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I 

PREFACE 

A s  t h e  once popular  pe rcep t ion  of f u e l  be ing  unl imi ted  and cheap f ades ,  
i nc reased  emphasis is  be ing  given t o  more e f f i c i e n t  use  of energy resources  and 
t o  t h e  s u b s t i t u t i o n  o f  non-scarce energy forms f o r  d e p l e t i n g  and l e s s  abundant 
sources.  Recognit ion of t h e  need t o  conserve energy r e sources  has  been spurred  
i n  l a r g e  p a r t  by t h e  o i l  embargo of 1973 and subsequent e s c a l a t i o n  i n  f u e l  
p r i c e s ,  by energy sho r t ages  i n  t h e  ha r sh  w i n t e r  of 1976177, by inc reas ing  e lec-  
t r i c i t y  "brown-outs" i n  urban c e n t e r s ,  and by t h e  c r i p p l i n g  e f f e c t s  of l abo r  
s t r i k e s  and s toppages i n  energy supply i n d u s t r i e s .  I n  r e c e n t  y e a r s ,  development 
and acceptance of energy conserving systems which avoid dependence on sca rce  
o r  i n t e r r u p t i b l e  f u e l s  has  increased  markedly i n  t h e  United S t a t e s .  

One comprehensive approach t o  energy conserva t ion  i s  t h e  I n t e g r a t e d  
Community Energy Systems (ICES) concept ,  which i s  intended t o  i n c r e a s e  t h e  
e f f i c i e n c y  of t h e  v a r i e d  ways i n  which energy i s  provided t o  and u t i l i z e d  by 
a community. A t  t h e  same t ime,  t h e  ICES approach seeks  t o  reduce dependence on 
s c a r c e  f u e l s  and o t h e r  r e sou rces ,  t o  p re se rve  environmental q u a l i t y ,  t o  o f f e r  
energy and energy consuming s e r v i c e s  i n  an economically a t t r a c t i v e  manner, and, 
perhaps most impor t an t ly ,  t o  meet t h e  energy needs of communities wi thout  
adve r se ly  a f f e c t i n g  s o c i a l  and l i f e s t y l e  o b j e c t i v e s .  

The' ICES approach t o  meeting t h e s e  g o a l s  is embodied i n  t h r e e . l e v e l s  
'of i n t e g r a t i o n .  F i r s t ,  by inco rpora t ing  innova t ive  technology t o  maximize 

. . ' 

t h e  r e sou rce  u t i l i z a t i o n  e f f i c i e n c y ,  energy requirements  c a n , b e  reduced. 
Included i n  t h i s  method a r e  cogenera t ion  ( o r  more c o r r e c t l y  coproduction) 
and cascading u s e s  of energy t o  minimize t h e  thermodynamic mismatch of source 
energy q u a l i t i e s  and a c t u a l  energy needs. Also included i s  fue.1 s u b s t i t u t i o n  
i n  c e n t r a l i z e d  community-scale systems which would be imprac t i ca l  i n  independent,  
i n d i v i d u a l ' . b u i l d i n g  and s e p a r a t e  s e r v i c e  energy systems. Second, by i n t e g r a t -  
i n g  t h e  energy supply and energy consuming systems wi th  t h e  f u n c t i o n a l  des ign  
and l ayou t  of t h e  community, l oad  management advantages can be achieved and 
d i s t r i b u t i o n  l o s s e s  can be minimized. A t  t h e  same t ime,  aesource  needs can 
be  reduced through a p p r o p r i a t e  land  u t i l i z a t i o n  and planned growth. And t h i r d ,  
t h e  community systems development is i n t e g r a t e d  w i t h  t h e  f i n a n c i a l  and regula-  
t o r y  mechanisms common t o  communities t o  widespread implementation. . 

A s p e c i f i c  ICES may c o n s i s t  of e i t h e r  a p a r t i a l  o r  complete i n t e g r a t i o n  
of t h e s e  approaches,  as deemed necessary  and a p p r o p r i a t e  t o  s t r i k e  t h e  d e s i r e d  
ba lance  among a community's economic, s o c i a l ,  environmental,  and energy 
conserva t ion  goa l s .  An ICES can be app l i ed  t o  a t o t a l  community as w e l l  
as t o  p o r t i o n s  of a community and t h e  s e r v i c e s  provided need n o t  be t h e  same 
f o r  a l l  a r e a s  served.  While ICES inc lude  a broad spectrum of technologies  t o  
meet energy s e r v i c e  requirements ,  t h e  ICES concept n e i t h e r  a r b i t r a r i l y  
d e f i n e s  t h e  energy s e r v i c e s  t o  be provided nor  t h e  type ,  s i z e ,  o r  f u n c t i o n  
of t h e  a r e a  t o  be  served .  A s  a r e s u l t ,  a n  ICES is t a i l o r e d  f o r  each app l i ca -  
t i o n  and t h e  de te rmina t ion  of t h e  kind and number of energy s e r v i c e s  provided 
and t h e  s i z e  of t h e  s e r v i c e  area f o r  each such s e r v i c e  is based on a n  optimum 
combination of  energy e f f i c i e n c i e s ,  indigenous r e sou rce  and l a b o r  s u p p l i e s ,  
economics, and environmental cond i t i ons .  

The communities which ICES a r e  intended t o  s e r v e  c o n s i s t  of m u l t i p l e  
f a c i l i t i e s  i n  t h e  r e s i d e n t i a l ,  commercial, i n d u s t r i a l ,  a g r i c u l t u r a l ,  r ec re -  
a t i o n a l ,  o r  i n s t i t u t i o n a l  s e c t o r s  o r  i n  some combination of s e c t o r s .  ' 



Furthermore, t h e s e  communities may be i n  va r ious  s t a g e s  of development, e.g. ,  
planned, designed,  cons t ruc t ed ,  o r  redevelopment. 

Heat Pump Centered integrated cornuni ty  ,Energ+ systems. a r e  energy systems 
~ 

' f o r  communities which provide  hea t ing ,  cool ing, '  and/or  o t h e r  energy s e r v i c e s  
through t h e  u s e  of hea t  pumps. S ince  h e a t  pumps -pr imar i ly  t r a n s f e r  energy from 
e x i s t i n g  and o therwise  probably unused sources ,  r a t h e r  t han  conver t  i t ' f r o m  
e l e c t r i c a l  o r  chemical t o  thermal  form, HP-ICES a r e  viewed as having s i g n i f i c a n t  
p o t e n t i a l  f o r  energy conserva t ion .  Furthermore, s i n c e  convent iona l  bu i ld ing  
h e a t i n g  and coo l ing  systems would be rep laced  by t h i s  community energy system, 
nonscarce r e sou rces  could be used in s t ead  of d e p l e t i n g  f u e l s  which a r e  i n  s h o r t  
supply.  This  i s  accomplished by powering t h e  hea t  pumps w i t h  nonscarce energy 
forms not  p r a c t i c a l  f o r  u s e  i n  t h e  smal le r  convent ional  systeins. Secondary 
b e n e f i t s  expected t o  enhance t h e  v a l u e  of such systems inc lude  r educ t ion  of 
adve r se  environmental.  e f f e c t s  over  convent ional  systems, r e l k a b l e  product ion 
,of s e r v i c e s  i n  view of i n c r e a s i n g l y  f requent  u t i l i t y  c u r t a i l m e n t s  and in t e r rup -  

' t i o n s ,  and p rov i s ion  of s e r v i c e s  a t  c o s t s  more f avo rab le  t o  consumers t han  con- 
ven t  i o n a l  system c o s t s  ( i nc lud ing  a c q u i s i t i o n ,  ope ra t ion ,  .and maintenance) . 

The r epor t  which fo l lows  i s  a r e s u l t  of t h e  System Development Phase of 
t h e  HP-ICES P r o j e c t .  The o b j e c t i v e  of t h i s  mult i phase  p r o j e c t  is development 
and demonstrat ion of SP-ICES concepts  lead ing  t o  one o r  more o p e r a t i o n a l  systems 
by t h e  end of 1983. The seven phases i nc lude  System Development, Demonstration 
Design, Design Completion, HP-ICES Construct  ion ,  Operat i o n  and Data Acqu i s i t i on ,  
HP-ICSS Evalua t ion ,  and Upgraded Continuat ion.  

This  p r o j e c t  is sponsored by t h e  Community Systems Branch, Off i c e  of 
Buildings and Community Systems, Ass i s t an t  Sec re t a ry  f o r  Conservation and So la r  
Systems, U .  S. Department of Energy (DOS). It i s  a p a r t  of t h e  Community Systems 
Program and is  managed by t h e  Energy and Environmental Systems Divis ion  of Argonne 
National  Laboratory.  

Nine p a r a l l e l  concepts  a r e  under development i n  t h e  i n i t i a l ,  System 
Development, phase. The r e p o r t  which fo l lows  p r e s e n t s  t h e  i n t e r i m  f i n d i n g s  
i n  t h e  development and a n a l y s i s  of a concept being developed by Georgia 
~ n s t i t u t e  of Technology. 



ABSTRACT 

Heat,  Pump centered-integrated Community Energy Systems (HP-ICES) 

show the  promise o£ u t i l i z i n g  low-grade thermal energy f o r  low-quality 

energy requirements  such a s . s p a c e  hea t ing  and cool ing.  The Heat Pump 

- Wastewater Heat Recovery (HP-WHR) scheme is  one approach t o  an  

HP-ICES t h a t  proposes ' t o  r ec l a im low-grade thermal eriergy. from a com- 
' 

munity 's  wastewater e f f l u e n t .  This r e p o r t  develops t h e  concept of an 

HP-WIK system, eva lua t e s  t he  p o t e n t i a l  performance and economics of 1 

such n s y b  tern, and ,examines t h e  p o t e n t i a l  f o r  a p p l i c a t i o n .  A thermo- 

dynamic p,erformance a n a l y s i s  of a hypo the t i ca l  s y s t e m , p r o j e c t s  an  1 
o v e r a l l  system C o e f f i c i e n t  of Performance (C.O.P.) of from 2.181 t o  

0 2.264 f o r  wastewater temperatures  vary ing  from 50' F t o  80 F. P'rimary 

energy sou rce  sav ings  from t h e  implementation of t h i s  system i s  pro- 

j e c t e d  t o  be 5.014 QUADS, o r  t h e  energy equ iva l en t  of 687 m i l l i o n s  tons  

of c o a l ,  from 1980 t o  t h e  yea r  2000. Economic a n a l y s i s  shows t h e  HP-WHR 

scheme t o  be cost-competi t ive,  on the  b a s i s  of a n e t  p r e s e n t  va lue  l i f e  

c y c l e  c o s t  comparison. wi th  convent iona l  r e s i d e n t i a l  and l i g h t  commercial 

HVAC systems.. 



1 .0  SYSTEM CONCEPT 

1.1 INTRODUCTION 

The Heat Pump centered-integrated ~dmmunity ~ n d r ~ ~  .system (HPC-ICES) 

.concept presented i n  t h i s  r epor t  is  e s s e n t i a l l y  a  cascaded heat  recovery 

scheme which e x t r a c t s  low-grade thermal energy from wastewater e f f l u e n t  

by means of e l e c t r i c a l l y  d r iven  hea t  pumps. From an  energy u t i l i z a t i o n  

s tandpoint ,  the  concept r ep resen t s  a  method of using por t ions  of t h e  lowest  

q u a l i t y  energy a v a i l a b l e  i n  t h e  community energy degradation cycle.  

Figure No. 1-1 is a s impl i f ied  schematic of t h e . b a s i c  system eleinents. 

These elements c o n s i s t  o f :  a  primary hea t  .source, a  c e n t r a l  ' s t a t i o n  h e a t  

pump, a thermal d i s t r i b u t i o n  system;and ind iv idua l  end-user hea t  pumps. 

Detafled d iscuss ions  of each element w i l l  be  presented i n  the  followqng 

sect ions.  

The t echn ica l  f e a s i b i l i t y  of wastewater hea t  recovery appears.wel1 

wi th in  the  realm of b e l i e v a b i l i t y .  I n s t i t u t i o n a l  acceptance b a r r i e r s ,  

economic v i a b i l i t y  and the  e f f i c i ency  of resource  u t i l i z a t i o n  by such a 1 
scheme a r e  somewhat i n  doubt and w i l l  be addressed by var ious  sec t ions  of . I 
t h i s  r epor t  and by d e t a i l e d  app l i ca t ion  analyses  i n  the  F ina l  Report. 

The remainder of t h i s  sec t ion  w i l l  desc r ibe  each of t h e  system 

elements, co.mponent conf igura t ions ,  system opera t ing  modes, app l i ca t ions  

and p o t e n t i a l  b e n e f i t s  from adoption of the  scheme. In-depth analyses 

of system c h a r a c t e r i s t i c s  a r e  presented i n  subsequent sec t ions .  

1.2 SYSTEM ENERGY FLOW 

Conventional community heat ing and cooling systems use high grade 

energy sources such a s  na tu ra l  gas o r  o i l  burned d i r e c t l y  i n  home heat ing  

equipment o r  r u r a i  use of e l e c t r i c i t y  generated a t  e f f i c i e n c i e s  l e s s  than 

40 percent.  A s  depicted i n  Figure 1-2, both processes l o s e  s u b s t a n t i a l  

2 
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amounts of energy i n  the  conversion process from primary f u e l  source t o  

end use. . . 

One way t o  improve the  u t i l i z a t i o n  e f f i c i ency  of high grade energy 

sources i s  t o  use waste heat  from high q u a l i t y  energy processes t o  s a t i s f y  

lower q u a l i t y  requirements. The e f f e c t  i s  t o  degrade energy q u a l i t y ' i n  a 

cascading arrangement so ' t h a t  the  h ighes t  q u a l i t y  energy is not  used t o  

s a t i s f y  low q u a l i t y  needs. 

I n  the  case  of our community energy system discussed.previous ' ly,  i t  
. . 

may be poss ib le  t o  u t i l i z e  waste energy s t reams from a comqunity's indus- 

t r i e s ,  e l e c t r i c  generat ing p l a n t s  and o the r  high-grade energy use r s  t o  

s a t i s f y  por t ions  o f  the  community low-grade energy needs such a s  space 

heat ing.  Waste hea t  u t i l i z a t i o n  schemes such a s  t h i s  would l e s s e n  t h e  

~ requirements f o r  new high-grade energy sources and improve the  energy 

u t i l i z a t i o n  e f f i c i ency  of the  resources c u r r e n t l y  consumed by high q u a l i t y  

I energy use r s .  

I One v i r t u a l l y  untapped low-grade energy source i s  the  wastewater 

e f f l u e n t  streams generated by indust ry ,  power generat ion,  residences and 

the  commercial sec to r .  Admittedly, the  d e s i r a b i l i t y  of t h i s  energy source 
I 
I .  

is  low due t o  i t s  low-energy q u a l i t y  and contaminated s t a t e ,  however, the  

amount of energy contained is  s i g n i f i c a n t  when one considers  the  q u a n t i t i e s  

1 involved. I f  w e  a r e  t o  f u l l y  i n t e g r a t e  energy use by the  community, we 

must consider  every a v a i l a b l e  energy source. 

The energy flow scheme.presented .by Figure 1-3 is a r ep resen ta t ion  

~ of how low-grade heat  from a community's wastewater stream could be 

u t i l i z e d  f o r  bui ld ing space heat ing.  Heat could be ext rac ted  from indus- 

t r i a l  and r e s i d e n t i a l  s a n i t a r y  sewer e f f l u e n t , a n d  from cooling water 

streams discarded from power p l a n t s  and i n d u s t r i a l  u s e r s  by means. of hea t  
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pumps. The hea t  pumps would be used t o  e l e v a t e  t h e  t&hp&ratui-e of t h e  

hea t  s u f f i c i e n t l y  f o r  use i n  space heating.. . The Heat Pump Was'tewater Heat 
. . 

Recovery Scheme (HP-WHR) appl ied  t d  a community would r e q u i r e  elements 

which would: 

Insure  adequate energy supply t o  t h e  Community. 

D i s t r i b u t e  the  thermal energy t o  t h e  Community. 

Allow the  end-users i n  the  Community t o  u t i l i z e  
the  thermal energy. 

Addi t ional ly ,  t h e  d i s t r i b u t i o n  system and end-user h e a t  pumps could 

d i s s i p a t e  hea t  ext rac ted  from bui ld ings  during t h e  cooling season. This 

process is depict'ed' by Figure 1-4. 

1 . 3  SYSTEM DESCRIPTION' 

A complete d e s c r i p t i o n  of t h e  HP-WHR scheme requ i res  a d iscuss ion of 

each of the  system's .major components, t h e i r  c h a r a c t e r i s t i c s ,  and how they 

i n t e r a c t .  Referring. again  t o  Figure 1-1, these  components a r e :  

Primary Heat Source 

Centra l  S t a t i o n  Heat Pump 

Thermal Dis t r ibu t ion  System. 

Individual  End-User Heat Pumps 

1 .3 .1  PRIMARY HEAT SOURCE . . 

The primary source of waste hea t  the  HP-WHR scheme seeks t o  make use  

of is  community wastewater e f f l u e n t s .  This can inc lude  s a n i t a r y  sewer 

discharges,  storm sewer discharges and cooling water discharges.  However, 

only s a n i t a r y  sewer d i s c h a r g e s ' w i l l  be addressed in t h i s  r epor t .  

We a r e  a l l  aware of . the numerous warm water d ischarges  i n t o  the  

s a n i t a r y  sewer from our own residences.  Bathing, cooking; washing and 

many o the r  home a c t i v i t i e s  use hot  o r  warm water whEch is eventual ly  d i s - ,  

charged t o  the  s a n i t a r y  sewer system. Simi lar ly ,  bu t  on a'much l a r g e r  

. . 



scale, industrial and commercial activities create large volumes of warm 

water which is discharged to the sanitary sewer system. Common.industria1 

sources are cooling water, spent process water, wash water and blowdown 

from heating and cooling systems. 

Many disadvantages associated with using sewage effluent are apparent 

due to the dirty nature of wastewater. The incentives which must be kept 

in mind when approaching the problem are that the collection system for 

the energy contained in the stream is already installed aid new capital is 

not.required to build the collection system. Secondly, the potential for 

energy recovery will be,greatest where it is neededmost, i.e. in heavily 

populated, dense metropolitan areas. 

The most important characteristics of the sewage effluent will be its 

quantity, thermal quality and physical properties. These characteristics 

will of course, be site specific and vary somewhat on a daily, weekly and 

seasonal basis. It is possible to make several general comments about the 

nature of eadh characteristic. The quantity of wastewater from a community 

is generally expressed by sanitary engineers in terms of gallons per day., 

On an hourly basisthe flow can vary substantially.from the average daily 

flow. It is usually characterized by two distinct flow peaks as shown in 

Figure 1-5. Flows can also drop substantially over weekend and holiday 

periods in areas where there are a large number of industrial discharges. 

'% 
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One. o ther  s i g n i f i c a n t  f a c t o r  t h a t  can inf luence  t h e  quan t i ty  of waste- 
. . 

' water is ground and surface  water i n f i l t r a t i o n .  ~ n f i l t r a i i o n  of ground 

and surface  water ' in to  the  sewer system w i l l  vary seasonally .and with t h e  

age and design of the  sewer system. I n  o lde r  systems where storm and 

s a n i t a r y  sewers a r e  combined, an extreme v a r i a t i o n  i n  flow of severa l  

hundred percent  can occur during heavy r a i n s .  Addit ionally,  the i n f l u x  

.of sur face  water during t h e  winter  months w i i l  tend t o  lower sewage tem- 

pera tures .  This could be s i g n i f i c a n t ,  e spec ia l ly  where melting snow 

i n f i l t r a t e s  i n t o  the  san i t a ry  sewer system. 

Thermal q u a l i t y  of t h e  wastewater w i l l  vary according t o  s i te  s p e c i f i c  

condit ions.  I n d u s t r i a l  waste streams tend t o  be a t  higher temperatures 

than r e s i d e n t i a l  discharges.  For t h a t  reason, communities with high indus- 

t r i a l  concentrat ions may o f f e r  more p o t e n t i a l  f o r  energy recovery than 

s t r i c t l y  r e s i d e n t i a l  communities. . I t  i s  even conceivable t h a t  some waste- 

water e f f l u e n t s  may be u t i l i z e d  without t h e  need. for  an i n i t i a l  temperature 

boost by the  c e n t r a l  s t a t i o n  heat  pump. 

I n  predominantly r e s i d e n t i a l  communities t h e r e  w i l l  be some concern 

about the thermal content  of the  wastewater streams being tapped. A 

thorough search of the  l i t e r a t u r e  concerned with wastewater treatment 

revealed t h a t  e f f l u e n t  temperatures a r e  not  genera l ly  required o r  considered 

i n  t h e  design of treatment p lants .  S imi lar ly ,  i t  is r a r e  f o r  e x i s t i n g  

treatment p l a n t s  t o  record the  temperature of the  community e f f l u e n t  

enter ing the p lant .  

The l a c k  of temperature da ta  w i l l  hinder i n i t i a l  HP-WHR system designs.  

However, i f  t h e  concept appears feas ib le ,  temperature measurements a r e  

r e l a t i v e l y  simple t o  ob ta in  with recording thermometers. The necessary 

measurements w i l l  be discussed f u r t h e r  i n  Chapter 8 - COMPONENT TESTING. . .% 

A lower temperature l i m i t  approaching ground temperature seems 
. . 



. .  . . . 

appropr ia te  f o r  most sewer co l l ec t ion ,  systems. . Since ground temperature 

i s  r e l a t i v e l y  cons tant  throughout the  year  and i s  considexably above ambient 

a i r  temperatures i n  the  winter  . m o n t h s , , i t  . would appear t h a t  even i n  the  

worst  case  t h e  wastewater stream would be p re fe rab le  a s  a  heat  source t o  

the  lower temperature ambient a i r .  

Physical  p roper t i e s  of wastewater streams deserve s p e c i a l  a t t e n t i o n  

on a  s i te  s p e c i f i c  bas is .  Like the  o the r  p roper t i e s  of e f f l u e n t s ,  indus- 

t r i a l  d ischarges  w i l l  in t roduce  a  v a r i e t y  of contaminents i n t o  the  s a n i t a r y  

sewer system. I n  some cases  the  corros ive  o r  fou l ing  na tu re  of i n d u s t r i a l  

d ischarges  may render the  wastewater stream unusable. 

A s  a  r u l e ,  the  s a n i t a r y  sewer e f f l u e n t  en te r ing  a  sewage treatment 

p lan t  w i l l  have the v i s c o s i t y  and dens i ty  which is approximately the  same 

a s  pure water.  The major i m p u r i t i e s , i n  the  e f f l u e n t  a r e  suspended p a r t i c l e s  

which may be removed by s e t t l i n g  o r  f i l t r a t i o n ,  c o l l o i d a l  p a r t i c l e s  smaller  

than lpMy d i s so lved . impur i t i e s  such as v o l a t i l e s  and minera ls .and,  of course, 

a  cons iderable   microbiological populat ion,  A t y p i c a l  ana lys i s  of impur i t ies  

. - i n  s a n i t a r y  sewer e f f l u e n t  w i l l  be a s  follows: 

. . 300 mglli 'ter Suspended Sol ids  

500 m g l l i t e r  Dissolved Sol ids  

The remainder of the  e f f l u e n t  is  e s s e n t i a l l y  water.  

The impur i t ies  normally found i n  municipal sewage a r e  rou t ine ly  

handled by conventional treatment p rac t i ces .  The highly po l lu ted  na tu re  

of the  e f f l u e n t  has caused des igners  t o  avoid using i t  whenever poss ib le  

due t o  expected foul ing  problems. 

I n  the  a c t u a l  des,ign of an HP-WHR scheme, considerable a t t e n t i o n  
, . . . 

w i l l  be required t o  provide adequate foul ing  allowances f o r  hea t  t r a n s f e r  

su r faces  and provis ions  f o r  cleaning and inspect ing  components subjec ted  



t o  contac t  with e f f l u e n t  streams. 

1.3.2 CENTRAL STATION HEAT PUMP 

The Central  S t a t i o n  hea t  pump equipment element of the  system w i l l  

s e rve  t o  e x t r a c t  energy from the  primary hea t  source and e l e v a t e  i ts  tem- 

pe ra tu re  s u f f i c i e n t l y  f o r  d i s t r i b u t i o n  and use throughout t h e  community. 

Although only one u n i t  is shown throughout the  schematics i n  t h i s  r e p o r t ,  

i t  may be advantageous t o  combine mul t ip le  u n i t s  i n  s e r i e s  o r  p a r a l l e l  

arrangements t o  achieve the  des i red  temperature e l eva t ion  o r  improve 

p a r t  load performance c h a r a c t e r i s t i c s .  

Centra l  s t a t i o n  hea t  pumps have been used extens ively  o i e r  t h e  p a s t  

t h i r t y  years  i n  business and indust ry .  The most notable  example of t h i s  i s  

"water c h i l l i n g "  machines used by the  a i r  condit ioning indust ry  i n  l a r g e  

s c a l e  bui ld ing a i r  condit ioning.  The c e n t r a l  s t a t i o n  hea t  pump used i n  

the  HP-WHR scheme w i l l  be s imi la r  t o  t h e  machine used f o r  bui ld ing a i r  

condit ioning systems, except s e l e c t i o n  procedures w i l l  6e  modified f o r  

the  requi red  s e r v i c e  condit ions.  

T h e , c e n t r a l  s t a t i o n  hea t  pump opera tes  on a closed r e f r i g e r a n t  cyc le  

cons i s t ing  of working f l u i d  compression, condensation and evaporation. 

Typical ly,  the  working f l u i d  w i l l  be one of the  f reon r e f r i g e r a n t s  s e l e c t e d  

f o r  c h a r a c t e r i s t i c s  s u i t a b l e  f o r  the  temperature r ise  required and t h e  

machinery's compressor c h a r a c t e r i s t i c s .  

The evaporator and.condenser hea t  t r a n s f e r  components a r e  commonly 

s h e l l  and tube heat  exchangers comprised of steel s h e l l  'and non-ferrous 

tubes. Depending on temperature r i s e s  and flow q u a n t i t i e s ,  the  water i n  

the  tubes may make mul t ip le  passes.  Tube mate r i a l  and thi=kness is  of 

s p e c i a l  importance i n  the  HP-WHR scheme due t o  the  abui ive  nature  of waste- 

water e f f l u e n t .  Some experience may be  required before  an optimum hea t  



exchanger design can be s e t t l e d  o n  f o r  t h i s  appl ica t ion .  

The compressor of the  c e n t r a l  s t a t i o n  hea t  pumpscan be of the  rec ip-  . . 

rocat ing ,  screw o r  c e n t r i f u g a l  ty.pe driven by an e l e c t r i c  motor. I n  

practice, i t  i s  an t i c ipa ted  t h a t  the  r ec ip roca t ing  compressor w i l l  have 

l i t t l e  a p p l i c a b i l i t y  due t o  i t s  l imi ted  capaci ty  and somewhat lower opera t ing  

C.O.P. than c e n t r i f u g a l  o r  screw type compressors. For the  purposes of 

t h i s  s tudy,  a  c e n t r i f u g a l  compressor is used as the  c e n t r a l  hea t  pump s i n c e  

i t  i s  widely used by the  a i r  condit ioding indus t ry  f o r  c e n t r a l  s t a t i o n  a i r  

condit ioning app l i ca t ions  i n  the  temperature ranges suggested. 

