENEER, BUILDING PAPER, WOOD 
SHEATHING, STUDDING, METAL LATH, 
2 in. INSULATION 

MElAL LATH AND PLASTER, 6 in. 
INSULATION 

DOUBLE-HUNG WOOD WINDOWS 

1.73 MBTU I h f 
5400 gallonslday 
385 BUILDINGS/SQ. MILES 

l00OF 

0.7 

c; 

. 
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W APPENDIX C 

EXAMPLE PRINTOUT FROM GEOCITY 

An example summary p r i n t o u t  from the GEOCITY code for a city consisting 
of six dis t r ic ts  w i t h  a two-pipe d is t r ibu t ion  system is shown i n  the follow- 
i n g  pages. More detailed o u t p u t  of the f l u i d  transmission system is available 
a t  the user's op t ion .  
included . 

Detailed p r i n t o u t  for only one of the six dis t r ic ts  is  5 

The f i rs t  page l ists  the characteristics of the dis t r ic ts  comprising the 
city. All values are i n p u t  or derived directly from the i n p u t  d a t a .  The 
detailed description of the p i p i n g  network including pipe size, flow rate, 
and f l u i d  conditions i s  shown on page C-4. The de ta i led  material require- 
ment and capital costs for the distribution system o f  this dis t r ic t  i s  on 
page C-5. The de ta i led  printouts for districts 2 through 6 a re  not  inc luded ,  
since they have format as for  dis t r ic t  1.  A description o f  the system's 
mains connecting the districts t o  the transmission l i n e  i s  shown on page C-6. 
On page C-7 t he  material requirement and c a p i t a l  and opera t ing  costs for a l l  
o f  the districts are summarized, Description o f  the climate, summary o f  heat 
demands, f l u i d  demands, and capital costs are shown on page C-8. 

O u t p u t  from the reservoir model begins on page C-9 which summarizes the 
i n p u t  characteristics of the reservoir and wells. The direct expenses asso- 
ciated w i t h  reservoir exploration, reservoir development, and reservoir opera- 
t ion  are shown on page C-10. Other significant i n p u t  economic factors f o r  the 
reservoir and case identification information are lfsted on page C-11. Annual 
cash flow data for the major reservoir expenses are shown on page C12. Summary 

income statement is  shown on page C-14 and the net cash flow and investment 

energy for the reservoir. In the right-hand column labeled distribution of 
energy costs, the taxes, royalty payments, and bond interest have been reallo- 
cated t o  the direct cost components for the reservoir. The rate o f  return on 

. 

- - accounts of deductible expenses are contained on page C-13. A simplified 

posit ion is shown on page C-15. Page C-16 contains a summary o f  the costs of . 

c-1 



I 

I 
I 

I 
! -  

, 

i 

i investment is included i n  the distributed energy cost for each component. The 
deductible nature of bond interest causes this  expense t o  be partially included 
i n  the rate of return (the part which is  included in the present worth factor) 
and the remainder t o  be accounted for separately. T h i s  completes the reservoir 
model. 

Costs associated w i t h  the distribution system begin on page C-17 w i t h  
the capital costs and summary of  the economic input da ta .  
contain the same economic and accounting information for the d i s t r i b u t i o n  
system as pages C-12 t o  C-15 for the reservoir. A summary of the ' total  costs 
for the distribution system are shown on page C-22. All costs from the 

Pages C-18 t o  C-21, 

. 

1 
~ 

I 

I 

reservoir are included i n  the energy supply cost item. The  energy supply 
costs are derived from the  energy cost account shown on page C-18. 
energy cost account is identical t o  the total power sales from the reservoir. 
As for the reservoir cost distribut. ion,  the taxes and bond interest have been 
reallocated t o  the primary cost components i n  the r igh thand columns o f  the 

This 
I 

I 

, 
, 
4 I 

I cost d i s t r i b u t i o n .  

t 
c-2 
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