A screw compressor w i l l  have s i m i l a r  performance c h a r a c t e r i s t i c s  t o  

the  c e n t r i f u g a l  type.. However, commercially a v a i l a b l e . u n i t s  have somewhat 

lower capaci ty  than t h e i r  c e n t r i f u g a l  counterpar ts .  I n  some cases a  screw 

compressor may be advantageous due t o  its a b i l i t y  t o  opera te  a t  higher 

temperature and d i f f e r e n t i a l s .  

The compressor.of the  c e n t r a l  s t a t i o n  hea t  pump is thus assumed t o  be 

a  c e n t r i f u g a l  type dr iven by an e l e c t r i c  motor. Capacity con t ro l  w i l l  be 

accomplished by i n l e t  vanes t o  t h e  c e n t r i f u g a l  impeller .  It is  a l s o  

a n t i c i p a t e d  t h a t . t h e  machine w i l l  be a  hermetic design,  thus .allowing 

the  r e f r i g e r a n t  t o  absorb the  heat  given o f f  by the  e l e c t r i c  motor. 

Figure 1-6 i s  a  performance curve f o r  a  t y p i c a l  c e n t r a l  s t a t i o n  water 

c h i l l i n g  machine used i n  heat  recovery app l i ca t ion .  The da ta  is  presented 

i n  terms of Heat .Rejec t ion  Factor (HRF), which is a  r a t i o . o f  t h e  heat  

r e j ec ted  a t  the  condenser t o  hea t  absorbed by the  evaporator.  For r e f r ige ranf -  

gas-cooled hermetic compressors the  Coeff ic ient  of Performance i s  defined 

approximately by the  following formula: 

COP = [HRF x .99]/ [HRF - 11 

Note t h a t  the  on-s i te  COP.of the  c e n t r a l  machine is q u i t e  high, ranging 



from 5 t o  7 f o r  the  machine ehown i n  ~ i ~ u r e  1-6;'. I n  a ~ t u a 1 ' ' ~ r a c t i c e -  

machine COP could be maximized wi th in  economic constra'ints by judic ious  ,, 

s e l e c t i o n  of c e n t r a l  s t a t i o n  hea t  p&p compone'nts : The' overa l l .  c o e f f i c i e n t  

of performance of t h e  c e n t r a l  s t a t i o n  w i l l  be reduced somewhat b y  power 

requirements f o r  auxiliary equipment such a s  pumps, contro1s;'etc. 

CHILLER LOAD 
COOLING DUTY DESIGN LOAD * '00 

Performance of Typical Large, Moderote Head, Hermetic 
Centrifugal Compressor (R-1 1) 

FIGURE 1-6 
SOURCE: ASHRAE Handbook and Product Directory 
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Similar  performance d a t a  f o r  cooling COP'S a r e  a v a i l a b l e  from equip- 

ment manufacturers o r  nky be derived from t h e  ICES Technology Evaluation 

Number ANL/c~s/78-2 e n t i t l e d ,  "Central Cooling-Compressive Chil ler";  V.E. 

. 5  
Chris t ian ,  1979. 

. . 

1.3.3 THERMAL DISTRIBUTION SYSTEM 

Two types of thermal d i s t r i b u t i o n  systems were considered f o r  use with 

t h e  HP-WHR system. One system would u t i l i z e  por t ions  of t h e  wastewater 
. . 

which has been c l a r i f i e d  t o  t r anspor t  thermal energy from t h e  c e n t r a l  

s t a t i o n  t o  the  end-users. Once t h e  energy w a s  ext rac ted  from t h e  t r anspor t  

media i t  would be discarded t o  the  s a n i t a r y  sewer system and returned t o  

the  waste treatment p lant .  ~ 



The o t h e r  d i s t r i b u t i o n  system would be  a  c losed  loop  c i r c u l a t i n g  
. . 

system u t i l i z i n g  supply and r e t u r n . p i p i n g  from t h e  c e n t r a l  h e a t  source.  

The c losed  loop  c i r c u l a t i n g  system is  commonly used i n  hea t ing  and a i r  

cond i t i on ing  systems f o r  thermal energy t r a n s p o r t .  

Both thermal d i s t r i b u t i o n  systems would inco rpora t e  some form of 

s t o r a g e  component t o  provide  f o r  optimum s t o r a g e  of h e a t  e x t r a c t e d  from 

t h e  primary h e a t  source  and f o r  adequate  peaking capac i ty  dur ing  maximum 

energy demand per iods .  

The numerous problems a s s o c i a t e d  w i t h  the  proposed u t i l i z a t i o n  of 

c l a r i f i e d  wastewater f o r  a  thermal t r a n s p o r t  media l e a d  u s  t o  adopt  a more 

convent ional  c i r c u l a t i n g  water  system as a b a s i s  f o r  a n a l y s i s .  The c l a r i f i e d  
. . 

wastewater scheme i s  presented  i n  Chapter 7 -IDENTIFIED VARIATIONS f o r  

cons ide ra t ion  i n  s p e c i a l i z e d  cases .  

1.3.4 CLOSED LOOP SYSTEM 

A c losed  loop  thermal d i s t r i b u t i o n  system would inco rpora t e  supply 

and r e t u r n  p ip ing  mains throughout t h e  community. This  would a l low t h e  

t r a n s p o r t  media t o  be r e tu rned  t o  t he  c e n t r a l  s t a t i o n  t o  be  regenera ted .  

Closed loop  c i r c u l a t i n g  water  systems a r e  commonly used i n  hea t ing  and 

air  cond i t i on ing  systems and i n d u s t r i a l  p rocess  a p p l i c a t i o n s .  The,advantage 

of t h e  c losed  loop  system i s  primar ' i ly  i t s  freedom f ro rn , ex te rna l  con- 

taminat ion.  Its disadvantages  a r e  higher  i n s t a l l e d  c o s t  a n d . g r e a t e r  pump- 

ing f r i c t i o n  l o s s  due t o  t h e  increased  d i s t a n c e  of pressure-flow p ip ing .  

It is  a n t i c i p a t e d  t h a t  t h e  energy requirements  f o r  thermal t r a n s p o r t  

media c i r c u l a t i o n  could be minimized by proper des ign  of t h e  pumping system 

t o  inco rpora t e  v a r i a b l e  pumping o r  p a r a l l e l  pump s t ag ing .  Likewise, two 

pipe c i r c u l a t i n g  systems w i l l  enjoy some i n s t a l l a t i o n  economies s i n c e  

t renching  a n d ' a s s o c i a t e d  c o n s t r u c t i o n  c o s t s  f o r  one o r . t w o  p ipes  a r e  
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e s s e n t i a l l y  th.i same. ' ' 

, . ~. . . 
One f i n a l  paragraph concerning e i t h e r .  system is' appropriate '  ok the 

sub jec t  of piping mate r i a l s .  Recent advances i n  piping mate r i a l s  have 

made p l a s  t ic - type  piping almost an indust ry  standard f o r  municipal water 

d i s t r i b u t i o n  p ip ing systems. The low temperature app l i ca t ion  d iscussed 

here  w i l l  be constructed wi th  p l a s t i c  o r  f i b e r g l a s s  piping, taking advantage 

of t h e  l a t e s t  c o s t  reduct ion  techniques. 

1.3.5 THERMAL STORAGE 

Regardless of t h e  type d i s t r i b u t i o n  system se lec ted ,  i t  w i l l  genera l ly  

be d e s i r a b l e  t o  inc lude  a device f o r  s t o r i n g  t h e  thermal energy ex t rac ted  

from the  wastewater s tream and apport ioning i t  t o  the'community as required .  

Considerat ion.of  the  s to rage  volume w i l l  be  of prime importance when a c t u a l  

design is undertaken. 

I n  most . cases  i t  is  a n t i c i p a t e d  t h a t  the  quan t i ty  of t ransport '  media 

w i l l  d i c t a t e  some form of.  underground, covered vesse l .  To be cos t -e f fec t ive  

t h i s  may take  the  form of a  p las t i c - l ined  ear then r e s e r v o i r  with a f l o a t i n g  

o r  air-supported canopy. 

I n  t h e  case  of a  c l a r i f i e d  wastewater system, it may be  advantageous 

t o  s p l i t  t he  s to rage  requirements between undergrouhd and e levated  v e s s e l s .  

This would al low optimum pump s i z i n g  s i n c e  peak flows could be suppl ied  

from the  e levated  tank, as i n  potable  water systems. 

1.3.6 SYSTEM INSULATION 

Insu la t ion  f o r  piping and thermal s to rage  systems w i l l  have t o  be 

evaluated on a case-by-case bas i s .  The systems presented i n  t h i s  r e p o r t  

assume t h a t  d i s t r i b u t i o n  system the rmal . losses  w i l l  be  kept  t o  a small 

percentage of the  hea t  content  of t h e  t r anspor t  media. 

Calcula t ions  presented i n  the  a n a l y s i s  section..  of thf s r e p o r t  .£or 



the thermal losses from burTed .plastic pipe at low temperatire 

differentials are expectedto indicate that underground pipe insulation may 

not be cost effective. For that reason, the analyses presented in this 

report assume no thermal insulation 011 the underground piping system. 

1.3.7. END-USER HEAT PUMPS 

The end-user heat pumpsystem utilized in the HP-WHR scheme would be 

the type commercially available in the + ' to 25 ton cooling range. No 

substantially different application techniques from common practices 

currently employed are anticipated for the end-user systems. 

An excellent technology evaluation of unitary .water-to-air heat 

pumps is available in a report by the same name prepared by J.E. Christian 

of the Oak Ridge National Laboratory ANLICESITE 77-9 (Reference 7). 

~ i ~ u r e  2.1 of , that refiort is included here as .Figure 1-7 and serves 

to describe the operation of the unitary water-to-air heat pumps which 

will be utilized by this,scheme. 

Performance characteristics vary substantially with manufacturer and 
I 

size of the specific equipment. Typical manufacturer's COP'S at standard 

I rating conditions range from 2.5 to 3.4 on the heating cycle and from 

2.44 to 2.66 on the cooling cycle. Part load and seasonal performance , 

factors will also vary substantially. . .  . 

The use of a relatively constant temperature water source offers 

substantial energy performance improvement and the promise of more relaible 

system operation. Improved heating performance is especially attractive 

when compared to air-source heat pumps due to the absence of the attending 

defrost cycles and supplemental electric strip heat output. 

  eat pump technology has advanced considerably over the: last few 

years. Further improvements in new heat pump design can be expected, in 
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SOURCE: Unitary Water-to-Air Heat Pumps ' 
ANLICESITE 77-9 

COMPONENT DESCRIPTION 

The water-to-air heat pump actually is a reverse-cycle, self- 

contained refrigeration system as shown in Fig. 1-7. In the cooling cycle, 

heat is absorbed through the air coil from the conditioned space and trans- 

ferred through the refrigeration process, to water circulating through a 

water-to-refrigerant heat exchanger. In the heating cycle, heat is ab- 

sorbed from water circulating through the water coil and transferred to 

the air coil by the refrigeration process where it is then supplied to the 

space being heated. 



the areas of compressor.capacity control,. and prinie mover types. Widespread 
.. . 

. . 
interest in water-to-air heat pumps , .  for . . residential use should produce even 

further improvements and decreased unit costs associated with increased 

q u a n t i t y  production. 

1.4 SYSTEM OPERATION 

The Heat Pump wastewater' Heat Recovery Scheme presented in this report , 

. is intended to operate in a heating and cooling mode. Actual operating 

procedures will vary with the size and complexity of the system's0 for 

simplicity's sake the description presented here will consider only a 

minimal number of functional components. 

1.4 HEATING MODE 

A sch'atic of the W-WHR system,operating in the heating mode, is 

presented in Figure 1-8. A clarified wastewater thermal transport media 

is utilized. 

In the .heating mode, wastewater effluent enters the treatment plant 

and goes through a primary cl-arification process, then passes through the 

evaporator of the central station heat pump. A retgntion pond' is shown 

immediately after the primary clarification process to level out diurnal 

peaks in the sewage flow. After passing through the central heat pump, 

the wastewater effluent continues through the sewage treatment process. 

The thermal transport media is circulated between the central heat 

pimp condenser, where it picks up heat, and the storage vessel. A mixing 

valve is provided in the storage vessel to indicate that full advantage 

of thermal stratification will be taken. 
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The thermal transport media is drawn from the storage'vessel in 

response to system loads. Primary distribution lines would have some re- 

circulation or pressure relief to. insure a constant supply temperature 

during low load periods. 
. . 

Each. end-user heat. pump would be .cycled in response to a space - 

mounted thermostat. Used transport media.would be returned ,to the dis- 

tribution system according to individual heat pump requirements. When 

the unit is inactive, no transport media would be consumed. 

1.4'. 2 COOLING MODE 

A schematic of the HP-WHR system operating in the cooling mode is 

presented in Figure 1-9. A recirculating, thermal transport media is 
. . 

utilized. . . 

In the cooling mode, wastewater effluent enters the condenser side 

of the central heat pump and then passes on to normal sewage treatment 

practice. Warm thermal transport media is extracted from the storage 

vessel, cooled and then recirculated ,to the storage .vessel. The thermal 

transport media is then drawn from the storage vessel in response to 

sys tem loads. 

Each end-user heat pump would be cycled ,in response to a.space 

mounted .thermostat. Heat would be rejected by the pump to the transport 

media acting as the heat sink. Used transport media would be returned 

to the distribution system according to individualheat pump requirements. 

1.4.3 PART LOAD OPERATION - . 

The HP-WHR schematics presented in this section offer, considerable 

flexibility for full and part load opera'tion. Leveling wastewater flow 

over an 18-24 hour period will allow the central station heat pumps to 

operate under relatively constant high load factors. This will also 
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allow the  most cos t -ef fec t ive  s i z i n g  of the  c e n t r a l  s t a t i o n  equipment 

s i n c e  peak community thermal demands w i l l  be met from the  t r anspor t  media 

s to rage  vesse l .  

1.4.4 SIMULTANEOUS HEATING AND COOLING 

~ u r i n ~  mild weather condi t ions  i t  i s  probable t h a t  simultaneous 

heat ing  and cooling w i l l  t ake  p lace  throughout the  system a t  d i f f e r e n t  

end-users. This w i l l  be e s p e c i a l l y . t t u e  where t h e r e  a r e  cormgercial bui ld ings  

mixed with r e s i d e n t i a l  cons t ruct ion .  

In  genera l ,  t h i s  opera t ion  w i l l .  tend t o  ' b e n e f i t  t he  heat ing performance 

of the  system s i n c e  less hea t  w i l l  need t o  be ext rac ted  from the  waste- 

water str'eam., I n  e f f e c t ,  the  heat  pumps and d i s t r i b u t i d n  system w i l l  be 

t r a n s f e r r i n g  unwanted hea t  from the  a i r  condit ioning process t o  heat ing 

needs throughout the  community. 

1 .5  OPERATION AS A THERMAL UTILITY 

The wastewater HP-ICES was o r i g i n a l l y  conceived without regard t o  

how the  system would be owned and operated.  I n  general ,  however, i t  appears . . 
:> 

t h a t  the  system could be most advantageously operated a s  a thermal u t i l i t y .  

Operation a s  a thermal u t i l i t y  would requ i re  t h a t  the  c e n t r a l  hea t  

pump, d i s t r i b u t i o n  pumps,,and d i s t r i b u t i o n  system be.owned and operated 

by the  u t i l i t y .  Energy. supplied t o  the  end-users would be metered a t  the  

point  the  end-user colinects t o  t h e  d i s t r i b u t i o n  system. Each end-user 

would own and opera te  h i s  own water-source hea t  pump system i n  order  t o  

use the  thermal energy supplied by the  u t i l i t y  company. 

It is  conceivable t h a t  any number of u t i l i t y  arrangements ranging 

.from landlord  owned and operated systems i n  a bui ld ing complex t o  metro- 
. . 

p o l i t a n  systems owned and operated by municipal governments Rould be 

poss ib le . .  A p r i v a t e  u t i l i t y  company scheme could a l s o  be i n i t i a t e d .  



An e s p e c i a l l y  a t t r a c t i v e  arrangement would be a  municipal ly  owned and 

opera ted  thermal u t i l i t y  s e rv ing  t h e  commu;ity ' s r e s i d e n t i a l -  and commercial 

customers. Under t h i s  'scheme t h e  c e n t r a l  h e a t  pump and d i s t r i b u t i o n  system 

could .be opera ted  s i m i l a r  t o  o r  a s  a d i v i s i o n  bf t h e  d a t e r  and sewer depar t -  

ments. Adminis t ra t ive  m a t t e r s  p e r t a i n i n g  t o  f i nance  and revenue c o l l e c t i o n  

could be handled i n  a  manner similar t o  water  and sewer s e r v i c e s .  

The municipal ly  opera ted  u t i l i t y  scheme would enjoy a number of 

advantages inc luding  : o v e r a l l  r e s p o n s i b i l i t y  and c o n t r o l  of water ,  sewer 
. . 

and thermal energy d i s  t x i b u t i o n  s y s  tems, t h e  a b i l i t y  t o  f i nance  t h e  system 

through municipal  bonds, a d m i n i s t r a t i v e ,  ope ra t ing  and maintenance personnel  

f a m i l i a r  w i t h  u t i l i t y  ope ra t ions  and water  d i s t r i b u t i o n  through p ip ing  

systems. Municipal governments w i l l  a l s o  be b e t t e r  a b l e  t o  accept  t h e  

r i s k s  a s s o c i a t e d  w i t h  long  term ownership and o p e r a t i o n  of t h e  HP-ICES 

concept.  

1 .6  SYSTEM APPLICATIONS 

  he wastewater HP-ICES concept may ,be app l i ed  t o  both new c o n s t r u c t i o n  

a r e a s  and r e t r o f i t  s i t u a t i o n s .  I n  eva lua t ing  a n  a p p l i c a t i o n  of t h e  concept ,  

cons ide ra t ion  must be g iven  t o  both new and r e t r o f i t  condi t ions .  

I n  gene ra l ,  i t  i s  a n t i c i p a t e d  t h a t  each end-user w i l l  own and o p e r a t e  

h i s  own water-source h e a t  pump system. I n  ope ra t ing  h i s  system t h e  end- 

user  would purchase thermal energy from t h e  thermal u t i l i t y  e i t h e r  on a  

Btu b a s i s  o r  water flow r a t e  b a s i s .  There a r e ,  of course,  s p e c i a l  ca ses  

such as a bu i ld ing  complex of r e n t a l  u n i t s  where ownership may be r e t a i n e d  

by t h e  l and lo rd  and thermal energy may n o t  be metered. 

It is  apparent  t h a t  new cons t ruc t ion  w i l l  o f f e r  t h e  most p o t e n t i a l  

f o r  economic i n c l u s i o n  of  t he  wastewater HP-ICES concept.  The advantages 

seen  i n  new c o n s t r u c t i o n  p r o j e c t s  i nc lude  lower i n i t i a l  c o s t  f o r  end-use 



eyetems, a minimum amount of prejudice associa ted  with changing e x i s t i n g  . 
syetems, and o v e r a l l  d i s t r i b u t i o n  system i n s t a l l a t i o n  economies.associated 

with . i n i t i a l  . i n f r a s t r u c t u r e  construcfion (such as.common treriches f o r  thermal, .. . . . . 

water, and sewer u t i l i u y  systems) . 
The more d i f f i c u l t  case is  the  r e t r o f i t  s i t u a t i o n  where t h e  thermal 

u t i l i t y  must be i n s t a l l e d  i n  e x i s t i n g  a reas  requir ing r e l a t i v e l y  expensive 

un i t a ry  i n s t a l l a t i o n  c o s t s  and the  r e t r o f i t  of conventional end-use systems. 

I n  any event, the  r e t r o f i t  case w i l l  be the  more expensive per u n i t  and w i l l  

make the  HP-ICES more d i f f i c u l t  t o  economically j u s t i f y .  
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. . . . ,  . , ,. . . The goa l  o f  tgi' develbping 1 i t i g r i i i 6 d  cdmmunity Energy system' (ICES) 
2 .  

technology i s  t o  opt imize  t h e  a v a i l a b l e  'f&sbut?cCs% meeting the  energy 

needs df va r ious '  communiti& thrduih '  'new ' and innovat ive  methods .' , While 

' the "primary prd i iu i t s  of a '~gzi't .P&p ~&i ' t e rd .d - .~n te~ra t ed  "~ommunity. Energy System 
. . 

.(HP-ICES) ' 8 r e  l o ~ - l . ~ v ~ l  thermal enetgy ' s e r v i c e s  fbr space hea t ihg  and/or  
. , .  . . 

! , .. 
c o d i n g  needs, '  t h e  &t imat& "det"rmination of  t h e  kind,  number and amount 

. . . !.. 
of energy s e r v i c e s  sh&ld be based o n  t h e  optimum combinatibn bf 

energy e f f i c i e n c i e s ,  economics, and environmental cons ide ra t ions .  I n  t h e  

s e c t i o n s  of t h i s  chap te r ,  f a c t o r s  a f f e c t i n g  the' p o t e n t i a l  f o r  a p p l i c a t i o n  

o f  t h i s  p a r t i c u l a r  HP-ICES, i nc lud ing  a v a i l a b i l i t y  of r e sou rces ,  c l ima te ,  

economic cons ide ra t ions ,  ins t i tu t iona l /communi ty  f a c t o r s ,  system r e l i a b i l -  

i t y ,  and unique a p p l i c a t i o n  cond i t i ons ,  w i l l  be  d iscussed .  From t h e s e  

cons ide ra t ions ,  a p r o j e c t i o n  of t h e  p o t e n t i a l  f o r  a p p l i c a t i o n  ( through the .  

year  2000) w i l l  be  developed. 

2.2 FACTORS AFFECTING APPLICATION - 

The a i m  of a n  ICES i s  t o  opt imize  energy usage i n  a community, t ak ing  

i n t o  account  t h e  many f a c t o r s  t h a t  may a f f e c t  t h a t  energy usage. The 

focus of t h i s  s e c t i o n  of Chapter 2 w i l l  b e  t o  ca ta logue  and d i s c u s s  t h e  

more important  f a c t o r s  t h a t  w i l l  determine t h e  a p p l i c a b i l i t y  of t h i s  HP- 

ICES scheme t o  v a r i o u s  communities. 

2 . 2 . 1  AVAILABILITY OF RESOURCES 

A v i a b l e  but  p r e s e n t l y  untapped source  of low-grade thermal energy 

is  the  h e a t  .discharged during domestic energy usage and r e j e c t e d  

hea t  from i n d u s t r i a l  processes .  Very low-grade thermal energy, degraded 

from higher  q u a l i t y  sources  through domestic chores  such a s  cooking, 



washing, and bathing,  is  regu la r ly  discharged from the  individual  house- 

hold because of i t s  low thermodynamic a v a i l a b i l i t y .  Likewise, waste 

hea t  from i n d u s t r i a l  processes and heavy machinery cooling systems i s  

. discharged because of i t s  low 'thermodynymic , a v a i l a b i l i t y  .' A" common "suhp" 

f o r  t h i s  low-grade thermal. energy i s  the  s a n i t a r y  sewer c o l l e c t i o n  system 

i n  the  community. Depending on the  s i z e  and make-up of the  community, and 

. . 
the  degree of development of t h e  a t tending s a n i t a r y  sewer system, b i l l i o n s  

of Btu's per  day may be a v a i l a b l e  from t h i s  thermal source. The assump- 

t i o n  t h a t  the  energy a v a i l a b i l i t y  o i  t h i s  source hinges upon is t h a t  t h e  tem- 

pe ra tu re  of the  community wastewater e f f l u e n t  w i l l  be higher than o r  equal '  

1 t o  ground temperature. Several  s i t e - s p e c i f i c  v a r i a b l e s  may a f f e c t  the  

e f f l u e n t  temperature by a few p lus  o r  minus degrees, but  prel iminary in- 

v e s t i g a t i o n  seems t o  v a l i d a t e  t h i s  assumption. A quick estirpate of the  

energy a v a i l a b l e  from t h i s  source can be developed from flow and tempera- 

t u r e  da.ta f o r  each s i te  of app l i ca t ion .  The p r i n c i p a l  advantage of u t i l i z i n g  

t h i s  source is t h a t  i t  would be almost un ive r sa l ly  a v a i l a b l e ;  a community 

l a r g e  enough t o  consider  an in teg ra ted  energy system would i n  a l l  p robab i l i ty  
. .  . 

have an i n t e r c e p t o r  sewer. system and/or treatment f a c i l i t y  capable of 

supplying enough thermal energy t o  make t h i s  scheme t echn ica l ly  f e a s i b l e .  

A second major advantage is t h a t  the  thermal source would r e q u i r e  no addi- 

t i o n a l  i n t e r f a c e  with the  Centra l  S t a t i o n  Heat Pump equipment(i.e. t he  

e f f luen t '  could be piped d i r e c t l y  t o  the  c e n t r a l  hea t  pumps). 
0 

Of course, s e v e r a l  o the r  thermal energy sources,  such .as  s o l a r ,  

combustion of s o l i d  o r  gaseous wastes, o r  composite energy'sources could 

be considered f o r  easy adaption i n t o  an HP-ICES scheme. However, s ince  
, , 

a .community with a thermal energy consumption dens i ty  s u f f i c i e n t  t o  j u s t i f y  

an HP-ICES would l i k e l y  have a well-developed wastewater c o l l e c t i o n  system, 



' . , . .  . . 

wastewater h e a t  recovery w i l l  be  eva lua ted  as the '  primary thermal energy 

sou rce  f o r  t h i s  p&ticula;  ICES scheme. Other v a r i a t i o n s  i n  energy sou rce  

a r e  d iscussed  i n  chapter  7 - IDENTIFIED VARIATIONS. 

' 2.2.2 CLIMATE 

It w a s  mentioned i n  t h e  preceding s e c t i o n  t h a t  t h e  base  assumption f o r  

a p p l i c a t i o n  of t h i s  scheme w a s  t h a t  t h e  minimum temperature of t h e  wastewater  

e f f l u e n t  would be approximately equal  t o  ground temperature.  I t  is  obvious 

from t h i s  assumption t h a t  c l ima te  w i l i  have a s i g n i f i c a n t  i n f luence  upon 

the  ope ra t ing  cond i t i ons  of t h e  system by a f f e c t i n g  t h e  cond i t i ons  of t h e  

thermal energy source,  as w e l l  a s  a f f e c t i n g  t h e  capac i ty  of the  main h e a t  

pump components, and the  hea t ing /coo l ing  l o a d s  a t  each end-user l o c a t i o n .  

The cond i t i ons  a t  t h e  thermal source  a r e  s i t e - s p e c i f i c  (wi th  c l i m a t o l o g i c a l  

i n f luences )  and should be documented accord ing  t o  t h e  recombended measure- 

ments d iscussed  i n  Chapter 8 of t h i s  r e p o r t .  The a d d i t i o n  of a u x i l i a r y  . 

thermal energy sources  may a l s o  s i g n i f i c a n t l y  a f f e c t  t h e  i n i t i a l  cond i t i ons .  

Cl imato logica l  a r e a s  of t h e  U.S., and t h e  r e s u l t a n t  t y p i c a l  hea t ing  l o a d s  

and system c a p a c i t i e s ,  have been w e l l  documented and w i l l  b e  d iscussed  i n  

t h i s  s e c t i o n .  

For t h e  purposes .of  ana lyz ing  hea t ing  and cool ing  l o a d s ,  t h e  United 

S t a t e s  can be d iv ided  i n t o  c l i m a t o l o g i c a l  s e c t i o n s  according t o  the  number 

of degree-days i n  a  hea t ing  o r  coo l ing  season. (A degree-day is  based on 

the  d i f f e r e n c e  between a c t u a l  average o u t s i d e  d r y  bulb temperature and a  

65°F comfort index. A s  an  example, one day wi th  an average temperature 

of 50°F equa l s  15  degree-days hea t ing :  [ (65" - Toutside ).  x No. days] .  

F igure  2-1 shows t h e  hea t ing  degree-day r eg ions  i n  t h e  c o n t i n e n t a l  U.S. 
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(Heating Degree-Day Map of The United s t a t e s )  
. '  

FIGURE 2-1 
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I n  a study e n t i t l e d  "Heat Pump Technology" by Gordian Associates 

a comprehensive computer s imulat ion of t h e  heating and cooling load of a  

t y p i c a l  residence and commercial bui ld ing vas developed. As input ,  the  

program required var ious  parameters such as bui ld ing const ruct ion d e t a i l s  

and mater ia ls ,  o r i e n t a t i o n ,  geographic loca t ion ,  and l o c a l  weather condi- 

t ions .  (Building d e t a i l s  f o r  t h e  simulat ion model a r e  contained i n  Appendix 

A .) With the  va l ida ted  computer model, t h e  sub jec t  bui ld ings  could be 

a r t i f i c i a l l y  moved t o  any c l ima t ic  region i n  the  country t o  ob ta in  t y p i c a l  

heating and cooling loads.  Programs were run f o r  9 c i t i e s  i n  t h e  cont inenta l  

U . S .  (Weather da ta  f o r  the  t e s t  c i t i e s  is  shown in .Tab le  A-1 of Appendix A , )  
e 

The r e s u l t s  show loads i n  the  .commercial bui ld ing ranging from 166,510.Btuh 

. . 

27 . 



hea t ing  i n  Concord,.N.H. t o  206,119 Btuh cool ing  i n  Houston, Tx. and i n  t h e  
, . 

r e s i d e n t i a l  b u i l d i n g  r ang ing  f  ram' 5 2 , 0 8 8 ~ t u h  h e a t i n g  ' i n  concord t o  38,351 

.Bt.uh coo l ing  i n  Tulsa,  Okla. .The t a b u l a t e d  r e s d l t s  of t h e  s imu la t ion  can be  

found i n  Tables  A-2  and'^-3 i n  Appendix A. I n  gene ra l ,  t h e  s imu la t ion  showed 

t h a t  t h e  hea t ing  and cool ing  load and t h e  system hea t ing  o r  cool ing  capac i ty  

i s  dependent on ,  outdoor temperature.  This  g e n e r a l i z a t i o n  from t h e  computer 

s imu la t ion  ag rees  w i th  t h e  performance d a t a  a v a i l a b l e  from t h e  equipment 

manufacturers  - i . e . ,  s e n s i b l e  and t o t a l  ( s e n s i b l e  + l a t e n t )  , c o o l i n g  capa- 

c i t i e s  a r e  func t ions  of indoor wet bu lb  and indoor and outdoor d ry  bulb  

temperatures .  While t h e  p r a c t i c e  of a r t i f i c i a l l y  r e l o c a t i n g  t h e  s imula ted  

b u i l d i n g s  t o  d i f f e r e n t  c l i m a t i c  r eg ions  may n o t  g ive  an e n t i r e l y  a c c u r a t e  

i n d i c a t i o n  of t h e  community h e a t i n g  load  t o  be placed on a proposed HP- 

ICES because of r e g i o n a l  d i sc repanc ie s  i i b u i l d i n g  cons t ruc t ion  and community 

composition and l a y o u t ,  i t  is  e f f  ec t ' i ve  t o  i l l u s t r a t e  s t r i c t l y  t h e  c l i m a t i c  

e f f e c t  on hea t ing  and cool ing  loads .  

It must be explained a t  t h i s  p o i n t  t h a t  t h e  type  heat.pumps proposed 

f o r  u se  i n  t h e  HP-WHR scheme, water-source hea t  pumps, o f f e r  an advantage 

over  t h e  a i r - t o - a i r  hea t  pumps modeled i n  t h e  'computer program', e s p e c i a l l y  

i n  t h e  co lde r  reg ions .  I n  t h e  h e a t i n g  mode, w i th  ambient temperatures  

lower than 47°F and r e l a t i v e  humid i t i e s  h5gher than 60%, s t anda rd  a i r - to -  

a i r  h e a t  pumps show t h e  tendency t o  f r o s t  o n ' t h e  o u t s i d e  (evapora tor )  c o i l .  

To remove t h e  f r o s t ,  t h e  "de f ros t  cycle"  i s  au toma t i ca l ly  engaged and 

hea t  is  taken from t h e  condi t ioned  space and c i r c u l a t e d  t o  t h e  outdoor 

c o i l  t o  melt  t h e  i c e  build-up. E s s e n t i a l l y  t h e  u n i t  i s  cool ing  t h e  con- 

d i t i o n e d  space  dur ing  t h e  d u r a t i o n  of t h e  d e f r o s t  c y c l e ,  and the  i n s i d e  

a i r  must be tempered wi th  a u x i l i a r y  e l e c t r i c  s t r i p  .heat .  The o v e r a l l  



r e s u l t  i s  a lowered C o e f f i c i e n t  of Performance (C.O.P.) f o r  t h e  a i r - t o - a i r  

h e a t  pump u n i t .  Since,  f o r  a water-so'urce h e a t  pump, t h e  h e a t  exchange 

t akes  p l a c e  w i t h  a w a t e r  supply t h a t  i s  kep t  a t  temperaturesd w e l l  above 

t h e  f r e e z i n g  p o i n t ,  no d e f r o s t  cyc l c  is needed. Therefore,  t h e  water  

sou rce  u n i t  o f f e r s  a h igher  C.O.P. 

Because of t h e  above-mentioned problem w i t h  i c i n g  on t h e  outdoor c o i l  

and the  r equ i r ed  d e f r o s t  cyc l e ,  ( a i r - t o -a i r )  h e a t  pumps have had h igher  

acceptance i n  t he  r eg ions  of t h e  U.S. wi th  a small-to-moderate hea t ing  

requirement and a p ropor t iona te ly  l a r g e r  coo l ing  requirement (notab ly  the  

South) .  ' However, w i th  t h e  thermal energy suppl ied  i n  a c i r c u l a t i n g  water 

medium and t r a n s f e r r e d  ( i n  t h e  h e a t i n g  modes) i n t o  t h e  condit ioned space  

v i a  a water  sou rce  h e a t  pump,and wi th  a s t a b l e  thermal energy supply (such 

a s  wastewater e f f luen t ) ,  i t  is expected t h a t  system performance ( i n  terms 

of o v e r a l l  C.O.P.) would be accep tab le  i n  any of t h e  c l i m a t i c  reg ions  of 

t h e  U.S. 

C l i m a t i c  d i f f e r e n c e s  w i l l  obviously a f f e c t  system s i z i n g .  From d a t a  

developed i n  t h e  subsequent  chap te r s  d e t a i l i n g  performance and economics, 

i t  appears  t h a t  anHP-WHR system s i z e d  a t  1000 tons  (12,000,000 Btuh ex- 

, t r a c t i o n  r a t e )  and r equ i r ing .  a 3.0 MGD wastewater flow as t h e  thermal sou rce  

would s e r v e  approximately 470 t y p i c a l  homes i n  a New England cl ime (6820 

Degree-days hea t ing  and approximate peak load of 41 MBtu/home) compared 

t o  980 t y p i c a l  homes i n  a Southern cl ime (2350 Degree-days hea t ing  and 

approximate peak load  of 21 MBta/home). To g e n e r a l i z e  t h e  c l i m a t i c  

e f f e c t  on system s i z i n g ,  systems loca t ed  i n  co lde r  c l imes w i l l  s e rve  pro- 

p o r t i o n a t e l y ,  l e s s  end-users than  systems i n  t h e  warmer cl imes f o r  a given  

s i z e  of c e n t r a l  s t a t i o n  i n s t a l l a t i o n .  A s  a c o r o l l a r y ,  s e r v i c e  t o  a g iven  

number of end-users w i l l  r e q u i r e  a . l a r g e r  c e n t r a l  s t a t i o n  hea t  pump and 



propor t i ona t e ly  more wastewater f l o w , . i n  .. . . t h e  c o l d e r  climes., 

C l ima t i c  i n f l u e n c e s  may a l s o  a f f e c t  t h e  a p p l i c a b i l i t y  of t h e  HP-ICES 

concept  i n  a n  i n d i r e c t  manner. Building. de s ign  and c o n s t r u c t i o n  and commu- 

n i t y  composition and l a y o u t  Vary n o t i c e a b l y  from c l i m a t i c  r e g i o n . t o  r eg ion .  

For example, i n  t h e  c o l d e r  n o r t h e a s t  r eg ions ,  housing p a t t e r n s  tend t o  be  

more dense, t h e  s t r u c t u r e s  more w e l l  i n s u l a t e d ,  . . and t y p i c a l l y  t h e r e  is a 

h ighe r  degree  of i n d u s t r i a l  development f0.r a  g iven  s i z e  community. These 

c h a r a c t e r i s t i c s  make the  a p p l i c a t i o n  of  an  HP-ICES d e s i r a b l e  i n  . t h e s e  

a r e a s  f o r  t h e  fo l lowing  reasons :  t h e  denser  housing p a t t e r n s  make i n s t a l -  

l a t i o n  of a  thermal  energy d i s t r i b u t i o n  system more c o s t  e f f e c t i v e ;  b e t t e r  

i n s u l a t i o n  dec reases  somewhat t h e  h e a t  l o s s  from s t r u c t u r e s ;  and was te  

hea t  r e j e c t e d  from i n d u s t r i a l  p rocesses  i n t o  t h e  community's wastewater 

c o l l e c t i o n  system i n c r e a s e s  t h e  amount of thermal  energy a v a i l a b l e  f o r  ex- 

t r a c t i o n  w i t h  a n  HP-WHR system. However, i n d i r e c t  e f f e c t s  such a s  t h e s e  

a r e  d i f f i c u l t  , i f  n o t  imposs ib le ,  ' t o  q u a n t i f y  through c a l c u l a t i o n s  i n  

o r d e r  t o  determine t h e i r  e f f e c t  on t h e  f e a s i b i l i t y  of t h e  HP-ICES con- 

c e p t .  They w i l l  f i g u r e  s i g n i f i c a n t l y ,  though, i n t o  t h e  t e c h n i c a l  and eco- 

nomic v i a b i l i t y  of a  system a s  determined i n  t h e  s i t e - s p e c i f i c  performance 

and economic ana lyses .  

Unfor tuna te ly ,  i t  is  beyond t h e  scope of t h i s  s tudy  t o  develop d e t a i l e d  

g u i d e l i n e s  f o r  de te rmin ing  the  a p p l i c a b i l i t y  of  an @-ICES on t h e  b a s i s  

of c l i m a t i c  f a c t o r s .  I n s t e a d ,  t he  methodology f o r  e v a l u a t i n g  t h e  c l i m a t i c  

i n f l u e n c e s  on the  f e a s i b i l i t y  of such system on a  s i t e - s p e c i f i c  b a s i s  w i l l  

be developed i n  t h e  P a r t  I1 a n a l y s i s  of  t h e  demonstrat ion communities. 

However, t o  summarize t h e  previous d i s c u s s i o n s :  1 . )  Climate w i l l  d i r e c t l y  

a f f e c t  t he  thermal demand r e l a t e d  t o  space  hea t ing  and coo l ing  t h a t  w i l l  



be placed on an HP-ICES. 2.) System design and sizing (including 

determining the number of end-users to be served by the system) will 
. . 

directly depend on the thermal demand on.the system and thus will be 
. . 

affected, in turn, by climate. 3.) Indirect climatic effects 'seen ,in 

building construction and community composition will influence the feasi- 

bility of an HP-ICES, albeit through the procedures for performance and 

economic analyses. 4.) System performance (in terms of overall energy 

effectiveness) is expected to be acceptable in any of the c k t i c  regions 

of the U.S. 

2.2.3 ECONOMIC CONSIDERATIONS 
. . 

A critical factor in judging the acceptability of an HPAICES to the 

community is cost-effectiveness. "It should be stressed that, although 
. .. . . .  

the saving of fuel may be an acknowledged goal for the country, in a free 

market the individual consumer is expected only to pay for efficiency to 

the extent that the added investment could potentially be recovered through 

10 
the savings in fuel consumption." Thus, consumer acceptance can be ex- 

pected to hinge upon,a favorable comparison of savings in energy costs vs. 

additional cost of the individual heat pump unit plus .the thermal utility 

expense. The factors entering into this comparison can be expressed in 

an equation for annualized cost: 

Annualized Cost = (Installed Cost) x (Capital Recovery Factor) 

+ (Annual Energy Use) x (Unit Price of Energy) 

+ Annual Maintenance 

An HP- ICES can, be categorized as a capital intensive venture by . , 

virtue of the large first-cost associated with.constructing the Central 

Station and distribution system. Such an installation effectively central- 
., . 

izes a major por'tion of the energy-related expenses and offers the economies 



of s c a l e  a v a i l a b l e  i n  t h e  form of municipal  o r  i n s t i t u t i o n a l  energy r a t e s .  

Being a  c a p i t a l  i n t e n s i v e  venture ,  though, t h e  economic v i a b i l i t y  of such 

a  system w i l l  be  s i g n i f i c a n t l y  a f f e c t e d  by t h e  a v a i l a b i l i t y  and c o s t  of 

c a p i t a l .  I n f l a t i o n a r y  t r ends  w i l l  i n c r e a s e  the  i n s t a l l e d  c o s t  of an ICES 

(note  t h e  importance of i n s t a l l e d  c o s t  i n  t h e  equat ion  f o r  annual ized c o s t ) ,  

thus  adve r se ly  a f f e c t i n g  t h e  a v a i l a b i l i t y  of c a p i t a l  f o r  such a system. 

The c u r r e n t  c o s t  o£ c a p i t a l  would a l s o  f i g u r e  prominently by way of in-  
. 

fluencin'g t h e  c a p i t a l  recovery f a c t o r .  A s  cos ts ' . and  i n t e r e s t  r a t e s  r i s e ,  

e i t h e r  independent ly o r  j o i n t l y ,  t h e  r e s u l t  w i l l  b e  a h igher  system 

annual ized  c o s t  which must be apport ioned t o  t h e  end-users by means of t h e  

thermal u t i l i t y  charge. 

Ind iv idua l  end-user space  condi t ion ing  systems, on t h e  o t h e r  hand, 

can be ca t egor i zed  a s  energy i n t e n s i v e  systems. The a f f e c t s  of i n f l a t i o n  

on system i n s t a l l e d  c o s t s  and on a v a i l a b i l i t y  and c o s t  of c a p i t a l  a r e  r a r e l y  

no t i ced  because of t h e  p ropor t iona te ly  smal l  expense of t h e  system a s  com- 

pared t o  t h e  o v e r a l l  c o s t  of a  res idence ,  e s p e c i a l l y  when t h e  system c o s t s  

. a r e  amortized through a  t y p i c a l  new home mortgage. Esca l a t ing  energy c o s t s  

(which t r a n s l a t e  i n t o  h igher  ope ra t ing  c o s t s  f o r  space  condi t ion ing)  are 

immediately n o t i c e d  by the  consumer, however, because t h i s  p o r t i o n  of t h e  

annual-ized s y s  tem c o s t  is pa id  "out-of-pocket. " Because consumers have 

become s o  energy conscious of l a t e ,  t h e  r i s i n g  t r end  of energy c o s t s  may 

be regarded as a . m a j o r  a c c e l e r a t i n g  economic f a c t o r  f avo r ing  a n  HP-ICES. 

I n  f a c t ,  purchasers  of space cond i t i on ing  equipment have ind ica t ed  i n  re -  

cen t  surveys  (Arkansas Power & Light  Co . , 1974, P ro fe s s iona l  Bui lder ,  
2 6 

1976 ) t h a t  lower ope ra t ing  and maintenance cos t .  expec ta t ions  were reason-  

a b l e  j u s t i f i c a t i o n  f o r  purchasing a  h e a t  pump, and t h a t  a n  a d d i t i o n a l  in-  

vestment of up t o  $600 f o r  energy conserva t ion  would be accep tab le  i f  t h e  



10  . 
payout were wi th in  s i x  years.  

It must be explained a t  t h i s  point  t h a t  t h e r e . i s  a trade-off t o  be . I 
optimized according t o  the  end-users ' bes t  i n t e r e s t .  I f  ' t h e  .consumer is  

t o  be expected t o  f inance the  incremental c o s t  of a hea t  pump over con- 

vent ional  r e s i d e n t i a l  space condit ioning a l t e r n a t i v e s ,  the  Central  S ta t ion  

and d i s t r i b u t i o n  system of an  HP-ICES must be financed a t  the  most advan- 

tageous c o s t s  and r a t e s  so  t h a t ,  when the  annualized c o s t  of the  system is 

apportioned t o  the  end-users through the  thermal u t i l i t y  charge, the  cos t  

of the  thermal u t i l i t y  p l u s  the  nominal charge . fo r  energy ( e l e c t r i c i t y )  I 
required t ' o  run h i s  system w i l l  compare favorably with t h e  energy charge 

t h a t  could be expected f o r  running a more conventional r e s i d e n t i a l  space 

condit ioning system so  t h a t  the  expected period on t h e  end-users ' 
equipment would f a l l  wi th in  an acceptable range. .. . 

It is  expected , t h a t  i n s t a l l a t i o n : -  c o s t s  for. .  an H:P-ICES w i l l  remain- 

w e l l  wi th in  t h e  reasonable range. The major . e f fec t  of h i g h . c o s t s  and 

i n t e r e s t  r a t e s  would be t o  make the  system less cost-competitive with o ther  

individual  end-user system a l t e r n a t i v e s  and thus slow t h e  r a t e  a t  which 

new customers would be a t t r a c t e d  t o  t i e - i n  t o , t h e  system. 

INSTITUTIONAL/COMMUNITY CONSIDERATIONS 

Acceptance of an WC-ICES i n  the  comrnun.ity w i l l  depend heavily upon 

the acceptance from the  individual  consumer. Heat pump equipment mar'keted 

i n  the  1950's . . and e a r l y  1960's had se r ious  problems with performance and 

r e l i a b i l i t y ,  i n  add i t ion  t o  s u b s t a n t i a l  problems with i n s t a l l a t i o n  and 

servicing.  The n e t  r e s u l t  of these  compounding problems was a general  re-  

j ec t ion  of heat  pump equipment by the  public. However, recent  s t r i d e s  

i n  improving performance and the  cur ren t  focus on energy conservation 

seem t o  be changing the  a t t i t u d e  of the  consumer. Recent surveys have 

shown t h a t  consumers would be w i l l i n g  t o  i n v e s t  the  add i t iona l  f i r s t  c o s t  



of a  h e a t  pump (up t o  approximately $600) f o r  the.' im*rbv&d s e r f  ormance and 

lower ope ra t ing  and maintenance c b s t s .  A b i i e f  ' lodk '  a tb.cons&er 'demographics 

suppor t s  t h i s  conten t ion;  t h e  1976 average new'home-cost of $48,600 i n d i c a t e s  

t h a t  t he ' hous ing  market has  s h i f t e d  t o  a p o s i t i o n ' w h e r e  t h e  h e a t  pump could 

be considered an  a l t e r n a t i v e  f o r  t h e  average"new r e s i d e n t i a l  bu i ld ing .  Non- 

r e s i d e n t i a l  consumers seem r e c e p t i v e  t o  t h e  h e a t  market i f  an economic 

a n a l y s i s  of system owning and ope ra t ing  c o s t s  p r o j e c t s  a payback per iod  of  

from two (2) t o  f i v e  (5) yea r s .  

One p o t e n t i a l  s tumbling b lock  t o  community acceptance may be r equ i r e -  

ments s e t  f o r t h  i n ' s t a t e  and l o c a l  bu i ld ing  codes. There are no s p e c i f i c  

p rov i s ions  i n  t h e  model b u i l d i n g  codes recognized by HUD and HEW (codes: 

BOCA, ICBO,  Nat iona l  Board of F i r e ,Underwr i t e r s ,  Southern Building Code 

Congress I n t e r n a t i o n a l )  t h a t  cover h e a t  pumps, a l t h o u g h ' v a r i o u s  r e l a t e d  

s e c t i o n s  t h a t  cover  mechanical r e f r i g e r a t i o n ,  e l e c t r i c  s t r i p  hea t ,  and 

gene ra l  e l e c t r i c a l  requirements  w i l l  apply.  General ly ,  though, t h e r e  a r e  

no p rov i s ions  i n  t h e  model bu i ld ing  codes t h a t  a r e -  seen  a s  ove r ly  r e s t r i c t i v e .  

A prov i s ion  i n  t h e  C a l i f o r n i a  Energy Code s t a t i n g  t h a t  e l e c t r i c  r e s i s -  

t ance  hea t ing  cannot exceed 1 0  pe rcen t  of t h e  b u i l d i n g  space  hea t ing  r equ i r e -  

ment ( f o r  non- re s iden t i a l  bu i ld ings )  niay prove troublesome. The e l e c t r i c  

s t r i p  h e a t  of a n  a i r - t o - a i r  h e a t  pump would f a l l  under t h i s  r e s t r i c t i o n .  

However, i t  should b e ' n o t e d  t h a t ,  s i n c e  t h e  thermal energy i n  t h i s  HP-ICES 

is supp l i ed  i n  a c i r c u l a t i n g  water  medium whose temperature w i l l  n o t  f a l l  

below t h e  (water  source)  h e a t  pump balance  po in t ,  t h e  u se  of a u x i l i a r y  

e l e c t r i c  s t r i p  h e a t  i s  n o t  a n t i c i p a t e d .  

Separa te  performance codes f o r  h e a t  pumps based on t h e  ASHRAE 90-75 

performance s tandard  (American Soc ie ty  of Heating, ~ e f  r i g e r a t i o n ,  and 

Air-Conditioning Engineers ,  Inc  . ) a r e  now .being d&veloped by t h e  model 
. . 

' , . ,  



code organizat ions;  However, s inke  the  codes Are. being developed from 
. . . . . . . . 

standards a l ready genera l ly  accepted i n  the  indust ry ,  these  new provisions,  

whose requirements a r e  presented below, a r e  not  seen a s  i n h i b i t i n g  f a c t o r s .  
.. . 

MINIMUM C.O.P. REQUIKEMENT 

. . 

OUTDOOR TEMP: O F  BY.- 111177 
. . 

BY 1/1/80 

47 Dry Bulb, 43 Wet Bulb 2.2 
17 Dry Bulb, 15  Wet Bulb 1 .2  

A last major ques t ion  i n  the  community acceptance of an  HP-ICES 

is. whether the  community, a s : a n  e n t i t y ,  w i l l  accept  the  idea  of an addi- 

t i o n a l  municipal u t i l i t y ,  t o  be b i l l e d  i n  t h e  same mariner as e l e c t r i c i t y ,  

water usage o r  n a t u r a l  gas. . The growing acceptance of the  publ ic  t o '  hea t  
I 

pumps, p lus  the  growing concern f o r  energy conservation seem t o  i n d i c a t e  
\ 

a recept iveness  on t h e  p a r t  of the  community. However, t h e  ultimate accept- 

ance w i l l  depend upon the  understanding of the  b e n e f i t s  of an HP-ICES: 

its improved performance i n  the  t a s k  of space condit ioning (as compared 

. . t o  the  more conventional end-user systems) and t h e  r e s u l t i n g  cost-ef f ec- 

t iveness  of such a system. Someform of community education may be nec- 

essary  t o  f a c i l i t a t e  community acceptance on t h i s  bas i s .  

RELIABILITY 

Overal l  system r e l i a b i l i t y  w i l l  depend upon two f a c t o r s :  r e l i a b i l i t y  

of the  energy supply and i ts  associa ted  conversion/del ivery equipment, and 

the  r e l i a b i l i t y  of t h e  Cen t ra l  S t a t i o n  h e a t  pump equipment. I n  the  resi- 

d e n t i a l  s e c t o r ,  a r e l i a b i l i t y  bonus is  offered  with t h i s  system i n  t h a t  

the  end-user w i l l  u t i l i z e  a water source hea t  pump. 

An a d d i t i o n a l  cons idera t ion  i n  speci fy ing an energy source f o r  a 

p a r t i c u l a r  s i te  of a p p l i c a t i o n  is  the  degree of r e l i a b i l i t y  t h a t  could be 

expected from each a v a i l a b l e  source and i ts  assoc ia ted  equipment. One 



p r i n c i p a l  reason ,  a s i d e  from a v a i l a b i l i t y ,  t h a t  s o l a r  energy o r  waste  h e a t  

recovery b o i l e r s  are no t  u t i l i z e d  as primary energy sources  is  t h e  i n t e r -  

r u p t a b l e  n a t u r e  of t h e  energy supply.  A s o l a r  supply has  t h e  obvious d i s -  

advantage of ove rcas t  s k i e s .  A waste h e a t  recovery b o i l e r  has  a two-fold 

disadvantage i n  i t s  dependence on a supply of prepared f u e l s  such as t r a s h  

o r  wood s c r a p s  ( d i f f i c u l t i e s  a t  t h e  process ing  s t a t i o n  o r  i n  t r a n s p o r t a t i o n  

would e f f e c t i v e l y  s h u t  down the  b o i l e r  s t a t i o n ) ' ,  i n  a d d i t i o n  t o  t he .  need 

f o r  p e r i o d i c  maintenance ( a s  per  insurance  r e g u l a t i o n s  and va r ious  pressur -  

i zed  b o i l e r  codes)  and the  p o t e n t i a l  f o r  forced  outages.  Wastewater e f f l u e n t ,  

on . the  o t h e r  hand, is  a cont inuous process  flow t h a t  should p r 0 v i d e . a  

f a i r l y  c o n s t a n t  energy supply. Flow q u a n t i t i e s  through t h e  sewage t r e a t -  

ment p l a n t  a r e  c y c l i c ,  on d a i l y  and weekly p a t t e r n s ,  b u t  most t rea tment  

p l a n t s  have a r e c i r c u l a t i o n  p rov i s ion  f o r  t h e  minimum requ i r ed  flow through 

t h e  p l a n t  t h a t  may be  u t i l i z e d  as a second t i e - i n  p o i n t  on t h e  energy source .  

Some allowance can be made f o r  down time on t h e  energy supply subsystem 

i n  s i z i n g  the  thermal s t o r a g e  capac i ty  i n  t h e  system. However, engineer-  

i ng  judgement d i c t a t e s  t h a t  t h e  l e a s t  complicated energy supply subsystem 

be s p e c i f i e d  t o  improve system r e l i a b i l i t y  and t o  avoid compounding problems 

i n  o t h e r  segments of t h e  system. 

A second major cons ide ra t ion  i n  opt imiz ing  system r e l i a b i l i t y  is t h e  

expected r e l i a b i l i t y  of t h e  equipment t o  be u t i l i z e d  a t  t h e  c e n t r a l  S t a t i o n .  

A l l  major brands of heavy HVAC equipment r e f l e c t  s ta te -of - the-ar t  des ign  

and component s e l e c t i o n  f o r  performance r e l i a b i l i t y ,  and as such,  could  

be expected t o  run  f o r  extended pe r iods  w i t h  l i t t l e  o r  no maintenance. 

However, i n  looking  ahead t o  t h e  i n e v i t a b l e  maintenance outage,  t h e r e  a r e  

p rov i s ions  i n  t h e  des ign  of t he  Cen t r a l  S t a t i o n  t h a t  w i l l  minimize t h e  

consequences of a n  equipment outage  and thus  enhance t h e  system r e l i a b i l i t y .  



A l l  major manufacturers' o f f e r  guidel ines  f o r  s e l e c t i n g  and i n s t a l l i n g  mult i-  
I , . 

p l e  u n i t s .  Generally, t h i s  type app l i ca t ion  involves s p l i t t i n g  the  load 

I of the  s t a t i o n  between two pumps (or  more), each s i zed  a t  approximately 

60% (propor t ionate ly  l e s s  i f  more u n i t s  a r e  u t i l i z e d )  of the  estimated load.  

Depending on s i t e - s p e c i f i c  condi t ions  and requirements such a s  temperature 
I 

supply and required temperature of the  d i s t r i b u t i o n  medium, the  u n i t s  may 

be connected i n  a p a r a l l e l  o r  s e r i e s  p ip ing conf igura t ion .  Such a- 'des ign 

would l e s s e n  t h e  load o n  both u n i t s  under a l l  bu t  peak condi t ions  and thus 

extend t h e  l i f e  of the  equipment. Necessary crossover and bypass piping 
1 

a t  t h e  s t a t i o n  would a l s o  enable each u n i t  t o  se rve  a s  a back-up t o  t h e  

o the r  i n  the  event  of a forced o r  maintenance outage. 

System r e l i a b i l i t y  w i l l  be judged i n  the  end-user segment no t  only 

by the  r e l i a b i l i t y  of the  thermal s e r v i c e  provided by t h e  Centra l  S t a t i o n  

b u t  a l s o  by the  r e l i a b i l i t y  of t h e  equipment required t o  u t i l i z e  i t .  This 

HP- ICES o f f e r s  the  advantages of u t i l i z i n g  water source hea t  pumps a t  the  

I erid-user. Water temperature is expected t o  range from, 50° to, 9 0 0 ~ ;  where- 

I ' ' a s  a i r  temperature may range from -10' t o  9,5OF. The water-to-air systems 

e l imina te  the  need t o  opera te  a t  low hea t  source temperature condi t ions ,  
. . 

while the  a i r - to -a i r  u n i t s  opera t ing  a t  low ambient temperatures r equ i re  

a h igh compressor d ischarge  gas temperature because of the  high 'pres.sure 
I 

r a t i o  ac ross  which t h e  r e f r i g e r a n t  must be pumped. The e f f e c t  is t o  p lace  

a s t r e s s  on the  a i r - to -a i r  system compressor and reduce i t s  r e l i a b i l i t y .  

Thus, i t  is  believed t h a t  the  r e l i a b i l i t y  of a water-to-air hea t  pump u n i t  

would be g r e a t e r  than t h a t  of an a i r - to -a i r  u n i t  of s i m i l a r  compressor 

I design. 7 . . 

2.2.6 UNIQUE APPLICATION CONDITIONS 

It i s  ' n o t  expected t h a t  t h i s  HP -ICES scheme wi l l .  be overly. dqen'  
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' den t  on any unique a p p l i c a t i o n  condit ions, .  With the  wastewater e f f l u e n t  

from a community providing t h e  t h e r i a l  'energy inpu t  t o  t h e  system, t h e r e  

w i l l  n o t  be a dependence o n ' a n  energy s o u r c e  t h a t  may be  t o  a 

s p e c i f i c  r eg ion  o r  community con f igu ra t ion .  V i r t u a l l y  any community wi th  

a  thermal  l oad  demand and popula t ion  d e n s i t y  h igh  enough t o  make an  HP-ICES 

c o s t  e f f e c t i v e  w i l l  have a  sewage t rea tment  f a c i l i t y  t h a t  could be u t i l i z e d  

i n  t h i s  scheme. I n  a r e a s  where a d d i t i o n a l  r e sou rces  a r e  a v a i l a b l e ,  t h e  

wastewater thermal source  may be augmented w i t h  one o r  s e v e r a l  a l t e r n a t i v e  

energy sou rces  d iscussed  i n  Chapter 7  - IDENTIFIED VARIATIONS. I n d u s t r i a l  

i n s t a l l a t i o n s  w i t h i n  t h e  community t h a t  d i scharge  waste h e a t  (such a s  a  

power p l a n t )  may d i c t a t e  t h a t  t h e  Cen t r a l  S t a t i o n  be loca t ed  near  t h a t  

p a r t i c u l a r  f a c i l i t y ,  o r  t h a t  a modular Cen t r a l  S t a t i o n / d i s t r i b u t i o n  system 

(one w i t h  s e v e r a l  thermal energy s u p p l i e s  l o c a t e d  i n  d i f f e r e n t  a r e a s  of 

t h e  community) be adapted t o  t h i s  scheme. General ly ,  t h e  u n i v e r s a l  a v a i l -  

a b i l i t y  of wastewater a s  t h e  primary energy source  w i l l  a l l ow a broad scope 

of p o t e n t i a l  a p p l i c a t i o n s  and t h e  a v a i l a b i l i t y  of ' a d d i t i o n a l  resources  w i l l  

. . 
enhance t h e  e f f e c t i v e n e s s  of such a  system. 

2.2.7 SUMMARY 

The fo l lowing  g e n e r a l i z a t i o n s  a r e  o f f e r e d  i n  summary of t he  foregoing  

d i s c u s s i o n s  of c r i t e r i a  t h a t  w i l l  determine t h e  a p p l i c a b i l i t y  of a n  ICES. 

A commun.ity i s  broadly def ined  as "a complex of f a c i l i t i e s  (and open spaces)  

t h a t  a r e  employed i n  human a c t i v i t i e s  and t h a t  a r e  connected by networks 

f o r  moving people,  messages, goods, and s e r v i c e s  i n  t h e  r e s i d e n t i a l ,  com- 

merc i a l ,  i n d u s t r i a l ,  a g r i c u l t u r a l ,  r e c r e a t i o n a l ,  o r  i n s t i t u t i o n a l  s e c t o r s  

4 5' o r  combination of s e c t o r s "  (from Request f o r  Proposal  78-4327). Thus 

any number of community con f igu ra t ions  may be cdnsidered a  candida te  f o r  

some form of ICES. The common denominator requirement i s  t h a t  t h e  cand ida t e  



community show a thermal load demand and a populat ion (user)  dens i ty  high 

enough t o  make.a c e n t r a l  f a . c i l i t y . f o r  hea t  reclaim and i ts  associa ted  

d i s t r i b u t i o n  system cos t -ef fec t ive .  . Waste h e a t .  i n  the  community's waste- 

water e f f l u e n t  is  expected t o  be the  most un ive r sa l ly  a v a i l a b l e  thermal 

energy source. However, the  primary energy supply may be augmented with 

one o r  s e v e r a l  o t h e r  energy supply opt ions ,  depending on t h e i r  a v a i l a b i l i t y .  

Climate w i l l  a f f e c t  s i g n i f i c a n t l y  t h e  heat ing/cooling load demanded from 

an ICES, and thus system s i z i n g ,  al though i t  w i l l  no t  s i g n i f i c a n t l y  a f f e c t  

the  genera l  a p p l i c a b i l i t y  of such a..system. Economic condi t ions  are favorable  

f o r  the  implementation of an  HP.-ICES i f  t h e  system proves cost-competitive 

with the  opt ions  now a v a i l a b l e  i n  r e s i d e n t i a l  and commercial HVAC.. S t a t e  

and l o c a l  bui ld ing codes should not  prove t o  be over ly  r e s t r i c t i v e  t o  such 

an HP-ICES. However, some form of community education may be necessary 

t o  f a c i l i t a t e  acceptance of an ICES. And f i n a l l y ,  r e l i a b i l i t y  w i l l  be  a 

major cons idera t ion  i n  the  s p e c i f i c a t i o n  and design of the  Central  S t a t i o n  

and i t s  assoc ia ted  equipment. With t h i s  genera l  ca tegor iza t ion  i n  mind, 

i t  i s  obvious t h a t  a broad range of communities w i l l  qua l i fy  f o r  consid- 

e r a t i o n  f o r  an HP-ICES based .on the  HP-WHR scheme. 

PROJECTIONS 

I n  order  t o  a s s e s s  the  d e s i r a b i l i t y  of promoting the  HP-ICES concept,  

i t  i s  necessary t o  quant i fy  t h e  a p p l i c a b i l i t y  of any p a r t i c u l a r  scheme by 

developing es t imates  of the  poss ib le  po in t s  of a p p l i c a t i o n  and of the  

energy savings t h a t  would r e s u l t  from implementation of such a scheme i n  

these  communities. P ro jec t ions  f o r  evaluat ing  the  a p p l i c a b i l i t y  of the  

HP-WHR scheme w i l l  be developed by examining the  p o t e n t i a l  f o r  thermal 

energy supply (from wastewater e f f l u e n t )  and the  coincident  community. 

space condit ioning.  load t h a t  could be handled by an HP-WHR system. 



2.3.1 THERMAL ENERGY SUPPLY' ' 

From the  d i s c u s s i o n  i n  p rev ious  s e c t i o n s ,  i't can  be seen  t h a t  t h e  . 

p o t e n t i a l  f o r  a p p l i c a t i o n  of t h i s  HP- scheme-.in a n  I n t e g r a t e d  Community 

~ n e r g ~  System (ICES) w i l l  be  based on t h e  a v a i l a b i l t t y  of'community waste- 

water  e f f l u e n t  as t h e  primary thermal energy source.  .The a v a i l a b i l i t y  

of t h i s  supply w i l l ,  i n  t u r n ,  be based upon t h e  popula t ion  t h a t  is , s e rv i ced  

by wastewater c o l l e c t i o n  systems. The t o t a l  flow of wastewater a v a i l a b l e  

a s  a thermal  energy supply i s  def ined  by t h e  fo l lowing  equat ion:  

Ava i l ab l e  Flow = [ (Popula t ion  a t  y e a r . T )  
x ( %  Sewered Popula t ion)  
x(Per  c a p i t a  water consump- 

t i o n )  ] + I n d u s t r i a l  Discharge (2-1) 

With t h e  v a r i a b l e s  explained below. 

~ o p u l a t i o n  - u l t i m a t e  popula t ion  of s e r v i c e  area a t  t h e  t a r g e t  

date, year  T. This  p r o j e c t i o n  w i l l  b e  made on a nationwide b a s i s  

and thus  w i l l  u t i l i z e  n a t i o n a l  p r o j e c t i o n s  f o r  t o t a l  populat ion.  

Percent  Sewered Popula t ion  - t h e  p o r t i o n  of t h e  t o t a l  popula t ion  

t h a t  is  served by wastewater c o l l e c t i o n  systems and a t t e n d i n g  

sewage t rea tment  f a c i l i t i e s  which could be  considered f o r  r e t r o f i t  

of a n  HP-WHR system. A maximum percentage  f i g u r e  of 70% (.70) 

of t h e  t o t a l  U.S. popula t ion  connected t o  sewage systems i s  taken 

' f rom t h e  S t a t i s t i c a l  Summary of t h e  1968 Municipal Waste F a c i l i t y  

~ n v e n t o r ~ . ~ ~  'The u l t i m a t e  f i g u r e  used i n  t h e  estimate w i l l  be  

somewhat lower,  as expla ined  i n  l a t e r  d i scuss ion .  

Per  Capi ta  Water Consumption - t o t a l  water  use  (and d ischarge)  is  

. es t imated  us ing  t h e  t y p i c a l  f i g u r e  f o r  average consumption of 

. 100 g a l l o n s  pe r  c a p i t a  per  day ( g p ~ d ) . ~  Var i a t ions  i n  flow range' 

from 50% t o  170% of t h e  average on a  d a i l y  cyc l e .  Thus, t h e  a c t u a l  

i n s t an t aneous  flow a v a i l a b l e  f o r  h e a t  t r a n s f e r  may vary  above o r  

40 



below the  average ( i n  gpm - prora ted  from the  average d a i l y  flow 

f igure ) .  However, i t  is expected t h a t ,  over a 24-hour cycle,  and 

accounting f o r  t h e  averaging e f f e c t  of .  t h e  thermal s to rage  capaci tv  . . . . ~ 
incorporated i n t o  the  system, the  average f i g u r e  of 100 gpcd w i l l  

. . 

be a v a i l a b l e  a s  the  thermal energy supply. 

I n d u s t r i a l  Discharge - water discharged ( i n  ga l lons  per  day average) 

from i n d u s t r i a l  processes i n t o  . t h e  wastewater .co.llection system.. 

This f i g u r e  w i l l  vary wi th  each s i te  of , app l i ca t ion  and thus w i l l  

be used only when developing a s i t e - s p e c i f i c  estimate of a v a i l a b l e  

wastewater flow. . . 

with the  t o t a l  flow of wastewater a v a i l a b l e  a s  the  thermal energy 

source defined,  t h e ' t o t a l  amount of hea t  a v a i l a b l e  from the  thermal supply 

can be ca lcu la ted  from the ' fo l lowing 'equation: 

Q = WC (AT) (2-2) 

Q = t o t a l  h e a t ,  Btu 
W '= flow of wastewater, l b s .  
C = s p e c i f i c  h e a t  of water (assumed t o  be 1.0 Btu/lbs.-OF) 
AT = change i n  temperature i n  supply medium, ,OF' ( e s s e n t i a l l y  

t h i s  is  the  h e a t  t r ans fe r red  o u t .  of t h e  wastewater flow). 
. A  AT of 10°F, widely used i n  HVAC system design,  w i l l  be 
assumed a s  the  temperature drop across  the  c e n t r a l  s t a t i o n  
equipment hea t  exchanger. 

The two equations can be combined' t o  de f ine  the  t o t a l  thermal energy 

ava i l ab le ,  Q ( i n  Btu's) , from wastewater e f f l u e n t  a s  a funct ion  of t o t a l  

population. Thus : 

Q = [ (Population a t  year  T) x (% Sewered. Population) 
x(Per Capita  Water Consumption)] + I n d u s t r i a l  Discharge (@)I 

l b s  - day 
xi8.33 2) i1.0 -1' {AT (OF)} 

BtU 
g a l  lb-  F day 
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Which reduces to :  

. - .  

Q = ( ~ o ~ u l a t i o n  a t  y@ar T) x ' (% ~ e " e r e d  ~ o ~ u l a t i o n )  
Btu , 

. . . x (100) x - (8.33) x - (1.0)' x (10) - . 
day 

'Btu 
= 8330 (Populat ion)  (% Sewered Popula t ion)  - 

day 

Btu (2-3) 
Q =. 3.040 x l o 6  (Populat ion)  (% Sewered Populat ion)  - 

, . ._  . . . y e a r  

Note t h a t  I n d u s t r i a l  Discharge i s  d e l e t e d  from equat ion  
. . 2-3 and , w i l l  be used only i n  s i t e - s p e c i f i c  ana lyses .  

2.3.2 THERMAL ENERGY DEMAND 

With t h e  q u a n t i t i e s  of thermal energy a v a i l a b l e  from,wastewater  de- 

f i n e d ,  some cons ide ra t ion  must be  g iven  t o  t h e  ba lance  between energy supply 

.and demand i n  o rde r  t o  determine t h e  number and s i z e  of communities which 

may be considered f o r  a HP-WHR system a p p l i c a t i o n .  

From d a t a  developed i n  t h e  subsequent  performance and economic ana lyses  

(and d iscussed  b r i e f l y  i n  s e c t i o n  2.2.2 - CLIMATE), a  c e n t r a l  s t a t i o n  

i n s t a l l a t i o n  of 1000 ton  capac i ty  would r e q u i r e  3. 0 MGD wastewater flow t o  

supply t h e  hea t ing  requirements  of 470 homes i n  a  New England clime w i t h  

approximately 6820 degree-days per  h e a t i n g  season.  (Note: System per- 

formance i n  a  New England c 1 i m e . i ~  used a s  t h e  b a s i s  f o r  t h i s  eva lua t ion  

because perforuance dur ing  t h e  hea t ing  season is  seen  as t h e  l i m i t i n g  
. . 

c r i t e r i o n  i n  opt imiz ing  the  balance between thermal energy supply and 

demand on t h e  system. Thus, de f in ing  flow q u a n t i t i e s  on t h e  b a s i s  of 

s a t i s f a c t o r y  performance i n  a co ld  c l ima te  w i l l  throw t h e  u l t i m a t e  e s t i m a t e  

of t h e  number of communities t o  be c o n s i d e r e d . f o r  such a system t o  t h e  

conse rva t ive  s i d e . )  P ro ra t ing  the  flow requirements  t o  each r e s idence  

g ives  a  minimum flow, pe r  home of 6383 g a l l o n s  per  home per  day 
home-day 1 

From a t e c h n i c a l  s t andpo in t  i t  would be p o s s i b l e  t o  s i z e ,  des ign ,  and 



i n s t a l l  an HP-WHR system f o r  perhaps a s  few a s  5 homes, although the  

chances for? economic v i a b i l i t y  of such a small system would be very s l i m .  

Therefore, t o  f a c i l i t a t e  system design and const ruct ion  and t o  a c c e l e r a t e  

the  economic recovery of the  system c a p i t a l  cos t s ,  the  smllest system t o  

consider  would cover an approximate 100 home s e r v i c e  a rea .  ~ h e ' w a s t e -  

water flow required f o r  t h i s  s e r v i c e  a r e a  would. then be 638,300 gal lons  

per  day. This f i g u r e ,  divided by the  100 ga l lon  per  c a p i t a  per  day average 

water consumption f igure ,  g ives  the  populat ion of t h e  t h e o r e t i c  minimum 

, s i z e  community t h a t  could be considered a s  a candidate f o r  an HP-WHR 

system: 6383. persons. With allowances f o r  minor v a r i a t i o n s  i n  heat ing  
. . . .  . 

loads ,  s e r v i c e  a r e a s ,  and i n d u s t r i a l  d ischarges ,  and t o  f a c i l i t a t e  the  
, . 

der iva t ion  of c o ~ u n i t y  and populat ion es t imates  from a v a i l a b l e  s t a t i s t i c s ,  

communities wi th  populat ions of 5000 persons o r  more w i l l  be considered 

candidates f o r  an  HP-WHR system. It should be noted here  t h a t  an ICES 

(and i n  t h i s  case  an HP-WHR system) can be appl ied  t o  a to. ta1 community 

o r  j u s t  t o  por t ions  of i t .  The HP-WHR concept depends upon the  idea  of 
. . 

reclaiming waste hea t  from the  t o t a l  flow of.community wastewater and 

d i s t r i b u t i n g  i t  i n t o  c e r t a i n  v i a b l e  s e r v i c e  a reas ,  no t  necessa r i ly  the  

f u l l  community'. Thus, an HP-WHR heat ing  system serving a . small  . ,area 

in teg ra ted  with a wastewater c o l l e c t i o n  system serving a l a r g e r  a rea  does 

no t  con t rad ic t  the  ICES concept. However, def in ing a miminum populat ion 

l i m i t  f o r  community s i z e  is necessary when considering the  balance between 

thermal energy supply and demand on the  minimum acceptable s i z e  system. 

With the  cons idera t ions  of thermal energy supply ou t l ined  i n  the  preceeding 

s e c t i o n  and the  above mentioned guidel ines  on community s i z e ,  estimates 
. . 

of the  number of p o t e n t i a l  sites of app l i ca t ion  and the  p o t e n t i a l  energy 

savings can be developed. 



Estimates  f o r  . p d i n t ~  ."of i ipp l ica t idn*  and-:,fdr energy. conserva t ion  ' t o  be 

made o n  a nationwide b a s i s  w i l l  nec '6ssar i ly  be baked o n  a s e t  of assumi t ions .  

The fo l lowing  d i scuss ions  d e t a i l  t h e  assumptions p e r t i n e n t  t o  t he  e s t ima te s  

t o  be developed i n  t h i s  s e c t i o n :  

A community of 5000 per'SbnS o'r more would d i scha rge  enough-waste- 

water  (and thus  enough thermal energy) t o  s e r v i c e  t h e  minimum 

acceptable '  system s i z e  of 100 homes. A s  community'population 

' i n c r e a s e s  above 5000, a p ropor t iona te  i n c r e a s e  in . t he rma1  energy 

becomes a v a i l a b l e  through the  community wastewater,  and t h e  po- 

t e n t i a l  f o r  expanding system s e r v i c e  a r e a  i n c r e a s e s  correspond- 

i ng ly .  Thus the  a d d i t i o n a l  thermal energy made a v a i l a b l e  by in -  

c reased  popula t ions  w i l l  b e"u t i l i zed  a t  some p o i n t  i n  t h e  HP-WHR 

system. 

The s t a t i s t i c a l  breakdown of community s i z e s  and a t t e n d i n g  

sewage. t rea tment  f a c i l i t i e s  from t h e  1968 Municipal Waste F a c i l i t i e s  

1hventory4' (reproduced i n  Appendix A as TABLES A-4. and A-5) re- 

v e a l s  t h a t  59.53% of t h e  t o t a l  U.S. popula t ion  r e s i d e s  i n  com- 

muni t ies  of 5000 o r  more e a r e  connected t o  a municipal  waste- 

water  c o l l e c t i o n  system wi th  a t t e n d i n g  t r ea tmen t '  p l a n t .  Deriving 

an e s t i m a t e  f o r  t h e  most o p t i m i s t i c  market pene t r a t ion ,  ' b a r r i n g  

any acceptance b a r r i e r s  except  techAological ,  d i c t a t e s  t h a t  t h e  

' f u l l  p o t e n t i a l  f o r  wastewater h e a t  r ec l a im be r e a l i z e d .  There- 

f o r e ,  t he  f u l l  59.53% (.5953) of t he  t o t a l  popula t ion ,  who r e s i d e  

i n  communities of  s u f f i c i e n t  s i z e  t o  be ' cons ide red  a s  cand ida t e s  

f o r  an  HP-WHR' system, w i l l  be  used as ' t h e  pe rcen t  sewered 'pop- 

u l a t i o n  f i g u r e  i n  developing the  e s t ima te .  



From the  s t a t i s t i c a l  breakdown i n  TABLE A-4, t he  number of po- 

t e n t i a l  sites of app l i ca t ion  ( i . e .  communities with populat ions 

of over 5000) i s  3795. Extremely l a r g e  communities (over 100,000) 

a r e  included i n  t h i s  number because i t  is expected t h a t ,  i n  these  

communities., wastewater: c o l l e c t i o n  and treatment w i l l  be segre- 

gated among severa l  treatment f a c i l i t i e s ,  thus providing the  

opportunity t o  i n s t a l l  e i t h e r . s e g r e g a t e d  systems o r  modular 

c e n t r a l  s t a t i o n  f a c i l i t i e s .  The number of acceptable  sites i s  

n o t  expected t o  change during the  p ro jec t ion  period due t o  t h e  

f a c t  t h a t  new o r  planned communities would necessa r i ly  have t o  

undergo s e v e r a l  years  of growth before a r r i v i n g  a t  a  s t a g e  of 

development when an HP-WHR system would become a v i a b l e  option.  

These communities should no t  be dropped from considera t ion ,  how- 

ever ,  f o r  such a system s i n c e  . . new community developments would 

I p r o v i d e  an.: i d e a l  Gite of '  app l i ca t ion  f o r  an  ICES, designed . 
. 

from 

/ \ s c r a t c h  and optimized f o r  the  p a r t i c u l a r  community conf igui-ation. 

They simply cannot be includ'ed i n  t h i s  pro j e c t i o g  because of 

i n s u f f i c i e n t  da ta .  

The populat ion increase  wi th in  each p o t e n t i a l  s i t e ' o f  a p p l i c a t i o n  

w i l l  be assumed t o  be d i r e c t l y  propor t ional  t o  the  na t iona l  per- 

centage inc rease  i n  populat ion during the  p ro jec t ion  period.  
. . 

Exis t ing  . f a c i l i t i e s  o r  f a c i l i t i e s  now under cons t ruct ion  w i l l  

be assumed to, supply s u f f i c i e n t  sewage treatment capaci ty  t o  

handle the  propor t ionate  populat ion increase  during the  pro- 

j e c t i o n  period.  , 

It should be noted t h a t  the  number of s a t i s f a c t o r y  sites a n d ,  

the  e s t ima te  of percent  sewered population is conservative due 



'. . ' . .  . . r .  '. 
. I '  

t o  t h e  f ac t ;  t h a t  they a r e  based on somewhat 'outdated (1978) 
, . . . , . ' . *,. ' s 

da ta .  

Bearing i n  mind t h e  above assumptions and u t i l i z i n g  t h e  thermal energy 

supply approximation shown as equat ion  2-3, t h e  energy reclaimed from com- 

munity wastewater,  on a nationwide b a s i s  by community energy systems based 

on t h e  HP-WHR concept ,  would be c a l c u l a t e d  thus ly :  

1980 U.S. ~ o p u l a t i o n  - 221,848,000 ( e s t . )  

% Sewered' Popula t ion  - 59.53% 

Btu 
. 0 = 3.040 x l o 6  (221,848,000) (.5953) - year  

Btu = 401.48 x 1012 - 
year  

Derived through t h i s  approximative method, TABLE 2-1 summarizes t h e  

amount of thermal energy p o t e n t i a l l y  a v a i l a b l e  f o r  space  condi t ion ing  needs,  
' 

from a s t a r t i n g  d a t e  of 1980 t o  t h e  year  2000 ( i n c l u s i v e ) ,  e x t r a c t e d  from I 
community wastewater through HP-WHR systems i n s t a l l e d  a t  t h e  3795 p o t e n t i a l  

sites of a p p l i c a t i o n .  

The n e t  energy savings  a t t r i b u t a b l e  t o  u t i l i z a t i o n  of t h e  HP-WHR concept  

is  d i r e c t l y  p ropor t iona l  t o  t h e  optimized system C.O.P., a s  shown i n  t h e  

fol'lowing gene ra l  equat ion:  I - - - 
Qne t Q ~ o  t a l  Q ~ o  t a l -  

C,.O.P. 

Thus, t he  d e l i v e r y  of 9040.48 x 1012 Btu a t  a n  o v e r a l l  system C.O.P. 

of 2.245 (from Chapter 3 - EXPECTED PERFORMANCE, wi th  a nominal wastewater  

temperature of 7 0 ' ~ )  r e q u i r e s  t h e  energy expendi ture  of 4026.94 x 1012 Btu 

(o r  1.179 x 1012 KWH). This  expendi ture  l e a v e s  a n e t  energy savings of 

5013.55 x 1012 Btu, over  t h e  per iod  1980 - 2000. 

U t i l i z a t i o n  of t h i s  amount of thermal energy form a previous ly  wasted 

source  a l s o  imp l i e s  a savings  i n  o t h e r  forms of primary energy. The com- 

p a r a t i v e  sav ings  a r e  developed from t h e  fo l lowing  assumptions (from Reference 

10)  : 

4 6 



:TABLE 2-1 

. . .  
HEAT EXTRACTED 'FROM' WASTEWATER . . ' 

>OPULATION '(EST. ) 
Q/YR l'z 

BTU x 10 

TOTAL 9 0 4 0 . 4 9  x 1012 B t u  

4 4. POPULATION ESTIMATES: " P o p u l a t i o n  of the U n i t e d  S t a t e s "  



E l e c t r i c  Energy: An average p l a n t  h e a t  r a t e  of 10,300 Btulkwh 

is  used t o  conver t  on - s i t e  consump t i o n  t o  resource  energy (coal) '  

consumption by a  gene ra t ing  s t a t i o n .  Transmission and d i s t r i b u -  

t i o n  l o s s e s  of 9% a r e  assumed.. High hea t ing  va lue  (HHV) of 

12,000 Btu / lb  f o r  c o a l  is a l s o  assumed. 

Fuel  O i l :  High hea t ing  va lue  is  assumed t o  be 139.000 .Btu/gal;  

, no t ransmiss ion  o r  d i s t r i b u t i o n  l o s s e s .  * .  

Natura l  Gas: High hea t ing  va lue  of n a t u r a l  gas  w a s  assumed t o  

be c o n s t a n t  a t  1,000 BtuYCFT; 8% t ransmiss ion  and d i s t r i b u t i o n  

l o s s e s  a r e  a l s o  assumed. 

Note: Sample c a l c u l a t i o n s  a r e  contained i n  Appendix A. 

Table 2-2 summarizes t h e  n e t  sav ings  i n  a l t e r n a t e  primary energy 

sources ,  based on t h e  u t i l i z a t i o n  of t he - the rma l  energy reclaimed by 

t h e  HP-WHR system. To ta l  pr'imary energy source  sav ings  a t  the  year  2000' 

6  6 
r ep re sen t  687 m i l l i o n  (687 x 1 0  ) tons  of c o a l ,  o r  859 m i l l i o n  ( 8 5 9 x 1 0  ) 

1 2  b a r r e l s  of f u e l  o i l ,  o r  5.42 t r i l l i o n  (5.42 x 10  ) cubic  f e e t  of n a t u r a l  

gas.  Obviously, from t h i s  comvarison, a  v a s t  p o t e n t i a l  f o r  primary 

energy r e source  conserva t ion  can be r e a l i z e d  by t h e  development and 

implementation of an  HP-ICES based on t h e  HP-WHR concept.  



TABLE 2-2 

. . 
. . PRIMARY' ENERGY SOURCE SAVINGS ' : . . 

NET THERMAL - , . . . .  
' PERIOD 

PRIMARY ENERGY SOURCE . 
.ENERGY SAVINGS ;, 

. . EQUIVALENCES 
COAL OIL - GAS 

12 
- 

. . 
Btu x 10 . . LB'x lo6 . - .  GAL x lo6 . .. 'cFT 1012 " 

1996-2000 1247.72 . : 342,029 8976 
. .  . 

1.348 
. . 

TOTALS . . 5013.55 x 1012 Btu 1,374,332 % lo6 LBS 36.068 r 106 GALS 5.415 x ~ O ~ ~ C P T .  

. . 

5.014 QUADS - WHICH IS 
6 6 EQUIVALENT.TO.' 687 x 1 0  LBS or 859 x 10 BARRELS or ~.~~TRILLIONCFT 

. . 
. 1. ) NOTE : . NET THERMAL ENERGY SAVINGS IS COMPUTED ' FROM EQN . 2-4 



EXPECTED PERFORMANCE 

3.1 INTRODUCTION 
* '  

, . . . 
. .  . 

: The scheme of .HP-WHR system. f o r  a community is explained i n  t h e  s e c t i o n  

on system d e s c r i p t i o n .  For purposes of thermodynamic a n a l y s i s , , a  schematic  

of t h e  HP-WHR system t h a t  inc ludes :  one end-user h e a t  pump, one c e n t r a l  

s t a t i o n  h e a t  pump a t  t h e  t rea tment  plant , ,  a water  s t o r a g e  r e s e r v o i r ,  and 

d i s t r i b u t i o n  l i n e s  is shown i n  Figure 3-1.  similar system f o r  t h e  coo l ing  

mode is  shown i n  F igure  3-2. It is  p o s s i b l e  t h a t  a number of c e n t r a l  s t a t i o n  

h e a t  pumps may be used depending on t h e  a p p l i c a t i o n .  

I n  t h e  thermodynamic model f o r  t h e  h e a t i n g  mode. wastewater e f f l u e n t  

a t  cons t an t  temperature from t h e  t rea tment  p l a n t  e n t e r s  t h e  c e n t r a l  h e a t  

pump where i t s  thermal  energy (.heat) is e x t r a c t e d  and de l ive red  t o  t h e  

d i s t r i b u t i o n  medium (water ) .  ' The d ' i s t r i b u t i o n  water e n t e r s  a thermal . 

s t o r a g e  tank t o  provide  a water supply a t  cons t an t  temperature t o  t h e  end- 

u se r  h e a t  pumps. A f t e r  d e l i v e r i n g  h e a t  t o  t h e  h e a t  pumps, t h e  water  i s  

r e tu rned  t o  t he  c e n t r a l  u n i t .  The r e v e r s e  process  t akes  p l a c e  f o r  t h e  

cool ing  mode i n  which t h e  energy is  u l t i m a t e l y  r e j e c t e d  t o  t h e  e f f l u e n t .  

Ca lcu la t ions  of t h e  energy requirements  of t h e  HP-WHR system using c e n t r a l  

h e a t  pumps a r e  presented  i n  Sec t ion  3 . 4  Analysis  of  Resu l t s .  The r e s u l t s  

of a d i s t r i b u t e d  water - to-a i r  h e a t  pump system d e l e t i n g  c e n t r a l  h e a t  pumps 

a r e  a l s o  presented .  The performance r e s u l t s  a r e  compared w i t h  those  of 

t he  convent iona l  systems. 

3 . 2  SELECTION OF CONDITIONS 

I n  t h e  s e l e c t i o n  of wastewater e f f l u e n t  temperatures  f o r  e s t ima t ing  

t h e  peak load  and normal ' load  performances of the'HP-WHR system, e f f o r t s  

were made t o  c o r r e l a t e  wastewater e f f l u e n t  temperature w i th  t h e  o u t s i d e  
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- . a i r  temperature. The wastewater . e f f l u e n t  temperature depencls on f a c t o r s  

' s u c h  a s  t h e  t i m e  of day, ground. temperature, ou t s ide  a i r  temperature; and 

the  presence of thermal discharges from i n d u s t r i a l  processes. There is  

a l s o  the  time-lag assoc ia ted  wi th  the  temperature change of t h e  r e s e r v o i r s  

o r  ' l a k e s  a s  the  water supply i s  drawn ' i n t o  community systems when . seasonal  

changes i n  a i r  temperatures occur. It is  the re fo re  bel ieved thai : there 

can be wide v a r i a t i o n s  i n  wastewater temperatures even withiri the  same 

geographical region. Based on s i t e - s p e c i f i c  observations and study of various 

I r e p o r t s  i t  is observed t h a t  t h e  wastewater e f f l u e n t  temperatures ( i n  p a r t s  

of Canada) have ranged from lower 40's  (OF) t o  upper 90 's  One 

of the  s t u d i e s  r e p o r t s  the  average annual wastewater temperature a t  a p lan t  I .  .. 
,.. 
... . i n  the  North Chicago a r e a  t o  be between 50°F and 6 0 0 F . ~ '  It is  a l s o  observed 

, . 
' ' 3  

. t h a t  wastewater e f f l u e n t s  undergo. temperature changes during the  treatment 

I n  t h i s  study, e f f l u e n t  temperatures of 50°F, 60°F, 70°F, and 80°F 

have been .chosen f o r  .analysis .  I t  i s  bel ieved t h a t  these  temperatures a r e  

r ep resen ta t ive  of a number -of loca t ions  i n  the  uni ted  S ta tes .  

3.3 SYSTEM COP AND ENERGY CONSUMPTION . . 

The c o e f f i c i e n t  of performance o f  the  HP-WHR system (or  a i r - to -a i r  

system) is  defined a s .  the  . r a t i o  of the  heat ing  o r  cooling e f f e c t  provided 

t o  ' the space a t  the  end-user loca t ion  divided by the  energy 'bquivalent 

I of a l l  ene rgy , inpu t s : inc lud ing  compressors, pumps, and losses .  This pro- 

v ides  a measure f o r  comparing the  energy consumption of the  HP-WHR system 

with t h a t  of conventional systems. 

The system energy, consumption i n  providing heat ing  o r  codling is: /I 



- - L 

Esys tem CoPsys t e m  
, # 

Primary Fuel  Energy ~ o n s u ~ ~ t i o n '  . '(based , o n  f o s s i l  f u e l s )  = esystem , (3-2) 
0.31 , 

Where 

. 0 . 3 1 =  
'generat ion ' t ransmission ' d i s t r i b u t i o n  

NOTE: The va lue  of 0.31, which is  t h e  o v e r a l l  e f f i c i e n c y  of conversion of 

primary f u e l  energy t o  u s e f u l  e l e c t r i c a l  energy and t ransmiss ion  t o  

a p p l i c a t i o n ,  i s  taken.from Reference 4. This  va lue  is assumed 

f o r  c a l c u l a t i o n ,  bu t  is  s u b j e c t  t o  v a r i a t i o n .  

3.4 ANALYSIS OF RESULTS 

3 .4 .1  HEATING MODE 

Peak Load - The system COP va lues  were c a l c u l a t e d  f o r  t h e  given des ign  

loads  (peak) as a func t ion  of t h e  temperature of t h e  e f f l u e n t  as i t  e n t e r s  

t he  evapora tor  of t h e  c e n t r a l  h e a t  pump. The r e s u l t s  a r e  presented a s  F igures  

3-3 and 3-4 and summarized i n  Table 3-1. The temperature of water  e n t e r i n g  

t h e  end-user u n i t  was he ld  cons t an t  a t  80°F. The .Coeff ic ien t  of Performance 

of t h e  HP-WHR system i n c r e a s e s  by only 3.8% a s  t he  temperature of t h e  e f f l u e n t  

i n c r e a s e s  from 50°F t o  80°F. This  i s  t o  be expected because t h e  COP of t he  

end-user u n i t  i s . h e l d  a t  cons t an t  va lue  ( r e l a t i v e l y  h igh)  a t  t h e  e n t e r i n g  

water  temperature of 80°F, and t h e  end-user u n i t  consumes a g r e a t e r  s h a r e  

of t he  t o t a l  energy inpu t .  Using equat ion  3-1, the.  energy r equ i r ed  by the  

HP-WHR system t o  d e l i v e r  1 Btu of hea t ing  load  is  a l s o  l i s t e d  i n  Table 3-1. 

These e l e c t r i c a l  energy va lues  were t r a n s l a t e d  t o  primary energy requirements  

by us ing  equat ion  3-2 and a r e  a l s o  shown i n  Table 3-1. For t h e  purposes 

of comparison, s i m i l a r  d a t a  f o r  an a i r - t o - a i r  h e a t  pump i s  presented a s  

Table 3-2. 

Typical  Heating Load - A t  hea t ing  loads  lower than des ign  hea t ing  
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TABLE 3-1 

HP-WHR SYSTEM 

Effluent 
Temperature PF' . .  - 

Design Heating Load = 55000 Btuh 
(Based' on -20°F outside air temperature and 75OF inside air temperature)' 

Temperature of Water . COP 
Entering End-user-OF Sys tem 

Btu - - Btu 
E~ystem B ~ U  E~rimary Fuel Energy Btu 

2.228 Avg. 

2.233 Avg: 



Outs ide  A i r  COP 
Temperature-OF Beat Pump 

TABLE 3-2 

AIR-TO-AIR HEAT PUMP 

Nominal COP = 2.8 Heat ing Mode 

Btu - 
E ~ e q u i r e d  BLu $rirnary Fue l  Energy 

NOTE: The COP va lues  of  a i r - t o - a i r  h e a t  pumps were computed us ing  t h e  in format ion  g iven  i n  Unitary 

A i r -  to-Air Heat Pumps. 



the  equipment would be opera t ing  a t  p a r t  load r e s u l t i n g  i n  c y c l i c  operat ion.  

Cyclic  opera t ion  r e s u l t s  i n  a l o s s  of e f f i c i ency .  Information i n  the  form 

of an equat ion  f o r  the  p a r t  load perfornianch of water-to-water hea t  pumps. 
' % 

, . 

i s  a v a i l a b l e  (Reference 5) but  p rec i se  information on the  p a r t  load per- . , 

formance of water- to-a i r  hea t  pumps is  not.  ' ava i l ab le .  Inf oruiation from 

Reference 10 on p a r t  load performance of a i r - to -a i r  h e a t  pumps i n d i c a t e s  

t h a t ,  a t  hea t  loads of 15% of r a t e d  capaci ty ,  the  c y c l i c  opera t ion  of a 

hea t  pump can r e s u l t  i n  a decreased COP of approximately 30% of the  f u l l  

. ., 
load,  s teady s t a t e  value.  A t  loads  on the  order  of 80% heat ing ,  t h e  decrease 

i n  COP i s  about 4 , t o  5% of i ts  steady s t a t e . v a l u e .  These f i g u r e s . a p p l y  t o  
.. . 

a i r - to -a i r  hea t  pumps and a r e  based on the  experimenta1:work by  ell^ & 

~ e a n l ~ ,  and Parken & Beausoliel  . 
Cooling Mode - The r e s u l t s  of the  cooling mode, a n a l y s i s  a r e  .presented 

i n  Table 3-3 f o r  wastewater temperatures of 6o0F and 80°F, and the  COP values 

a r e  used i n ,  the  ca lcu la t ion  of annual energy requirements'. 

3.4.2 SIMULTANEOUS HEATING AND COOLING 

The need f o r  simultaneous . . heat ing  and cooling a r i s e s  .where i n  c e r t a i n  

bui ld ings  of the  community, the  i n t e r n a l  hea t  gains exceed the  hea t  l o s s  

from the  building.  This may happen i n  t h e  e a r l y  periods of the  F a l l  and 

Spring seasons. Since the  hea t  r e j e c t e d  t o  the  d i s t r i b u t i o n  water ,  by the  

end-user hea t  pumps opera t ing  i n  cooling mode a c t s  a s  a h e a t  source f o r  the  

hea t  pumps opera t ing  on the  heat ing  mode, the  work inpu t  t o  t h e  c e n t r a l  

hea t  pump w i l l  be reduced. . The ex ten t .o f  the  energy saved during t h i s  . ... 

type of opera t ion  w i l l  depend on the  r e l a t i v e  d i s t r i b u t i o n  of heat ing  

and cooling loads.  I n  the  s p e c i a l  case ,  when the  t o t a l  h e a t  r e j e c t e d  



TABLE 3-3 .  

Wastewater Temperature 
Entering Central Unit-OF 

HP-WHR SYSTEM PERFORMANCE COOLING MODE 

Water Temperature COP - Btu Btu 
Entering End-User Unit-OF System E~ystem Btu E~rimary Fuel Energy 



by the end-user heat pumps operating in the cooling mode is absorbed 
.. . , . .  

by the heat pumps operating in the heating mode, th6 central heat pump., 
. . 

will require no work input. Such a situation can be obtained by several 

combinations of heating and cooling loads, units with different COP'S, 

etc. In the section.on analysis, a model consisting of two end-user 1 
units is analyzed by means of an example. It is shown that, for two 

end-userunits of identical COP values, .the work input to the central 

2 
unit is zero when the ratio of.heating load/cooling load = HRF , where 

HRF is called the heat rejection.factor defined in the section on analysis. 
. . 

3 . 4 . 3  ANNUAL ENERGY CONSUMPTION 

The annual energy consumption by the HP-WHR system and other con- 

ventional systems are calculated and the total energy required by resi- 

dences in the Ndrthwest Central region and the South Atlantic region are 

listed in the Table .3-4. In the calculation of the annual energy con- 
. . . . 

sumptions by the 'HP-WHR system and other conventional systems, the chapters 

on energy estimating methods of the ASHRAE Handbook and Product Directory, 

Systems Volumes 1973 and 1976~9 were consulted. The use of the bin method 
. . 

of calculation could not be used because data on part load performance 

of water-to-air heat pumps was not available. However, the dynamic 

efficiency loss factors were considered in accordance with the data ~ 
derived from Reference 10. 

3 . 4 . 4  OBSERVATIONS . 

The-res~lts~of this study indicate that HP-WHR systems perform 

better .than the air-to-air heat pumps in,Northern locations, at outside 
, . 

air temperatures down to 2S°F in.the heating mode. 

The Coefficient of Performance o'f the HP-WHR sysqem varies with 



TABLE 3-4 

ANNUAL ENERGY CONSUMPTION* 

GEOGRAPHICAL HEATING SEASON COOLING SEASON E ANNUAL 
SYSTEM REGION MBTU/ SEASON MBTU/ SEASON MBTU/YX 

AIR-TO-AIR 
HEAT PUMP 

NWC 
S A 

NWC 
S A 

m CONVENTIONAL 
h3 

FUEL NWC 155717 12454 . 168171 
-GAS (WARM-AIR) S A 8 7.0 68 45409 132477 

ELECTRIC , NWC 
S A 

*The annual  energy consumption l i s t e d  i n  t h i s  t a b l e  i s  based on des ign  loads .  

ANNUAL PRIHARY 
FUEL CONSUMPTION 

mTU/YR 

119142 
106264 

NWC - North West Cen t r a l  Region 
SA - South A t l a n t i c  Region 



e f f l u e n t  tempe&tures, 'but no t o  a g rea t  degree. A s  seen i n  Table 3-1 

and Figure 3-1, t h e  system COP increased by only 3.8% when t h e  e f f l u e n t  

temperature changed from 50°F t o  80°F. 

I n  the  cooling mode,. the a i r - to -a i r  heat  pump performs b e t t e r  than 

the  HP-WHR system. Compared t o  a conventional .heating s y s t h  (gas warm-air 

furnace),  ' the.  HP-WHR sys  tem consumes a g rea te r .  amount .of primary f u e l  both 

i n  t h e  Northern and Southern, locat ions .  " '  ' ' 

Dist r ibuted water-to-air hea t  pumps consume less energy compared t o  

the  HP-WHR systems using c e n t r a l  heat  pumps. The r e s u l t s  i n  Table 3-4 

i n d i c a t e  t h a t  t h e  system COP .is high, and i n  general ,  the  system performs 

b e t t e r  than , conventional, heat ing sys te& , such a s  a i r -  to-a i r  and gas furnace- 

warm a i r  heating systems on the  b a s i s  of primary f u e l  consumption. A v a r i a t i o n  

! 
of the  HP-WHR scheme i s  discussed i n  the  next sec t ion.  . A s  shown i n  the example 

i n  Section 9.4.6, the  simultaneous heat ing and cooling mode of operat ion im-  
I 

proves t h e ,  performance of the  HP-WHR sys  t e m .  

HP-WHR. SYSTEMS USING ONLY DISTRIBUTED WATER-TO-AIR HEAT PUMPS ' 

. , 
. . 

' The use. of d i s t r i b u t e d  hea t  pumps (with no . c e n t r a l  hea t  pump) using hea t  

from wastewater e f f l u e n t  as the  source of energy is poss ib le  i f  . t h e  . w a s t e -  

water is  a t  a s u f f i c i e n t l y  high' temperature t o  al low f o r  h e a t  t r a n s f e r  t o  
. . 

the  d i s t r i b u t i o n  water by means of a ,heat  exchanger. I f  such condit ions . .  . . 

are obtainable,  the  scheme would be as shown i n  Figure 3-51., This system 

COP . i s .  found to  be  higher than the  HP-WHR system using c e n t r a l  hea t  pumps. 
, . . .. 

But  at l b w e r  e f f l u e n t  tempeiatures, the  s i z e  of the  hea t  exchangers would 
. . .  

. . 

have t o  be very large '  t o  al low f o r  s u f f i c i e n t  i u a n t i t i e s  of hea t  t r a n s f e r ,  

and t h e  pumping l o s s e s  r e s u l t i n g  from increased flow r a t e s  of water would 
. . . , 

be . high. 
, . .  . I ._ .  . ' 

. The COP system add energy requirements are l i s t e d  i n  Table 3-5. 
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QMTRAL ETATION 

d, 
WASTEWATER , Y A 

DISTRIBUTED WATER SOURCE HEAT PUMP SYSTEM 

TABLE 3-5 

Effluent Distribution System COP E .E Primary 
Temperature Supply Temperature Distributed System Systems Fuel Energv 

In summary, it is the belief of the authors that this report demon- 

strates the HP-WHR scheme as a potentially viable energy supply alternative 

for some specific applications. The actual determination of feasibility 

and expected performance are highly dependent on site-specific physical 

harac terist ics and local economic conditions, and will be addressed in 

the Demonstration Community Application Study in Part I1 of this report. 



4.0 EXPECTED ECONOMI.CS . . . ,. . . 
. . 

4.1 INTRODUCTION 

The consumer will ultimately pay the costs for either a =onventions1 

heating and, cooling system or a Heat Pump - Wastewater Heat Recovery Sys- 
tem. For that 'reason, any economic' advantages the HP-WHR scheme may have 

to dffer must be fully explored. , and,dbchented. . 
. .  . 

. " .  
I 

' This report section is concerned with the expected economic performance 

of the HP-WHR system and with conventional natural gas, air-to-air heat pump, .. . 

and electric resistance heating systems. First costs, operating costs, and 

I maintenance costs of the various systems will be estimated and used in a 

net,present value comparison of the considered alternative. . ' 

.4.2 SYSTEM DESIGN 

I It is demonstrated in the expected performance section that overall 

system efficiency, is, dependent. on effluent source temperatures and end- 

I user loads placed on the system. For the purpose of economic evaluation, 

. . 
, -  two geographic locations were chosen' as representatives of extremes in 

I climatological differences encountered throughout the country. Effluent 

terdperatures were assumed to average 60°F in the winter months and.80'~ 

in the summer months. 

4.2.1 END-USER LOADS 

~nd-user. heating 'and cooling loads were developed using the Rand 

Corporation's Energy Use and conservation' in the Residential Sector: 

A Regional Analysis , Report Number PB-254-468, June 1975. Data for 

the northern type climate was seledted from the New ~ n ~ l ~ n d  Area sta- 
. . 

tistics and data for the southern type climate was selected from the 

West South Ce1itra.1 Area. The size of a typical residen~e was taken. 
. . . . .  : - .  

. . 



as the national average o'f -1185 square feet. Table 4-1 is a, summary of 

the data used. 

Table 4-1 

Typical End-User Heatlng and Cooling Load Data 

Approx. Peak Load Annual Energy 
Annual Annual MBtu/Hr Requirements*(MBtu) 

CLIMATE HDD CDD Heating Cooling Heating Cooling 

Northern 6820 1200 41 25 105,465 18,960 

Southern ' 2350 2750 21 32 37,920 45,030 

HDD = Heating Degree Days 
CDD = Cooling Degree Days 

*Figure 7, Reference 27 

4.2.2 DESIGN ASSUMPTIONS 

In performing the economic analysis, several assumptions about the 

configuration of the HP-WHR system were made in order to develop unitized 

costs. ~hese assumptions are not, in any way, intended to illustrate an 

optimum system design or limit the thinking of a perspective system de- 

signer when applying this concept. 

The assumptions used were as' follows: 

1. The heat extraction by the central heat pump is 12,000 
MBtu/Hr for 20 hrs per day, 5 da s per week. Total heat 3 extraction per month of 5.2 x 10 Btu. 

2. Average system heating C.O.P. of 2.2. 

3. Number of end-users served is determined by dividing the 
monthly heating energy deliverable from the system by the 
typical end-user requirements in a January month'. . 

4 .  Thermal storage capacity determined by the energy required 
by all end-users in 4 consecutive average heating days ' 



during the month of.January. Temperature pull-down of . . 
storage of 3doF.. 

"5. variable £10" pumpin';,' resulting in a constant percentage 
of pumping energy to, ,system delivered energy. 

. . 

6. Negligible 'thermal losses. ' , 

Using these assumptions, the following system configurations were 

used. , 

Northern Climate . > 

Central Heat Pump Extraction Rate 

Circulation pump' IIorsepower 

Thermal Storage Vessel . . 

Distribution System Length . . 

(NIC run-out's to end-users) 

75 hp 

6 
. 5 x 10 gal 

. 61,100 ft 

. .  , 

Longest piping ~ u n  (Supply & Return) '.' 9,900 ft 

Number'of End-Users 

Distribution Pump Horsepower 

Southern Climate 

Central Heat ~xtriction' Rate 

Circulation Pump Horsepower 

Thermal Storage Vessel 

Distribution System Length 
(NIC .'run-outs to end-users) 

6 5 x 1 0  gal 

127,400 ft 

. . 

T.,ongest Piping Run ' (Supply & Return) " 1.3,950 ft 

~uhiber of End-Users . 980 

 is tribution Pump ' ~orse~ower 625 hp 

First costs ' for the' various. sys tem components were developed kith 

the aid df R.S. Means, "~uilhini Construction Cost Data 1978."9 unitary 



equipment costs were taken from' the ICES technology evaluation reports; 

ANL/CES/TE 77-9, "Unitary Water to Air Heat Pumps" and ANLICESITE 77-10, 

"unitary Air-to-Air Heat Pumps". Supplemental information was also ob- ' 

tained from local equipment distributors. 

4.3.1 HEAT'PUMP-WASTEWATER HEAT RECOVERY SYSTEM 

The HP-WHR system cost estimate is broken into three sections: 

Central Plant, Distribution System, and End-User Systems. An approximation 

for each system was made on a unitized basis assuming a .Central Heat Pump 

heat extraction rate of 12,000,000 ~tu/hr and end-user heat pump sys- 

tems with an installed heating capacity of 46.5 MBtu/hr and cooling 

capacity of 40 MBtu/hr at ARI standard 240-75 conditions. The dis- 

tribution system was assumed to serve customers at an average piping., 
I 

length of 130 ft per customer, and an additional 150' ft of run-out piping 

from the distribution system to the end-user. 

The following costs were developed for the Central Plant and the 

northern and southern climate distribution system schemes: 

CENTRAL PLANT 

Material & 
Item Installation 

Central Heat Pump $144,200 

Pump for Circulation 30,000 

Interconnecting Piping and Valves 120,000 

Control Systems 

Interface Modifications with Sewage Treatment Plant 80,000 

Building to House Components (3,000 sq. ft. x $20 sq. ft) . 60,000 

SUBTOTAL $452,200 

25% Contractor & Engineering Fees 113,050 

TOTAL 
. . $565,250 



. . 
Northern Climate . . 

Distribution System 
' Material & 
Installation 

Central Storage Vessel 
5,000,000 gal x $. 01 per gal - 

Variable Speed - Distribution System Pump 
Distribution System Piping 
3,050 ft (10" pipe) @ 12.80lft 
6,100 ft ( 8" pipe) @ 10.10/ft 
6,100 ft ( 6" pipe) @ 7.45lft 
33,500 ft ( 4" pipe) @ 5.651ft 
12,200 ft ( 2" pipe) @ 3.15/ft 

. . . - 
SUBTOTAL 

25% Contractor & Engineering Fees 

TOTAL , . 

Southern Climate 

. . Distribution System 
. . 

central Storage Vessel 
5,000,000 gallons @ $.01 per gal 

Variable Speed - Distribution, System Pump 

~istribution System Piping 
6,370 ft (10" pipe) @ 12.801ft 
12,740 ft ( 8'' pipe) @ 10.10lft 
12,740 ft ( 6" p,ipe) @ 7.45lft 
70,070 ft ( 4". pipe) @ 5'. 65/f t 
25,480 ft ( 2" pipe) @ 3.151ft 

. . 

' SUBTOTAL 

25% Contrac.tor & Engineering Fees 

TOTAL 

Material & 
Installation 



Unit Costs Associated with Each ~nd-user: 

Water Metering Equipment 

. , 150' -314" Run-Out Piping @ $1.5 per ft 

TOTAL $425 

4.3.2 END-USER SYSTEM COST 

The installed cost of an end-user "water-to-air" heat pump system was 

taken to be $2,000. Since all conventional systems comparisons -will assume 

a forced air distribution system, the installed costs presented herein do 

not make any allowance for ductwork, insulation, grilles, and associated 

installation. These costs also refer to new installation and are not 

necessarily representative of retrofit conditions. 

4.3.3 CONVENTIONAL SYSTEM COSTS 

Only end-user costs were developed for conventional systems since 

accounting for energy-supply equipment costs and distribution system costs 

are included in the energy charges paid by the consumer. The equipment 

costs for each of the conventional alternatives is as follows: 

Gas Heat13 Ton Elect. Cooling: 

Air-to-Air Heat Pump: 

Resistance HeatingIElectric Cooling: 

4.4 OPERATING COSTS 

operating costs were developed from the efficiency analyses presented 

in Section 3 of this report. It was assumed that electrical power for 

central plant equipment is purchased from a utility at a reduced cost 

per .kwh due to the tiered rate schedule applied to industrial/commercia1 

type customers. Residential electric power would be purchased on an 

indi.vidua1 basis. Where combined energy costs are given for the HP-WHR 



scheme, it i s  assumed that residential electric energy cost per kwh is 

. .  . 
1.'5 timesvthe central energy' plant cost,. The cost of thermal energy from 

the HP-WHR scheme to the end-user j.s discussed in a subsequent section. 

4.4.1 CENTRAL STATION. AND DISTRIBUTION SYSTEM OPERATING COSTS. 

The input energy for, delivery of heating energy and dissipation of 

i cooling energy .by the central plant were developed from the perfoirmance 

' .  analyses of Se=tion 3. ' ~ ~ ~ e n d i x  B givei a complete breakdown of how' 

energy quantities were derived. 

A summary of the electrical 'energy required for each of the central 

plant components is presented in Table 4-2. 

Table 4-2 

Electrical Energy '~e~uirements 

Northern Climate 
. . 

Central Heat Pump 
Heating 
Cooling 

circulating Pump 

Distribution Pump 

Auxiliaries 

TOTAL ' 

Southern Climate 

Central Heat Pump 
Heating 
Cooling . . 

Circulating Pump 

Distribution Pump 

Auxiliaries 

TOTAL 



Figure 4-1 presents the annual electricity costs for the central plant 

under different . , average energy costs ranging . . from.2C to 4~ per kwh. 
. .  * . .  . . . 

4.4.2 END-USER OPERATING COSTS 

  he typical end-user is assumed to have' the heating and cooling load 

requirements presented in Table 4-1. Based of those requirements and 

seasonal coefficients of performance of 2.75 for heating and 2.9 for 

. cooling, the following end-user.electr1c energy requirements were determined: 

Table 4-3 

HP-WHR System 
End-User Electric Energy Requirements 

Northern Climate 

Cooling 
Heating 

TOTAL . . 13,151 $789 

Southern Climate 

Cooling 
Heating 

TOTAL 8,589 $515 

The cost per unit for electrical energy was estimated at 6~ per kwh. 

In addition to the electric energy purchased by' the end-user, an 

additional charge would be made for the thermal utility service from the 

central plant. These charges are explained in Section 4.6, and for the 

examples given, would be as follows: 

Northern Climate - $590 annually 
Southern Climate - $469 annually 



ANNUAL HP-WHR SCHEME CENTRAL PLANT COSTS . . 

, ELECTRICAL ENERGY COST PER END-USER 
. . 

44 PER KWH 

. . ' 

3U PER KWH 

2U PER KWH 

SOUTHERN CLIMATE . 

FIG. 4-1 

I 
NORTHERN CLIMATE 

TOTAL HP-WHR UTILITY COST PER END-USER 
COMMERCIAL /RESIDENTIAL 

I 
1 

BOUTHERN CLIMATE 
I 

NORTHERN CLIMATE 
FIG. 4-2 



4.4.3 TOTAL HP-WHR SYSTEM OPERATINC COSTS 

Figure 4-2 is a graph of total system energy costs to the end-user 

at several electric energy rates. This graph was developed by adding 

the end-user's cost of electric and thermal energy. Comparisons with 

. conventional systems presenked in Figure 4-3 are made at an electric 

energy rate of 6~ per kwh. 

4.4.4 CONVENTIONAL SYSTEM OPERATING COSTS 

Based on the load assumption stated in the previous discussion on 

end-user heating and cooling requirements, operating costs were estimated 

foi each conventional system. Direct fired heating was assumed to be 65 

percent efficient, Air-to-Air heat pump seasonal performance factor was 

assumed to be 1.5 for northern climate and 2.3 for.southern climates, 
. . 

and electric.,resistance heating was assumed to have a COP of 1.0 All . .. 

.systems for air conditioning were assumed to have energy efficiency 

ratios of 7.5. The results are presented in Table 4-4. 

Table 4-4 
Conventional System Energy Costs 

Northern Climate 

HEATING COOLING 
Energy , . Energy Energy Energy 

Sysretn Consumption Cost Consumption Cost 

NATGAS/E~~C~ 1622.5 ths $ 486 2528 kwh $152 
Cooling 

Elect Air-to- 20,600 kwh $1,236 2528 kwh $152 
Air hp 

Resistance 30,900 $1,854 2528 kwh $152 
~eat/Elect 
A. C. 
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. . . Southern climate 
. \ . '  . 

, . & .  .., : " ,  . .  

HEATING COOLING 
Energy Energy ' Energy Energy 

System Consumption Cost Consumption Cost 

~A~GAslElect 584 th $175 6,000 kwh $360 
Cooling 

Elect Air-to- 4830 kwh $290 6,000 kwh $360 
Air hp 

Resistance 11,110 kwh $667. 6,000 kwh $360 
~eatl~lect 
A. C. 

The cost per unit for energy was estimated at 6~1kwh for electricity and 

$.30 per them for natural gas. 

4.4.5 MAINTENANCE COSTS 

Maintenance costs for unitary equipment were estimated with the aid 

697 
of  ICE ICES Technology Evaluation Documents. Maintenance of the central 

, . 

heat pump equipment was estimated at 2 percent of instal'led costs per year 

for the central station equipment and 0.5 percent per year for the distri- 

bution system. The following maintenance costs were used : 

HP-WHR SYSTEM 
Item 

ANNUAL MAIN'IENANCE COST 

Central Station Equipment $11,305 

Distribution System No. $3,090 So. $5,695 

Unitary H.P. .(Water to Air) $165 per unit 

CONVENTIONAL SYSTEMS 

Gas/Electrfc Cooling 

Air-to-Air Heat Pump 

~esistance1Elect. Cooling 

$130 per unit 

$180 per unit 

$160 per unit 



Annual maintenance .. costs. . for 'the unitary end-user equipment was developed . -. 

from references 

4.5 . HP-WHR SCHEME OPERATION AS .A THERMAL UTILITY 

In order to compare the HP-WHR'scheme to conventional utility supplied 

schemes, it is necessary to perform an analysis from the end-user's view- 

point. To account for thermal energy distributed from the central plant, 

it is anticipated that the ,system will be operated as a thermal utility, 

The charges to end-users will be made based on meter readings and will 

be sufficient to cover the central plant's operating. and ' maintenance 

costs, debt service, and administrative costs associated with operation 

of the system. 

The cost figures contained in this report were generated for the 

northern and southern locations using the stated electric energy costs, 
. . . . 

. . .  

an administrative cost of five percent of.tota1 owning and operating 

cbsts, and debt service based on an interest rate of 7 percent- per year. 

It is recognized that the seven percent interest rate is somewhat arbi- 

trary and will vary with the application and type of financing arrange- 

ments actually implemented; however, it was selected to be between typical 
s 

1977 yields for Municipal Class A bonds and utility bonds issued by private 

companies. 

The cost per customer for thermal service was computed as follows; 

Northern Climate (serving 470 customers) 
. , 

Energy Cost @ 4c/lcwh $131,581 

Debt Service 
Central Plant and.Distribution System 
$1,182,855 x .0858 

End-User Connections 
$199,750 x .0858 



. . . Northern Climate. (continued) 
.. . . . 

Maintenance on Central Plant & Dist. System $ 14,395 

SUBTOTAL $264,603 

5 percent administration . . .  13,230 . . .  

TOTAL. $277,833 

. Annual Cost Per Customer = : $GI, . 
. . 
. . 

Southern Climate (serving 980 cu~tom~rs) . 

Energy Cost @ 4c/kwh 

Debt Service 
Central Plant and Distribution System 
$1,704,350 x .0858 

End-User Connections 
$416,500 x .0858 

Maintenance on central Plant. & Dist. System 

SUBTOTAL 

5 percent administration 

I TOTAL 

1 Annual Cost Per Customer = $469 

4.6 ' LIFE CYCLE COSTS 

A net present value life cycle cost analysis was prepared for the ~ HP-WHR system and each of the conventional system alternatives. The anal- 

ysis was performed from the end-user point of view, since the consumer will 

ultimately' pay all costs associated with each system. In the case of theirma1 

energy distributed by the HP-WHR system, central plant capital and energy 

I costs are embedded in the cost of service to the end-user. A range of 

interest rates was used for discounting future expenditures. The results 

are presented in Figures 4-4 and 4-5. 
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4.6.1 DETERMINATION OF PRESENT.VALUE 
- * '. 

The present value of each alternative was determined for a twenty-five 

year period at the stated discount,factor. The following general formula 

was used: 

where 

PVi = present value bf the ith alternative . 

FCi = First cost of the ith alternative 

f(j,25) = The present worth factor at j percent interest' 
for 25 years 

AOCi = Annual operating costs of the ith alternative 

. AMCi = Annual maintenance costs of the ith alternative 

The present value figur.e is given as a positive number; however, in 

actuality it should be realized that the number is a present value of present 

and future costs. 

Figures 4-4, 4-5 present a comparisan of the HP-WHR system and 

several conventional systems at 8 percent, 10 percent, and 12 percent 

present worth factors. 

4.7 SUMMARY OF EXPECTED ECONOMIC PERFORMANCE 

The net present value analysis of the HP-WHR scheme and the conventional 

schemes indicates that the HP-WHR scheme can be cost competitive with air- 

to-air heat pump systems and electric resistance heating systems depending 

on comparative energy costs and geographic location. As expected, the 

conventional natural gaslelectric scheme is much more cost effective at 

today's natural gas prices. 



5.0 ENVIRONMENTAL IMPACT 

5.1 INTRODUCTION 

During the last 15 years there has been increasing concern within the 

United States for protection of all aspects of the e'nvironment. This concern 

has resulted in the passage of numerous Federal laws'and the subsequent 

development of implementing regulations to protect various aspects of the 

environment. These laws have covered such diverse areas as air qualtiy, 

water quality, noise control, archaeological and.historic preservation, and . 

protection of endangered species of plants and wildlife. The most significant 

of the Federal laws and Executive Orders affecting the environment are listed 

below: 

, 1. The Archaeological and Historic Preservation Act of 1974; 

2. The Clean Air Act; 

3. The Coastal Zone Management Act of 1972; 

4. The Endangered Species Act of 1973; 

5. The Federal Water Pollution Control Act, as amended; 

6. The Fish and Wildlife Coordination Act of 1958; 

7. The Flood Disaster Protection Act of 1973; 

8. The Marine Protection Research and Sanctuaries Act of 1972; 

9. The National Environmental Policy Act of 1969; 

10. The National Historic Preservation Act of 1966; Executive 

Order 11593 ("Protection and Enhancement of Cultural 

Environment," May 13, 1971) : and 36 CFR Part 800 . . 

("Procedures for the,Protection of Historic and Cultural 

Property," ~ a n u a r ~  25, 1974) ; . . 

11. The Rivers and Harbors Act of 1899; 

.12. The Safe Drinking Water Act of 1974; 



13. The Solid Waste Disposal Act; 

1 4 . .  The Water Resources Planning Act of 1965; 

5 .  The Wild and Scenic Rivers' Act, of 1968;. 

16. Executive Order 11296 ("Evaluation of Flood Hazards in 

Locating Federally Owned or Financed Buildings, Roads, and 

Other ,~acili.ties, and in Disposing of Federal Lands and 

Properties," August 10, 1966) ; 

17. Federal Insecticide, Fungicide, and Rodenticide Act as 

amended, and - . . 

18. "The Noise control Act of.1972. 

Some of the laws noted above are concerned with one specific area of 

the environment, while others have a much broader area of concern. One of 

the most significant laws is the National Environmental Policy Act of 1969 

which requires all Federal agencies to prepare detailed Environmental Impact 

Statements on major Federal actions that significantly affect the quality of 

the human environment. The National Environmental Policy Act requires that 

agencies include in their decision making process an appropriate and careful 

consideration of.all environmental aspects of proposed actions, an explanation 

of potential environmental 'effects of proposed actions and their alternatives 

for public understanding, a discussion of ways to avoid or minimize adverse 

effedts of proposed actions, and a discussion of how to restore or enhance 

environmental quality as much as possible. Facilities such as a Heat Pump 

Centered-Integrated Cd'munity Energy System (HP-ICES) which may be constructed 

in part with the assistance of Federal grant of loan funds, must be subjected 

to an environmental impact analysis to determine whether or not significant 

environmental impacts.wil1 result either directly or indirectly from the 

proposed pr0jec.t. This analysds is reviewed by appropriate Federal and State 

agencies and interested citizens or organizations and is submitted to the 



president's Council on Environmental Quality. If significant environmental 

impacts will result from the proposed project, then a full Environment Impact 

Statement must be developed along with the related reviews and public hearings 
. . . . 

required. 

Some of the major points which must be addressed in the preparation of 

an environmental impact appraisal are as follows: 

1. Brief description of ,project; 

2. Probable impact of the project on the environment; , 

3.  Any probable adverse environmental effects which cannot 

be avoided; . . 

4 .  Alternatives considered with evaluation of each;,. 

5. Relationshfp, between local short-term uses of man's . 
. . 

environment and maintenance and enhancement of long- 
. . 

term productivity ; 

6. Step's to minimize harm to the enviro-nt; 

7 .  Any irreversible and irretrievable commitment of resources; . . 

8. Public objections to project,. if any., and their resolution; 
. . .  

and 

9. Agencies consulted about the project. 

The environmental impacts of facilities such as AN HP-ICES can be divided 

into two broad categories. These categories are: 

1. The environmental impacts of construction, and 

2. The environmental impacts of operation. 

The next two sections will address the environmental impacts in each of these 

categories for heat pump centered-integrated community energy systems. 



5.2 EWIRONMENTAL IMPACTS OF CONSTRUCTION 
. . 

.' . 5.2.1 TEMPORARY .IMPACTS . . - . ,  
: ' .. 

The environmental" impacts of construction can be' further divided into 

those temporary impacts that exist only during the construction phase and 

the permanent impacts of the facilities' construction and.1.ocation. The 

temporary environmental impacts 'caused by construction activities are as 

follows : 

1. Noise and 'dust generated by constructio'n activities; 

2. Removal of vegetation and pavement causing soil erosion 

and siltation during construction;. 

3. Disruption. of normal traffic caused by 

construction' in streets; 

4 .  Potential for broken gas and water mains and sewer 

lines; and 

5. Temporary inconveniences for businesses and residences 

'while individual connections are being made 

Most of the temporary impacts are the nuisance conditions that are usually 

associated with construction operations. Most of the impacts can be minimized 

by the proper planning and execution of various constkction activities. . For 

instance, the impact of noise in a residential neighborhood can be minimized 

by limiting the contractor's operations to normal daytime hours when many 

people are away from home at work or school. Since much.of the distribution 
( . I  

and return system will be constructed in existing streets and rights-of-way, 

some disruption of normal traffic patterns is unavoidable. . However, by 

proper planning of construction operations, the actual time that a street 

must be closed can be.minimized. One of the most significant potential 

impacts during the construction operations is the potential for breaking 



gas mains, water mains, and existing sewer lines while constructing the HP-ICES 

distribution and return system. In particular, a broken gas main or sewer 

line could create a significant environmental hazard. A broken gas main can 

create either an immediate or delayed explosion of disastrous proportions. A 

broken sewer line can result in the discharge of raw and untreated sewage to 

nearby drainage ditches, creeks and streams, and crQate serious public health 

hazards and water pollution problems.   or' those reasons it is important that 

the initial design carefully locate existing water and gas mains and sewer 

lines. In addition, it is important that the contractor t,ake certain pre- 

cautions during construction in the event that.al1 such facilities are not 

properly and adequately located on the construction, plans'. 

5.2.2 PERMANENT IMPACTS 

The.principa1 impacts of construction,operations that are of a permanent 

nature are as follows: 

1. Construction materials required for construction; 

2. Energy utilized in the construction process; 

3. Land occupied by proposed facilities; and . . 

4 .  Disruption of previously undisturbed terrain. 

The concrete, steel, .and 'other materials required during construction are 

essentially irreversible and irretrievable commitments of these resources. That 

is, once they are used in the proposed .construction, . . it is highly unlikely that 

they will ever be used again for any other purpose. The energy utilized during 

the construction process wil be primarily gas, oil and diesel fuel that is 

required for theoperation of trucks, bulldozers, ditch diggers, and other 

construction equipment. Some electrical energy will also be utilized for 
I 

electrical tools and equipment used during the construction of buildings and 

other structures. . ., 



The land on which the proposed facilities are to be located will be 

commiteed to this use for a minimum of 20 years and possibly for as much as 

40 to 50 years or longer. . However, this commitment is not permanent, in that, 

if the facilities were to be abandoned in future years, they could be torn down 

and the land could be utilized for other.purposes. The major land requirement 

will be associated with the central plant facility and related storage faci- 

lities and cooling ponds that will be constructed. Land required for the 

distribution and return system will only be a narrow easement that is only 

10 to 15 feet wide. In most cases, the easement for the distribution and re- 

turn system will be located in existing streets and highway rights-of-way. In 

most cases, the presence of the distribution and return system will not pre- 

vent the land itself from being utilized for other purposes. However, in 

some .cases ther may be a restriction in building a structure or building 

within the permanent:. easement. 

One of the major environmental impacts of construction operations is the 

disruption of previously undisturbed terrain.. During construction of the 

transmission and .return system, rights-of-way must be cleared of vegetation 

and smoothly graded so that construction equipment can move easily along the 

right-of-way while digging the trench for the transmission main. Clearing 

and grading is also required at sites where buildings or other structures 

must be constructed.. If the construction takes place 'in an area that has 

been previously undisturbed, then there is a danger that unique vegetation 

or wildlife habitat or previously undiscovered archaeological sites may be 

damaged or destroyed by the construction operations. For the Heat Pump 

Centered-Integrated Community Energy System, most of the construction for 

the transmission and distribution system is expected to be along existing 

streets and highways and therefore will not involve much construction in 



areas that have been previously undisturbed. The environmental impacts of 
, . .i . . . .  . . .. 

construction that do occur in undisturbed terrain can be minimized by careful 
, * . . 

site selection and routing of transmission mains to avoid unique vegetation, 
' 4 

wildlife, or archaeological sites. 

5 . 3  ENVIRONMENTAL IMPACT OF OPERATION 

5 . 3 . 1  IMPACTS ON SEWERS AM) WASTEFJATER TREATMENT FACILITIES 

One of the most significant potential impacts of the proposed Heat Pimp 

Centered-Integrated Community Energy System is on the existing sewers and 
. . 

wastewater treatment facilities within the community. . There.are several 

aspects of the project that could create an impact on existing wastewater 

facilities.. These impacts are: 

1. The additional hydraulic loading on the sewer system if 

the sewer system is used as the means of returning the 

heat pump water supply to the central facility. 

2. The additional hydraulic loading on the.wastewater. 

treatment facility itself if.the sewer system is , . 

used as the means of returning the heat pump.water 

supply to the central plant. . . 

3.  The effect on the wastewater treatment process if the 

temperature of the untreated wastewater is raised or 

lowered as a result of the operation of the heat pump 

system. 

4 .  The environmental impact on water quality and aquatic life 

in the stream where the treated wastewater is discharged 

as a result of a change in temperature of the wastewater 

discharge. 

Because of the significant nature of these impacts, a separate discussion 

of each will be presented. 



One of the schemes to be evaluated includes using the existing sewer 

lines to transport the used water from the heat pump system back to the muni- 

cipal wastewater treatment plant and central heat -exchangers and pumping 

facilities. This additional discharge to the sewer system would constitute an 

additional hydraulic loading on the sewer system over and above the estimated 

wastewater flows that were used to design the sewers initially. Consequently, 

if the existing sewer system were to be utilized as a part of the return 

system, it would be necessary to evaluate the impact of this additional hydrau- 

Sic flow 6; the existing sewers. Several questions would need to be addressed. 

These are : 

1. Can the existing sewer lines carry the peak hydraulic 

flows that will result when the spent water from the 

heat pump system is discharged into the sewer system? 

2. Which sewer lines will be overloaded and how much 

additional sewer capacity must be provided? 

3. Even if the existing sewer lines have sufficient 

capacity to carry the additional hydraulic flows, 

the ultimate capacity of the sewers will be reached 

sooner than originally anticipated without the water 

from the heat pump system. How soon will the capacity 

of existing sewer lines be reached? 

4. If parallel or replacement sewer lines must be constructed 

to provide additional capacity, then t h e  environmental 

impacts for this construction must be evaluated. 

The hydraulic loading at the wastewater treatment plant would also be 

a point of concern in the HP-ICES scheme described above. ' The pumping 

facilities for the influent wastewater, the bar screen and grit removal 



. - . . . . . . . . 

facilities, and'the primary clarifier would all have.be sized .to handle the 

additional hydraulic loading. If these facilities do not have adequate capa- 

city to handle the additional hydraulic flow, their perf.ormance will be 
. , 

significantly impaired and the treatment facility will not achieve the degree 

of treatment for which it was designed. This could result in the discharge 

of.raw or improperly treated wastewater to the stream; .. 
I 

A heat pump centered energy recoyery system utilizing wastewater as ; 
! 

the heat' source and sink will raise or lower the temperature of the waste'- 

water relative to the normally encountered temperatures.  h he temperature of 
. . 

the wastewater will be raised in the summer, and lowered in the winter. Since 

the treatment of domestic wastewater usually depends'upon some form of micro- 
. . 

biological activity (e. g., activated dudg&; trickling filters, etc.) ,,. and 

since temperature is an important factor affec'ting the biplogicai activity 

rates, changing the temperature of wastewater will alter the rate in which 

the wastewater. is .bXologically treated. Typica1.1~ , the colder the temperature, 

the slower the rate of biological treatment. Biochemical reactions, in general, 

* follow the van't Hoff rule of a doubling of reaction rate for a loOc (18'~) 

increase in temperature over a restricted temperature range. Studies with 

activated slidge have shown the reaction rate to be more thq- doubled for a 

30 10'~ rise in temperature . 
Typically, biological wastewater treatment systems are designed to 

operate at the coldest wastewater temperature that might be expected in the 

particular region in which the treatment facility is, to be located. Typical 

0 minimum design temperatures may range from -45'~ to 55 F. Since biological 

treatment rates.would be slowed as a result of the 1owered.temperature in 

the winter, the lowered temperature would need to be considered during the 



design phage to size biological treatment units or to predict lost treatment 
. . 

. 1. ' . , 
' * .  . 

efficiencies for existing facilities'. 
. . . . . . . . . . 

. . 
The change in biological activity rates may be expressed mathematically 

3 1 
by the Arrhenius equation , 

E dlnk - -  - 3 2  
dT . RT 

where 'dlnk/d~ represents the change in the natural log of the biological 

activity rate constant with temperature, R is the universal gas constant, and 

E is a constant for the reaction termed the "activation energy." Integrating 
a 

between the limits gives 

where k and k are. rate constants at temperatures T and T respectively. 2 1 . 2  1 

Temperature is expressed in degrees Kelvin. By substituting the constant 

. 0 for E ~ / R T ~ T ~ ,  the equation becomes 

X By using the expanded form of e , the equation can be approximated as 

The constant 8 has been shown emperically to vary from 0.056 in the 

0 temperature range between 20 and 30'~ and 0.135 in the temperature range 

o 32 between 4O and 20. C . . A value for O often quoted in the literature for 

24 biological wastewater treatment reaction rates is 0.047 . 



0 
Therefore, a, decrease in the minimum wastewater temperature' from 55 F to 

50'~ "auld' theoretically dedreise a typical domkstic&a$tewater biological 
reaction rate constant from 0.25 to 0.22 (12% decrease)' and a decrease to 45'~ 

would decrease the reaction rate constant to 0.18 (28% decrease). 

Onceadjusted for. temperature, the reaction rate constant, k, which also 

varies for varying wastes and treatment conditions, can be utilized in the 

following equation to size biological treatment units: 

where L is the initial BOD(biochemica1 oxygen demand, a. measure of the organic 

strength of wastewater) and Lt is the treated BOD at retention time, t. 

Addit ionally, wastewater temperature changes affect oxygen transfer rates, 

disinfection rates, and under extreme conditions the aquatic biota in the 

receiving stream.' Both oxyg& transfer and disinfection rates follQw the van't 

Hoff-Arrhenius relationship, but in the opposite manner. Elevated temperatures 

decrease oxygen transfer rates while increasing disinfection rates. Therefore, 

consideration would likely need to be given to the decreaskd 'disinfection kill 

rates in the winter and decreased oxygen transfer rates in the summer. 

A detailed discussion of thermal pollution and the effects of. temperature 

changes on aquatic life is beyond the scope of the report. However, it may 

be state generally that as wastewater effluent temperatures increase, dis- 

solved oxygen saturation concentrations decrease, and predominant aquatic . . 

lifeform become less desirable in character. Heated water discharges, after 

initial mixing, should not increase the temperature of the main body of the 

0 receiving waters above 95 F if fish life is to. preserved. An +xcessive 

increase in the temperature of the wastewater-diluting water mixture above that 

of the diluting water should not be permitted. Increases sho,uld be limited to 

3'~ to I OF, according to the report of the National Technical ~dvisor~ 



~ormnittee~'. At the present tme, the permissible temperature increase is a 

matter of controversy, Detailed discussion of thermal pollution may be found 

18 in Krenkel and Parker. . 
5.3.2 IMPACTS ON MUNICIPAL WATER SYSTEM 

. . 

The alternative scheme which utilizes primary clarified wastewater in the 

distribution system to each individual heat pump presents a potential environ- 

mental impact to the municipal water. system. With this type of system there, 

is always a danger that someone,will make a mistake and connect the heat 
. . 

pump water system to the municipal water system and thereby cause Contamina- 

tion of the municipal water systein. Even if the primary clarified wastewater 

is chlorinated before going into the heat pump distribution system, a potential 

for contamination would exist if cross connections were made between the heat 

pump water distribution system and the potable water distribution system. 

Another potential danger is that a plumber or homeowner might by mistake 

connect into the heat pump water distribution system for the water supply for 

a home or business. Such a mistake would, of course, be a serious public 

health hazard. 

IPPACTS ON ENERGY SOURCES 

One of the most significant positive impacts of the proposed Heat Pump 

Centered-Integrated Community Energy System is a more efficient utilization 

of available energy for the heating and cooling of residential homes and 

commercial establishments. In addition, the heat pump system will utilize 

low-grade heat found inwastewater discharges which is now wasted. The pri- 

mary energy requirements for the porposed heat pump' system will be for the 

pumping facilities .which will be a part of the distribution system, the 

electrical power for each. individual heat pump and the energy required at the 

central plant facility for the pumps, heat exchangers, and other equipment 



and dther  equipment needed there .  Once a prelimnary design and l a y o u t  has'  

been developed f o r  a p a r t i c u l a r  system, it w i l l  be poss ib le  t o  es t imate  the  

tota1:energy t h a t  w i l l  be required. . in t h e  system's operat ion and compare 

t h i s  energy coiisumption; with: t h e  , & b u n t  of energy t h a t  would have 'been 

required with a conventional heat ing and cooling system..: 



6.0 PROJECTED GROWTH 

6 .1  INTRODUCTION - .  

A Heat Pump Centered-Integrated Community Energy System w i l l ,  i n  a s ense ,  

be a p u b l i c  u t i l i t y  t h a t  w i l l  be designed t o . s e r v e  a l l  o r  p a r t  of t h e  e x i s t i n g  

popula t ion  of a community and a l l  o r  p a r t  of f u t u r e  i n c r e a s e s  i n  t h e  community's 

popula t ion .  Consequently,  the  planning and d e s i g n  f o r  such a system must 

c a r e f u l l y  e v a l u a t e  both t h e  e x i s t i n g  popu la t i on  of t h e  community and f u t u r e  changes 

t h a t  a r e  a n t i c i p a t e d  i n  t h e  community's populat ion. '  The purpose of t h i s  s e c t i o n  

is  t o  review b r i e f l y  . the  methods t h a t  a r e  a v a i l a b l e  t o  p l anne r s  and engineers ,  f o r  

de te rmin ing  f u t u r e - p o p u l a t i o n  changes and t o  d e s c r i b e  how AN HP-ICES would be  

expanded t o  meet v a r i o u s  r a t e s  o f  i n c r e a s i n g  popula t ion .  

METHODOLOGY FOR PROJECTING GROWTH 

POPULATION PROJECTIONS 

There a r e  numerous methods a v a i l a b l e  t o  eng inee r s  and p l anne r s  f o r  

p r o j e c t i n g  the  f u t u r e . p o p u l a t i o n  of a given a r e a .  The most commonly used 

methods may be  c l a s s i f i e d  as: 

1. g r a p h i c a l  ; 

2 .  d e c r e a s i n g  r a t e  of growth ( i n c r e a s e ) ;  

3 .  mathematical  o r  l o g i s t i c ;  

4 .  r a t i o  and c o r r e l a t i o n ;  

5. component ; 

6. employment f o r e c a s t s .  
2 1 

Using one o r  more of t h e s e  methods, an i n d i v i d u a l  r e sea rche r  c a n ' g a t h e r  t h e  appro- 

p r i a t e  d a t a  f o r  a p a r t i c u l a r  a r e a  and develop a t o t a l l y  independent popula t ion  

p r o j e c t i o n  f o r  t h a t  a r e a .  The method u t i l i z e d  can  be a s imple g r a p h i c a l  ex t ens ion  

of p o p r ~ l a t i o n  based on pas t  popu la t i on -changes  o r  i t  can be a complex and mathemati- 

c a l l y  s o p h i s t i c a t e d  method which r e q u i r e s  cons ide rab l e  t i m e  and an involved a n a l y s i s .  

For  many y e a r s  t h e  p re l imina ry  planning t h a t  was done f o r  pub l i c  f a c i l i t i e s  



requi red  t h a t  such independent popula t ion  p r o j e c t i o n s  be. developed. However, 

I many of t h e s e  -.independent popula t ion  p r o j e c t i o n s  were.  l a t e r  found t o  be i n  e r r o r ,  

due i n  p a r t  t o  t h e  assumptions made by t h e  i n v e s t i g a t o r s  and' i n  p a r t  t o  t he  

pe r sona l  b i a s  o f ' t h e  i n v e s t i g a t o r s  concerning. t h e  a r e a  i n . q u e s t i o n .  I n  r ecen t  

yea r s  Fede ra l  and S t a t e  agencies  have become a c t i v e l y  involved i n  developing'  

S t a t e  and ~ a t i o n a l  popula t ion  p r o j e c t i o n s  which i n  t u r n  a r e  d i saggrega ted ,  t o  t h e  

l o c a l  l e v e l .  For most pub l i c  f a c i l i t i e s  t h a t  a r e  being f inanced i n  p a r t  wi th  

Fede ra l  g r a n t s  o r  l oans ,  i t  is u s u a l l y  r equ i r ed  t h a t  popula t ion  p r o j e c t i o n s  used 
I 

i n  des ign ing  these  f a c i l i t i e s  be  i n  agreement wi th  S t a t e  and Federa l  p r o j e c t i o n s  

t h a t  have been developed f o r  t h e  p a r t i c u l a r  a r e a  i n  ques t ion .  

I n  Georgia,  t h e . S t a t e  O f f i c e  of Planning and Budget has  t h e  r e s p o n s i b i l i t y  

f o r  developing popula t ion  p r o j e c t i o n s  i n  t h e  S ta t e . .  A r e c e n t  r e p o r t  by t h a t  

of £ i c e  was e n t i t l e d  "Populat ion P r o j e c t i o n s  f o r  ~ k o r g i a  Counties,  1980-2010. 1138 
. . 

The popu la t ion  p r o j e c t i o n s  descr ibed  i n  t h i s  p u b l i c a t i o n  a r e  termed "base l ine  . . 

pro jec t ions . "  The term "baseline".  deno te s  a n  e s t ima te  of what can  be  expected 

i f  t h e r e  are no s u b s t a n t i a l  changes t h a t  would . impact .popula t ion  growth. The . 

popula t ion  p r o j e c t i o n s  f  br Georgia c o u n t i e s  u t i l i z e d  d a t a  from each i n d i v i d u a l  

county a l o n g . w i t h  .data  from each Area Planning and Development Commission. I n  

Georgia each of t he  159 coun t i e s  is loca t ed  i n  one of 1 8  Area Planning and Deve- 

lopment Commissions (APDC). One of t he  main func t ions  of a n  APDC is  t o  main- 

t a i n  a c c u r a t e  and complete informat ion  on popula t ion  changes. and popula t ion  

t r ends  f o r  each of the  coun t i e s  w i th in  t h e  APDC. I n  a d d i t i o n ,  most of t h e  

APDC' s have'  developed popula t ion  p r o j e c t i o n s  f o r -  i n d i v i d u a l  communities and 

c i t i e s  w i t h i n  t h e i r  j u r i s d i c t i o n .  . . .  

Within t h e  Federa l  government, t he  Water Resources Council  has  i i ~  r e c e n t  

yea r s  coord ina ted  t h e  work of s e v e r a l  Federa l  agencies  i n  t h e  a r e a  of popula-, 

t i o n .  p r o j e c t i o n s .  Under a  coopera t ive  agreement wi th  the  Water Resources 



Council, the Bureau of Economic Analysi.~, U. S..Department of Commerce, has 

worked jointly with the ~conomic, Research Service, U;. S: Department of Agri- 

culture, to develop unified population projections for each state in the nation 

along with the counties within each state. Population projections developed 

. . 'under this program have been commonly referred to by the acronym of "OBERS." 

A concerted effort has been made to assure cooperation between the Federal 

agencies involved, each responsible State agency, and the local Area Planning 

and Development Codissions to assure uniformity and agreement anong the ,popu- 

lation projections published by each of these agencies. 

The most complete data available on existing population is the Federal 

'Census of Population which is conducted every 10 years. The Census of Popu- 

lation contains extensive population data for each state and the counties 

and municipalities within each state. Between censuses, the Bureau of the 

Census in the U. S. Department of Commerce in conjunction with the State agency 

that has responsibility'for population projections publishes a yearly report 

which.gives the estimated population of each state and the counties within the 

state for that year. These reports are referred to as "Current Population 

Reports Series P-25." For individual communities and municipalities within a 

county, it may be necessary to utilize other sources of information to estimate 

existing population between censuses. Changes in poptilation since the last 

census can be estimated by utilizing school enrollment records, records of 

births and deaths, records of building permits for residential construction 

and automobile registration records. Fairly accurate estimates of existing 

population can be made by properly utilizing such information as noted above. 

6.2.2 ECONOMIC ACTIVITY PROJECTIONS 

A Heat Pump Centered-Integrated Community Energy System would serve not 

only residential areas but commercial and industrial areas as well. Hence the 



planning and design for such a system would need to consider growth of commer- 

cial and industrial activities of the area. Projections of.future economic 

activity within an area most. frequentlygive consideration to past commercial 

and industrial growth that has occurred and the potential for future commer- 

cial and industrial growth based on the conditions generally considered neces- 

sary and desirable for economic growth to occur. 

Area Planning and Development Commissions are frequently the best source 

of information concerning past commercial and industrial growth and projections 

of future commercial and industrial growth for a particular area. ' These agen- 

cies frequently conduct studies to analyze the type of 'economic growth which' 

has'occurred in a particular area ,and at the same time analyze the potential 

for future economic growth. Such studies often include estimates on the ex-. 

pansion of existing businesses that can be anticipated and projections of the 

type and size of new businesses and industry that may locate' within the area 

during a particular time frame.. In addition .to the studies and reports published 

by the APDC's, the State government may have. an office or department whose 

'primary responsibility is promotion of commercial and industrial growth within 

the state. Data available from this office or.department may be valuable in 

projecting the future economic growth of an area. However, it may be limited 

by the depth of coverage for a particular geographical area. 

Other sources of information concerning the future economic growth of an 

area would include the planning departments in the larger cities and Chambers 

of Commerce. However, it should be noted that the economic growth which may 
. . 

be projected by a Chamber of 'Commerce is likely to be the ideal growth which 

the Chamber of Commerce desires to see and not necessarily the amount of 

economic growth that can be realistically anticipated. 



6.2.3 FUTURE LAND USE PLANS AND EXISTING LAND USE PATTERNS 

Another important aspect in,the design 0f.a public facility such as AN 

HP-ICES is determining where within the study area the residential, commercial 
. . . . 

and industrial growth will occur. The previous two sections have presented 

the data sources and methodology that can be utilized in projecting population 

and economic growth for a particular area. However, it is equally important 

that the specific areas within the community be delineated where residential, 

commercial and industrial growth is anticipated to occur. The most frequently 

used method for determining where future growth will occur is by analyzing 

future land use plans that have been adopted for the comuni'ty. . Future land 

use plans .are generally developed by 'a city planning c&umission or an Area 

Planning and Development Commission and have taken into consideration existing 

land use, existing public facilities such as water and sewer lines, streets 

and major thoroughfares, and physical . . features such as flood plains, topography, 

soil and geological characteristics and other factors which might influence 

ultimate land use and development. Taking into consideration the factors that 

have been noted, future land use plans generally proposethoseland uses which 

appear. to be most desirable for each particular tract of land. Before utilizing 

future land use plans in the planning process, it is important that planners 

and engineers determine the validity of a particular land use plan. In parti- 

cular the following questions should be addressed: 

1. Has the land use plan been formally adopted by 

the local government? 

2. Are the goals and objectives of the land use 

plan being implemented through a program of 

planning and zoning regulations? 

3 .  Is the land use plan used as a guide for decision 

making by local governmental officials? 

9 8 



.. . 
1f the land use plan has been formally adopted and is, being implemented 

, . 
through and zoning regulations, then i t  can be a valuable tool in 

determining where future growth within thb community will occur. However, 

if the land use plan is not being implemented, then it may be more desirable 

to use other sources of information to project where growth will occur. In 

some cases future land use and growth can be more'accurately projected by 

analyzing existing land uses and recent trends and changes in land use. In 

many cases, the past trends in land use and land use changes for the last five 

to ten years may continue for the next five to ten years. That is, a portion 

of town which was previously undeveloped but has seen heavy residential develop- 

ment in recent years is likely to continue to experience residential development 

in the coming years unless some limiting factor develops. In the same sense, 

areas of town which have recently experienced commercial or industrial develop- 

ment are likely to continue to experience such development if suitable land is 

available. Data and information on existing land use and land use patterns is 

available from several sources. Planning comnrmissions and Area Planning and 

Development Commissions often have published reports that contain extensive 

data and maps on existing land uses. In addition, maps that show existing 

zoning often accurately reflect existing land uses. Changes in land uses 

and changing land use patterns can be detected by reviewing zoning..changes 

in recent years, location of new residential and commercial construction 

in recent years, aerial photographs taken of the same area over a period of 

years and maps of the community that were developed at several different time 

periods. 

6.2.4 ACCURACY OF GROWTH PROJECTIONS 

In projecting future population and economic growth for an area, it is 

important for planners and engineers to have ,an understanding of the degree of 

accuracy that can be anticipated with these projections.. .There,are numerous 
. . 



I ~ ~ c t o r ~  whl.ch inf luence  the  population and economic growth of an a r e a  and 

unexpected events  o r  changes i n  e x i s t i n g  condi t ions  can have a s i g n i f i c a n t  

' 

inf  luence on populat ion and economic growth. A s  . a  genera l  r u l e ,  the .  accuracy 

of populat ion es t imates  decreases a s  

(1)  t h e  time period of the  f o r e c a s t  inc reases ,  

(2)  t h e  populat ion of the  a r e a  decreases,  and 

( 3 )  t h e  populat ion r a t e  of change increases .  2 1  

Consequently, populat ion p ro jec t ions  f o r  the  next  th ree  t o  f i v e  years  w i l l  

.genera l ly  be much more accura te  than populat ion p ro jec t ions  f o r  t h e  next  t e n  

t o  20 years .  Also, populat ion p ro jec t ions  f o r  a  l a r g e  c i t y  a r e  more l i k e l y  

t o  be accura te  than populat ion p ro jec t ions  f o r  a  small  c i t y .  In  small  commu- 

n i t i e s  populat ion growth i s  s i g n i f i c a n t l y  influenced by unexpected events  

t h a t  may occur during the  planning period.  For small  communities such th ings  

a s  t h e  opening of a  new indus t ry  o r  t h e  c los ing  of an e x i s t i n g  indus t ry  o r  

changes t o  a  nearby m i l i t a r y  i n s t a l l a t i o n  can s i g n i f i c a n t l y  a f f e c t  the  popu- 

l a t i o n  of the  community. 

For t h e  reasons t h a t  have been noted, p ro jec t ions  of f u t u r e  growth may 

not  be h ighly  accura te  and, hence, t h i s  f a c t  must be considered by planners 

and engineers i n  t h e  planning and design of publ ic  f a c i l i t i e s  such a s  the  Heat 

Pump Centered-Integrated Community Energy System. 

6 . 3  CENTRAL PLANT AND MAIN PUMPING FACILITIES 

6 . 3 . 1  INITIAL DESIGN AND SIZING -- 

I n  the  planning of publ ic  f a c i l i t i e s  such a s  water treatment p l a n t s ,  waste- 

water t reatment p l a n t s  o r  the  c e n t r a l  por t ion  of AN HP-ICES, one of the  most 

important dec i s ions  t o  be made is  the  i n i t i a l  s i z e  and capaci ty  of the  f a c i l i t y .  

Since the  design of such f a c i l i t i e s  o f t e n  r e q u i r e s  s i x  t o  twelve months and 

the cons t ruct ion  f requent ly  r equ i res  a  minimum of one t o  two years,  these  



f a c i l i t i e s  cannot be r ap id ly  expanded i n  a  shor t  t i m e  frame. Hence, consider- 

ab le  thought has t o  be given t o  t h e  i n i t i a l  design and capaci ty  t h a t  i s  t o  be 

provided. The i n i t i a l  design should a l s o  include provision f o r  fu tu re ,  expan- 

s ions  t o  be made i n  t h e  most economical way poss ib le .  The layout  of t h e  c e n t r a l  

p lan t  should show where f u t u r e  expansions w i l l  be located  i n  r e l a t i o n  t o  the  

i n i t i a l  f a c i l i t i e s  constructed.  Under some circumstances, it  may be more econo- 

mical i n  t h e  f i r s t  phase of cons t ruct ion  t o  go ahead and const ruct  l a r g e r  piping 

t h a t  w i l l  be s u f f i c i e n t  t o  handle f u t u r e  flows during l a t e r  expansions. I n  some 

cases,  i t  is d e s i r a b l e  t o  al low e x t r a  space i n  major s t r u c t u r e s  such a s  bui ld ings  

o r  pump s t a t i o n s  so  t h a t  a d d i t i o n a l  f a c i l i t i e s  such as a pump o r  hea t  exchanger 

could be added . a t  a  l a t e r  da te  with a minimum of a d d i t i o n a l  c o s t .  involved. 

For each community i n  which it is proposed t o  cons t ruc t  AN HP-ICES, it 

w i l l  be necessary t o  conduct a  s tudy t o  .determinewhat por t ions  of the  community 

can be economically served by such a sys tem. '  This s tudy would a l s o  p r o j e c t  the  

a n t i c i p a t e d  growth wi th in  t h e  community t h a t  would. be 'served by the .  sys'tem in. 

f u t u r e  years .  The design and s i z i n g  of the  c e n t r a l  p lan t  s t a t i o n  would be 

. . 
based on the  capaci ty  needed t o  serve  the  e x i s t i n g  populat ion and f u t u r e  growth 

t h a t  is  a n t i c i p a t e d  t o  occur wi th in  the  next  f i v e  t o  t en  years  and poss ib ly  

longer. The next  two s e c t i o n s  w i l l  d i scuss  the  s i z i n g  of '  t he  c e n t r a l  p l a n t  

f a c i l i t i e s  t o  handle var ious  rates of growth w i t h i n . d i f f e r e n t  communities. 

6.3.2 PHASING TO HANDLE LOW TO MODERATE GROWTH SITUATION 

I n  recent  years ,  t h e  most common time frame t h a t  has been u t i l i z e d  i n  

planning publ ic  f a c i l i t i e s  such a s  water and wastewater systems has .been 20 

years. By d e f i n i t i o n ,  the  s t a r t  of the  planning period i s  t h e  da:te t h a t  the  

i n i t i a l  f a c i l i t i e s  which a r e  constructed begin operat ion.  Hence, t h e  time 

required f o r  engineering study,  design and const ruct ion  i s  not  included a s  a  

part '  of t h e  planning period. There were a number of rea,sons t h a t  a  20'-year 



planning per iod  was 'chosen. One'of t h e  main reasons  w a s  t h a t  i t  is  ve ry  d i f -  

f i c u l t  t o  a c c u r a t e l y  p r o j e c t  popula t ion  and economic growth beyond 20 yea r s .  

For t h e  purpose of t h i s  d i scuss ion ,  a 20-year planning per iod  w i l l  be u t i l i z e d  

t o  d e s c r i b e  how a Heat Pump Centered-Integrated Community Energy System w i l l  

be expanded t o  handle va r ious  r a t e s  of growth. 

There a r e  a number o f . d i f f e r e n t  ways t h a t  can be used t o  desc r ibe  t h e  

c a p a c i t y  of AN HP-ICES. However, f o r ' t h i s  d i scuss ion ,  t h e  c a p a c i t y  of t h e  

system w i l l  be  d iscussed  i n  terms of t h e  number of customers served.  To f u r -  

t h e r  s imp l i fy  t h e  d i scuss ion ,  i t  w i l l  be  assumed t h a t  t h e r e  a r e  no commercial 

customers and t h a t  a l l  customers a r e  s i n g l e  fami ly  r e s i d e n t i a l  u se r s .  The 

purpose of t h i s  s e c t i o n  i s  t o  e x p l a i n  how t h e  c e n t r a l  p l a n t  p o r t i o n  of an 

HP-ICES would be expanded t o  handle low t o  moderate growth t h a t  occurs  w i t h i n  

t h e  community dur ing  the  20-year planning per iod .  Low t o  moderate growth i s  

def ined  he re  a s  being an  i n c r e a s e  of 0 t o  50% over  and above t h e  i n i t i a l  num- 

b e r  of customers served  a t  t h e  beginning of t h e  p lanning  per iod .  By t h i s .  def-  

i n i t i o n ,  a system t h a t  has  1,000 customers a t  t h e  beginning of t h e  planning 

per iod  might grow. to  1,500 customers by t h e  end of t h e  p lanning  per iod .  The 

i n i t i a l  s i z i n g  of f a c i l i t i e s  and l a t e r  expansion of f a c i l i t i e s  t o  s e rve  a 

community w i l l  depend n o t  on ly  on t h e  amount of growth t h a t  occurs  dur ing  t h e  

planning per iod ,  bu t  a l s o  on when t h e  growth occurs  dur ing  t h e  planning per iod .  

I n  most ca ses ,  u n l e s s  b e t t e r  d a t a  i s  a v a i l a b l e ,  i t  w i l l  be assumed t h a t  t h e  

growth w i l l  occur  a t  a uniform r a t e  over  t h e  e n t i r e  20-year planning per iod .  

However, i n  same cases ,  i t  may be p o s s i b l e  'to. show t h a t  t h e  maximum growth 

w i l l  t ake  p l ace  i n  t h e  e a r l y ,  middle o r  l a t t e r  p o r t i o n s  of t h e  planning per iod .  

For communities t h a t  exper ience  a f a i r l y  low r a t e  of growth (0  t o  20%) dur ing  t h e  

20-year planning per iod ,  i t  i s  g e n e r a l l y  more d e s i r a b l e  t o  c o n s t r u c t  s u f f i c i e n t  

capac i ty  i n i t i a l l y  t o  handle t h e  a n t i c i p a t e d  growth r a t h e r  than  t o  a t tempt  

smal l  s c a l e  expansions of t h e  c e n t r a l  p l a n t .  Moderate r a t e s  of growth (20 t o  



50%) can gcncra l ly  be handled by minor expansions t o  the  c e n t r a l  f a c i l i t i e s  

during the  20-year planning period.  Minor expansions a t  the  c e n t r a l  f a c i l i -  

t i e s  would inc lude  such i tems a s  providing l a r g e r  pump motors, changing pump 

impel lers ,  adding a  new heat  exchanger, o r  a  new pump i n  space t h a t  had been 

provided during t h e  i n i t i a l  design and const ruct ion .  The i n i t i a l  design and 

layout  of t h e c e n t r a l  f a c i l i t y  p l a n t  would have made provis ions  f o r  these  minor 

expansions and, hence, ' ,major  cons t ruct ion  of expensive s t r u c t u r e s  o r  bui ld ings  

would not  be required.  

6 . 3 . 3  PHASING TO HANDLE HIGH GROWTH SITUATION 

I n  t h i s  d iscuss ion a  high r a t e  of growth i s  defined a s  an increase  i n  

capaci ty  of more than 50% o v e r t h e  i n i t i a l  capaci ty  t h a t  is  required.  Hence, 

i f  a  system i n i t i a l l y  serves  1,000 r e s i d e n t i a l  customers, by the  end of t h e  

planning period the  number of customers served w i l l  have increased t o  more , 

than 1,500 customers. For communities t h a t  experience a  high r a t e  of growth, 

the  c e n t r a l  p l a n t  f a c i l i t i e s  may haye t o  be expanded a s  much a s .  200 t o  300% 

over t h e i r  o r i g i n a l  capaci ty  during the  20-year planning period. I n  s i t u a t i o n s  

such a s  t h i s ,  t he re  aie seve ra l  reasons t h a t  i t  is  usua l ly  d e s i r a b l e  t o  cons t ruct  

the  t o t a l  capaci ty  needed a t  the  c e n t r a l  p l a n t  i n  s e v e r a l  s t a g e s  over the  20- 

year  planning period.  Because of the  inaccuracies  involved with growth pro- 

j e c t i o n s ,  i t  would be very  r i s k y  t o  cons t ruct  the  t o t a l  capaci ty  required i n  

the  i n i t i a l  s t age  of cons t ruct ion .  From a  monetary s tandpoint ,  i t  i s  not  

d e s i r a b l e  t o  spend l a r g e  sums of money ' t o  cons t ruc t  excess capac'ity a t  the  

c e n t r a l  f a c i l i t y .  t h a t  w i l l  no t  be needed u n t i l  much l a t e r  i n  the  planning 

period. It i s  more d e s i r a b l e  t o  postpone major c a p i t a l  expenditures u n t i l  

l a t e r  i n  the  planning period i f  poss ib le .  However, i t  should be pointed out  

t h a t  t h e  monetary b e n e f i t s  of a  program of phased expansion have been o f f s e t  

considerably i n  recent  years  by the  r i s i n g  c o s t s  of cons t ruct ion  due t o  in-  

f l a t i o n .  



Ipor communitica t h a t  a r e  expected t o  exper ience  a h igh  r a t e  of growth 

during t h e  planning pe r iod ,  t h e  c e n t r a l  p l a n t .  and r e l a t e d  f a c i l i t i e s  would 
I .  

be designed and cons t ruc t ed  t o  provide s u f f i c i e n t  capac i ty  f o r  the f i r s t  

f i v e  t o  t e n  yea r s  w i th  one o r  two planned expansions t o  provide  the  t o t a l  

capac i ty  needed a t  t h e  end of t h e  20-year planning per iod .  The des ign  and 

l ayou t  of t h e  i n i t i a l  f a c i l i t y  cons t ruc t ion  would t a k e  i n t o  cons ide ra t ion  t h e  

f u t u r e  expansions t h a t  a r e  proposed and t o  t h e  maximum e x t e n t  p o s s i b l e  t h e  

i n i t i a l  des ign  and cons t ruc t ion  would a t tempt  t o  minimize t h e  co.st of f u t u r e  

expansion. 

6 .4  DISTRIBUTION AND RETURN SYSTEM 

6.4 .1  INITIAL DESIGN AND SIZING 

The d i s t r i b u t i o n  and r e t u r n  system f o r  a Heat Pump Centered-Integrated 

Community Energy System w i l l  c o n s i s t  of p re s su re  d i s t r i b u t i o n  mains very  s i m i -  

lar t o  a  water  system and e i t h e r  a  c losed  loop ,  p r e s s u r e  r e t u r n  system o r  a  

g r a v i t y  r e t u r n  system u t i l i z i n g  t h e  e x i s t i n g  sewer system. I n  a d d i t i o n  t o  the .  

d i s t r i b u t i o n  and r e t u r n  system, o t h e r  r e l a t e d  f a c i l i t i e s  inc lude  t h e  h igh  

p re s su re  pumps and s t o r a g e  r e s e r v o i r s  t h a t  w i l l  be  r equ i r ed .  There a r e  

s e v e r a l  c h a r a c t e r i s t i c s  about t h e  des ign  and c o n s t r u c t i o n  of water and sewer 

l i n e s  t h a t  i n f l u e n c e  t h e  manner i n  which d i s t r i b u t i o n  and r e t u r n  systems w i l l  

be cons t ruc ted  and expanded. F i r s t  o f '  a l l ,  water  and sewer l i n e s  g e n e r a l l y  

have a u s e f u l  l i f e  of from 40 t o  50 years .  Second, a major p o r t i o n  of t h e  c o s t  

of c o n s t r u c t i n g  water  and sewer l i n e s  i s  n o t  f o r  t h e  p ipe  and m a t e r i a l  involved ,  

bu t  f o r  t h e  manpower and equipment r equ i r ed  i n  t h e  c o n s t r u c t i o n ' p r o c e s s .  Hence, 

t h e  most economical way t o  provide a d d i t i o n a l  c a p a c i t y  i s  gene ra l ly  t o  c o n s t r u c t  

a l a r g e r  l i n e  i n i t i a l l y  r a t h e r  than  a  p a r a l l e l  l i n e  a t  a  l a t e r  da t e .  

6.4.2 INITIAL CONSTRUCTION PHASING 

Since cons t ruc t ion  of the  d i s t r i b u t i o n  system may r e q u i r e  from 12 t o  36 

months o r  more, a phased approach t o  c o n s t r u c t i o n  may be d e s i r a b l e .  The 



. . 

d i s t r i b u t i o n  system would be d iv ided  i n t o  operable  segments each of which 

could be placed i n t o  ope ra t ion  upon completion.   his procedure would e l i in ina te  

t h e  need f o r  t h e  t o t a l  cons t ruc t ion  t o  be complete be fo re  t h e  system was placed 

i n t o  operatj .on. 

6.4.3 PHASING . TO HANDLE LOW TO MODERATE GROWTH SITUATION 

Once i t  has  been determined which areas  o f .  t h e  community a r e  t o  be served 

, by t h e  HP-ICES, a  s tudy  should be made t o  determine which p o r t i o n s  of t h e  d i s -  

t r i b u t i o n  and r e t u r n  system w i l l :  be  cons t ruc ted  'immediately and which port . ions 

w i l l  be cons t ruc t ed  later i n  t h e  planning period.  For t hose  communities t h a t  

a r e  expected t o  exper ience  low t o  moderate growth, t h e  e n t i r e  d i s t r i b u t i o n  and 

r e t u r n  system may be cons t ruc t ed  i n i t i a l l y .  When t h e  d i s t r i b u t i o n  and r e t u r n  

, .  system is  cons t ruc t ed  f o r  a p a r t i c u l a r  geographica l  a r e a ,  t h e  d i s t r i b u t i o n  and 

r e t u r n  mains a r e  s i z e d  t o  handle t h e  a n t i c i p a t e d  growth t h a t  w i l l  occur  i n  t h a t  

geographica l  a r e a  dur ing  t h e  planning per iod .  This  means t h a t  i f  a  subd iv i s ion  

has homes cons t ruc t ed  on 70% of t h e  l o t s ,  then  t h e  d i s t r i b u t i o n  and r e t u r n  

system w i l l  be  s i z e d  t o  handle t h e  e x i s t i n g  homes and a l s o  a n t i c i p a t e d  homes 

t o  be cons t ruc t ed  on t h e  remaining l o t s  i n  t h e  subdiv is ion .  I n  most ca ses ,  

low t o  moderate r a t e s  of growth can  be accommodated wi th in  t h e  geographica l  

a r e a  of t h e  i n i t i a l  d i s t r i b u t i o n  and r e t u r n  system cons t ruc t ion  and new cus- 

t omerscanbe  served by merely connect ing onto  t h e  d i s t r i b u t i o n  and r e t u r n  

system. I n  o t h e r  ca ses ,  minor ex t ens ions  of t h e  d i s t r i b u t i o n  and r e t u r n  

system may be s u f f i c i e n t  t o  s e r v e  new a r e a s  of growth n o t  served by t h e  

o r i g i n a l  system. 

6.4.4 PHASING TO HANDLE HIGH GROWTH SITUATION 

A s  prev ious ly  mentioned, a  h igh  r a t e  of growth i s  def ined  he re  a s  a n  

inc rease  of 50% o r  more i n  t he  number of customers served i n i t i a l l y  by t h e  

system and may, i n  some cases ,  be an  inc rease  of 200 t o  300% over  t h e  i n i t i a l  



s i z e  of  t he  system. For a  community t h a t  exper iences  a  h igh  r a t e  of growth, 
. . 

some of t h i s  growth w i l l  occur  on undeveloped land t h a t  has  a l r e a d y  been served  

by t h e  o r i g i n a l  d i s t r i b u t i o n  and r e t u r n  system. However, f o r  communities t h a t  

exper ience  ve ry  h igh  r a t e s  of growth,. i t  i s  l i k e l y  t h a t  s i g n i f i c a n t  r e s i d e n t i a l  

and commercial development w i l l  occur  i n  a r e a s  t h a t  have been p rev ious ly  un- 

developed, bu t  ad j acen t  t o  the  community. I n  such s i t u a t i o n s ,  completely new 

d i s t r i b u t i o n  and r e t u r n  systems must be cons t ruc ted  a s  t h e s e  a r e a s  develop. 

An advantage t o  n e w r e s i d e n t i a l  and commercial development i S  t h a t  a d i s t r i -  

bu t ion  and r e t u r n  system can be cons t ruc t ed  more economically i f  i t  i s  planned 

and cons t ruc t ed  a s  a p a r t  of t h e  i n i t i a l  development, a s  opposed t o  being 

cons t ruc ted  a f t e r  t h e  s t r e e t s  and o t h e r  u t i l i t i e s  have been cons t ruc ted .  

I n  o r d e r  t o  s e rve  new a r e a s  t h a t  a r e  expected t o  develop dur ing  t h e  planning 

per iod ,  i t  may be necessary  t o  c o n s t r u c t  new t ransmiss ion  t runk  l i n e s  from t h e  

c e n t r a l  p l a n t  f a c i l i t y  t o  t h e  f a c i l i t y  of t h e  developing a r e a .  I n  some c a s e s  

t h e s e  new l i n e s  may p a r a l l e l  t runk  l i n e s  t h a t  were b u i l t  i n i t i a l l y .  I n  o t h e r  

ca ses  i t  may be more economical t o  c o n s t r u c t  l a r g e r  mains i n i t i a l l y  t o  handle  

t he  l a t e r  growth i n  o rde r  t o  avoid t h e  expense of c o n s t r u c t i n g  a  p a r a l l e l  l i n e  

a t  a  l a t e r  t ime. 



7.0 IDENTIFIED VARIATIONS 

7.1 INTRODUCTION . 

I n  any system t h a t  u t i l i z e s  t h e  number.of sepa ra te  components t h a t  

a r e  required i n  the  HP-WHR system, the  p o s s i b i l i t i e s  f o r  component v a r i a t i o n  

and system mutation become v i r t u a l l y  unlimited. However, seve ra l  a reas  of 

system design show promise f o r  performance and/or system economics improve- 

ment through innovative systems engineering. These a reas  include:  possi- 

b i l i t i e s  of u t i l i z i n g  o the r  sources of thermal energy, component s e l e c t i o n  

and s p e c i f i c a t i o n  from the  extens ive  v a r i e t i e s  of a v a i l a b l e  equipment, and 

v a r i a t i o n s  i n  system design and u t i l i z a t i o n .  Several  of the  obvious va r i -  

a t i o n s  i n  each category a r e  discussed i n  the  sec t ions  t h a t  follow. 
1: 

7.2 THERMAL ENERGY SOURCES 

While it  is  expected t h a t  the  most promising and most e a s i l y  a c c e s s i b l e  

source of low-grade thermal energy w i l l  be a community's wastewater ' e f f l u e n t ,  

a s i t e - s p e c i f i c  energy resource inventory may d i c t a t e  t h a t  o the r . sources  be 

considered. Other promising a l t e r n a t i v e s  inc lude  s o l a r  energy, waste heat  

from i n d u s t r i a l  processes (such a s  power genera t ion) ,  waste hea t  recovery 

through s o l i d  (or gaseous) waste inc ine ra t ion ,  'or composi'te energy sources. 

Solar  technology.has produced a c t i v e  s o l a r  energy col le .c tors ,  such a s  

the  General E l e c t r i c  model TC-100, t h a t  a r e  proving e f f e c t i v e  i n  harnessing 

s o l a r  thermal energy. Another -workable v a r i a t i o n  of col lec tor- type  is  th; 

s o l a r  pond c o l l e c t o r  design. This c o l l e c t o r  v a r i a t i o n  may prove economic 

and advantageous when l a r g e  demand i s  placed on the  HP-ICES system and 

when l a r g e  land a r e a s  a r e  a v a i l a b l e  f o r  s i t i n g  t h e  Centra l  S ta t ion .  The 

p r i n c i p a l  advantage..to u t i l i z i n g  s o l a r  energy a s  the  primary.energy source 
. . 

i n  an .HP-ICES scheme is harnessing a previously untapped, un ive r sa l ly  

a v a i l a b l e  thermal energy source. There a r e  severa l  major disadvantages, 



however, t o  u t i l i z i n g  s o l a r  energy i n  t h i s  scheme ( a t  l e a s t  as t h e  primary 

energy source) .  F i r s t  are t h e  t y p i c a l  disadvantages a s soc i a t ed  w i t h  a c t i v e  

s o l a r  systems - s i z e  and c o s t .  A c e n t r a l  s o l a r  f a c i l i t y  proposed f o r  a middle 

Georgia l o c a t i o n  r equ i r ed  3323 f t . 2  of s o l a r  c a l l e c t o r s  a t  an es t imated  

system c o s t  of $246 ,298  t o  supply t h e , s p a c e  hea t ing  and cool ing  needs f o r  

1 5  houses (955 n e t '  ( h e a t e d ) f t . 2  average) .  A second major disadvantage t o  
. . 

u t i l i z i n g  s o l a r  energy i s  t h a t  a backup thermal energy source  must be 

suppl ied  f o r  pe r iods  when s o l a r  energy is n o t  a v a i l a b l e .  The t h i r d  d i s -  

advantage is  t h a t  a n  a d d i t i o n a l  i n t e r f a c e ' i s  r equ i r ed  between' t he  thermal 

source  and t h e  Cen t r a l  S t a t i o n  h e a t  pump equipment. 

Waste h e a t  r e j e c t e d  from i n d u s t r i a l  p rocesses  may be reclaimed i n  

e s s e n t i a l l y  t h e  same manner as from community wastewater.  Depending upon 

the  process  and t h e  1ocatio.n of t h e  indus t ry  i n  r e l a t i o n  t o  t h e  community, 

low-grade thermal energy may be a v a i l a b l e  i n  amounts s i g n i f i c a n t  enough t o  

warran t  a modular system wi th  s e v e r a l  c e n t r a l  s t a t i o n  i n s t a l l a t i o n s .  A 

c e n t r a l  s t a t i o n  co-located on t h e  s i t e  of a u t i l i t y  power p l a n t  and e x t r a c t -  

i ng  thermal energy from t h e  condenser c i r c u l a t i n g  water is  a n  a t t r a c t i v e  

o p t i o n  a s  a n  a l t e r n a t i v e  energy source.  The advantages a r e  similar t o  t hose  

of t h e  wastewater h e a t  recovery opt ion;  i .e.  u t i l i z i n g  a previous ly  untapped 

source  of (low-grade) thermal energy a t  an  e a s i l y  a c c e s s i b l e  l o c a t i o n .  An 

a d d i t i o n a l  advantage is  t h a t ,  a s  t h e  hourly demand on t h e  HP-ICES from 

t h e  i n d u s t r i a l  s e c t o r s  i n c r e a s e s ,  a p ropor t iona l  i n c r e a s e  i n  thermal energy 

r e j e c t e d  from t h e  i n d u s t r i a l  p rocesses  becomes a v a i l a b l e .  This  i n h e r e n t  

demand-tracking supply w i l l  s i m p l i f y  somewhat t h e  load  ba lance  of an  HP-ICES. 

A t h i r d  major energy source  f o r  cons ide ra t ion  is  t h e  h e a t  of combustion 

from va r ious  waste m a t e r i a l s .  One o r  s e v e r a l  waste-heat-type b o i l e r s  



could be u t i l i z e d  in t h e  sys tem. to  -reclaim hea t  i n  t h e  foqn .of t r a s h  

(deposited a t  s a n i t a r y  l a n d f i l l s ) ,  wood scraps  (avai lable  as w a s t e  from 
. . 

var ious  wood processing opera t ions) ,  o r  combustible gasses (generated a s  

by-products i n  c e r t a i n  processes) .  For example, methane gas is t y p i c a l l y  

generated i n  anaerobic sludge d iges t ing  processes a t  sewage treatment p lan t s  

and is  sometimes u t i l i z e d  as an a u x i l i a r y  f u e l  i n  the  d iges to r  heating 
. . 

furnaces. The p r i n c i p a l  advantage of these  sources is t h a t  the  primary 

f u e l s ,  where ava i l ab le ,  would be very inexpensive. However, several major 

disadvantages weigh aga ins t  u t i l i z i n g  combustion hea t  as a primary thermal 

energy source. F i r s t ,  t h e  f u e l s  t h a t  are ava i l ab le  i n  bulk ( t r a sh ,  wood 

scraps)  would requ i re  t r anspor ta t ion  and preparat ion before f i r i n g  i n  the  

hea t  reclaim b o i l e r .  Secondly, t h e  add i t iona l  f i r s t  c o s t  of the  heat  reclaim 

b o i l e r ( s )  would extend t h e  payback period of the  i n i t i a l  i n s t a l l a t i o n  of 

t h e  Central  S ta t ion  and make i t  less a t t r a c t i v e  economically. F inal ly ,  the  

add i t iona l  i n t e r f a c e  ( the  hea t  recovery b o i l e r )  between the thermal source 

and the  c e n t r a l  s t a t i o n  equipment i s  again required.  

Depending on a s i t e - s p e c i f i c  inventory of a v a i l a b l e  resources, a 

composite thermal-source ICES may prove economically f e a s i b l e  and energy 

e f fec t ive .  The bas ic  design of t h e  o v e r a l l  system, d e t a i l e d  i n  Chapter 

1, can be adapted very e a s i l y  t o  multi-thermal source form. An evaluation . . 

of the  f e a s i b i l i t y  of u t i l i z i n g  one o r  more of the  above mentioned sources 

w i l l  depend on the  p a r t i c u l a r  needs, c h a r a c t e r i s t i c s ,  and resource in- 

ven to r ies  a t  each s i te  of appl ica t ion.  For a hypothet ica l  example, though, 

l e t  us consider a community with a sewage treatment p l a n t  of l imi ted  

capacity.  The e n t i r e  thermal demand on the HP-ICES 'may not  be supplied 

by the wastewater e f f l u e n t .  However, t h e  primary energy source may be 
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supplemented wi th  a ' f i e l d  o f - s o l a r  c o l l e c t o r s  t h a t  could be expected t o  

supply a c e r t a i n  percentage  of t h e  thermal'. load  (opt imized w i t h  regard  t o  

s i z e  and c o s t s ) .  Also a v a i l a b l e  f o r ' p e a k  demarid p e r i o d s . o r  as a  back-up 

thermal  sou rce  f o r  t h e  s o l a r  segment of t h e  thermal  supply would be  a  

l i m i t e d  supply of methane gas  from t h e  t rea tment  p l a n t ' s  anaerobic  s ludge  

d i g e s t i o n  system, t o  be  converted in a , s m a l l  hea t - rec la im b o i l e r .  I n  

a d d i t i o n ,  a  second l a r g e - s c a l e , s o l i d  waste  u t i l i z a t i o n - t y p e  b o i l e r  could 

be.  i nco rpo ra t ed  f o r  t r a s h  i n c i n e r a t i o n  ( t r a s h  t h a t  would normally be 

d i sposed  o f  a t  a  s a n i t a r y  l a n d f i l l  t y p i c a l l y  l o c a t e d  a t  o r  nea r  t h e  sewage 

t rea tment  f a c i l i t y ) .  Such a  sys  t e m  would provide  a  s i t e - e f  f i c i e n t  composite 

thermal  sou rce  f o r  t h e  HP-ICES, opt imized f o r  t h e  p a r t i c u l a r  energy s u p p l i e s  

and demands of t h e  community. F igure  7-1 d e t a i l s  one p o s s i b l e  c o n f i g u r a t i o n  

of such an  i n s t a l l a t i o n .  

SUMMARY 

T t  i s  a n t i c i p a t e d  t h a t  t h e  most promising sou rce  of thermal energy 

w i l l  be  t h e  low-grade h e a t  a v a i l a b l e  i n  t h e  community's wastewater e f f l u e n t .  

However, t h e r e  i s  t h e  p o s s i b i l i t y  of  augmenting t h e  primary energy sou rce  

wi th  any combination of t h e  o t h e r  a l t e r n a t i v e  sources .  The o v e r a l l  con- 

s i d e r a t i o n  is t h a t  enough thermal  energy must be a v a i l a b l e ,  through any 

combination of  sou rces ,  t o  provide  t h e  community, o r  p o r t i o n s ' o f  i t ,  w i t h  

a  cont inuous,  c o n s i s t e n t ,  and r e l i a b l e  thermal  s e r v i c e ,  v i a  t h e  HP-ICES. 

For each p a r t i c u l a r  s i t e  of a p p l i c a t i o n ,  a n  energy r e sou rce  inventory  must 

be performed accord ing  t o  t h e  F i r s t  and ',Second laws of Thermodynamics and 

t h e  procedures  of " A v a i l a b i l i t y  Analysis"  (References 34 and 35). 

7.3 ' COMPONENTS 

System d e t a i l  des ign  and component s p e c i f i c a t i o n  is  o£ten a .headache  

because of t h e  wide v a r i e t y  and q u a l i t y  of components on t h e  market.  
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However, t h i s  same v a r i e t y  provides the  engineer with extens ive  opportunity 

t o  improve system performance through judicious component s e l e c t i o n  and 

innovative subsystem design. 

The most obvious candidate f o r  component v a r i a t i o n  is the  heat  pump, 

e i t h e r  the  Centra l  S t a t i o n  pump o r  t h e  end-user pump. The most widely 

a v a i l a b l e  Centra l  S t a t i o n  equipment is based on a f a i r l y  s tandard design 

wi th  v a r i a t i o n s  mainly i n  compressor design. (The most popular compressor 

designs a r e c e n t r i f u g a l ,  rec iprocat ing ,  and screw-type.) Available water 

source hea t  pumps ( f o r  r e s i d e n t i a l  use) a r e  even more s imi la r .  While most 

pumps employ e l e c t r i c  induction motors t o  d r i v e  the  Rankine cycle  compressor, 

the re  a r e  obvious ly 'o ther  means of providing power t o  the  compressor. 

Innovations i n  the  f i e l d  of thermal engine hea t  pumps inc lude  severa l  com- 

p o s i t e  hea t  pump cycles.  S t i r l l n g  - Rankine, Rankine - Rankine, Brayton - 
Rankine, Otto - Rankine,.and the  Ericsson - Ericsson. (Discussion of each 

of these' cycles  a r e  found i n  Reference 3.) Refinement of t h e  devices based 

on these  cycles  promises t o  make them.competitive, both performance-wise 

and cost-wise, with equipment now ava i l ab le .  

The d i s t r i b u t i o n  system w i l l  be designed according t o  s tandard water 

d i s t r i b u t i o n  system design p rac t i ce .  However, t h e r e  is  considerable l a t i -  

tude l e f t  f o r  the  design engineer i n  the  s p e c i f i c a t i o n  of t h e  piping mate- 

r i a l s  t o  be used. There may be s i g n i f i c a n t  advantages t o  u t i l i z i n g  t h e  

new piping systems based on p l a s t i c s , s u c h . a s  Polyvinyl Chloride (PVC) o r  

high dens i ty  Polyethylene. Advantages t h a t  a r e  immediately obvious a r e  

reductions i n  ma te r i a l s  c o s t s ,  lower c o e f f i c i e n t  of thermal conductivi ty 

of the ma te r i a l ,  and ease of i n s t a l l a t i o n  of the  in teg ra ted  design piping 

s y s  terns. 

Water q u a l i t y  of the  thermal energy source/sink,  i.e. wastewater, 



may cause problem. ' t h a t  could be remedied b i  judicious component se lec t ion .  

The increased foul ing f a c t o r  of t h e  water t o  be c i rcu la ted  through the  

Central  S ta t ion  equipment hea t  exchanger may d i c t a t e  one of severa l  options.  

Option one is the  standard HVAC design technique of specifying a l a r g e r  

s i z e  heat  exchanger t o  accomodate the  increased r e s i s t a n c e  t o  heat  t r a n s f e r  

contr ibuted by the  high foul ing f a c t o r  of the  c i rcu la ted  wastewater'. Option 

two would be t h e  s p e c i f i c a t i o n  of a plate-type heat  exchanger which would 

allow easy disassembly and cleaning and thus a speedy turnaround time f o r  

scheduled maintenance. Option th ree  would be the  s p e c i f i c a t i o n  of a 

mechanical cleaning system f o r  the  heat  exchanger such a s  reverse-flow 

actuated brush scrubbers o r  a continuous cycle  spher ica l  rubber scrubber 

system such a s  an Arnertap. Which, i f  any, of t h e  above options should 

be se lec ted  w i l l  depend on the  q u a l i t y  of c i rcu la ted  water a t  each s p e c i f i c  

s i t e .  General guidel ines  covering expected wastewater foul ing f a c t o r s  and 

the  corresponding appropr ia te  subsystem modificat ions may be developed i n  

the  component-testing program out l ined i n  Chapter 8. However, t h e  f i n a l  

judgement is b e s t  l e f t  t o  the  system engineer performing t h e  d e t a i l  design 

and component spec i f i ca t ion .  

7.4 SYSTEM VARIATION 

The bas ic  Heat Pump Wastewater Heat Recovery (HP-WHR) system concept 

lends i t s e l f  n ice ly  to  v a r i a t i o n s  wi th in  the  system o r  even..to v a r i a t i o n s  

i n . t h e  u t i l i z a t i o n  of the  end-product thermal service .  

One p a r t i c u l a r  v a r i a t i o n  t h a t  shows promise i s  t h e  add i t ion  t o  the  

system of an evaporat ive cooling component (cooling tower). I n s t e a d  of 

s a c r i f i c i n g  the'power necessary t o  r e j e c t  hea t  t o  the  wastewater heat  s i n k  

through the  Central  S t a t i o n  heat  pump, the  community c i r c u l a t i n g  water could 

be ' cooled by means of a mechanical d r a f t  cooling tower. Some s a c r i f i c e  



would be  neceeeary i n  the  f o e  of . .  pump . and fan,horsepower,  b u t  i t  i s  expected 
b .  . I ' .  

t h a t  t he  combined ope ra t ing  and maintenance c o s t s  o f , t h e  cool ing  tower 
" ., 

dur ing  t h e  cool ing  season  would be l e s s  than  those  a s s o c i a t e d  wi th  running 

t h e  Cen t r a l  S t a t i o n  equipment. Also, i f  necessary  o r  advantageous, t h e  

d i s t r i b u t i o n  system could be  segmented wi th  s e v e r a l  coo l ing  towers l o c a t e d  

throughout t h e  community t o  handle coo l ing  vf t h e  c i r c u l a t i n g  medium. 

Another v a r i a t i o n  tha t .may be  considered is t h e  c l a r i f i e d  Wastewater 

System. This  system involves  u t i l i z i n g  an open d i s t r i b u t i o n  loop t o  d e l i v e r  

t h e  reclaimed thermal energy. 'De l ive ry  of thermal energy t o  t he  end-user 

i s  accomplished by u t i l i z i n g  p a r t i a l l y  c l a r i f i e d  wastewater as t h e  t r a n s p o r t  

medium i n  a  one p ipe  d i s t r i b u t i o n  network. However, s e v e r a l  major disad-  

vantages  may e l i m i n a t e  t h i s  v a r i a t i o n  from cons ide ra t ion .  

F i r s t ,  t h e  demand f o r  thermal energy i n  t h e  h e a t i n g  mode w i l l  tend t o  

co inc ide  w i t h  t h e  morning peak of wastewater e f f l u e n t  flow. Wastewater f low 

t y p i c a l l y  is  on a  24-hour c y c l e  w i t h  t h e  major peak a t  mid-morning (9:OO - 

1l:OOam) and a second, l e s s e r  peak a t , l a t e  af te rnoon.  Peak thermal demand 

t y p i c a l l y  is  ear ly- to  mid-morning due t o  t h e  e a r l y  morning hea t ing  load  

and co ld  s t a r t - u p  of many bus inesses  and i n d u s t r i a l  p rocesses .  This  coin- 

c i d e n t a l  peak,may pose s e r i o u s  hydraul ic  over loads  on e x i s t i n g  sewage - 

c o l l e c t i o n  systems where thermal  media flow a t  peak cond i t i ans  might b e  a . . 

l a r g e  percentage  of t h e  no-1 wastewater flow. No gene ra l  r u l e  i s  a p p l i c a b l e  

s i n c e  hydrau l i c  l oad ing  of  e x i s t i n g  sewer systems is  dependent on t h e  s p e c i f i c  

a p p l i c a t i o n  and w i l l  change wi th  a number of v a r i a b l e s  such as sewer age  

and l o c a t i o n  i n  t h e  sewage c o l l e c t i o n  network. 

Another s e r i o u s  problem is  t h e  impuri ty  and b a c t e r i o l o g i c a l  con ten t  of 

t h e  c l a r i f i e d  e f f l u e n t .  Severe f o u l i n g  of h e a t  t r a n s f e r  s u r f a c e s  is  pro- 

bable  due t o  t he  h igh  suspended s o l i d s  (BOD) con ten t  of t h e  e f f l u e n t .  A 



r e l a t i v e l y  se r ious  publ ic  h e a l t h  hazard might a l s o , b e  introduced by acc iden ta l  

leakage of the  contaminated e f f l u e n t .  

One f u r t h e r  de t r imenta l  e f f e c t  the  c l a r i f i e d  waitewater sys  t e m  would 

impose when the  ' t ransport  med , iu  is  returned ' to  the  s a n i t a r y  sewer system 

would be t o  l e s s e n  the  o v e r a l l  thermal q u a l i t y  of the  primary hea t  source 

by lowering i ts  temperature. The amount of a v a i l a b l e  thermal energy would 

be decreased by the  mixing process. 

Even w i t h . . a l l  the  negatives aforementioned, t h e  c l a r i f i ed .was tewate r  

concept may be v i a b l e  i n  s p e c i f i c  ins tances  and should not  be wholly d i s -  

carded without considerat ion.  I n  genera l  applicat ion. ,  however, i t  would 

seem t h a t  the  scheme poses .an  unacceptable number of 'problems which requ i re  

spec ia l i zed  solu t ions .  It is  doubtful  t h a t  the  d i s t r i b u t i o n  system c o s t  

advantage can outweigh the  pena l t i e s .  

A t h i r d  system v a r i a t i o n  (p ic tured  i n  Figure 7-2), perhaps the  most 

promising, proposes t o  supply the  thermal se rv ices  i n  a form s u i t a b l e  f o r  

use s t r i c t l y  i n  i n d u s t r i a l  processes,  and t o  u t i l i z e  wastewater t r ea ted  and 

conditioned f o r  i n d u s t r i a l  re-use a s  the  thermal energy d i s t r i b u t i o n  medium. 

(This l a t t e r  provis ion  i n  t h e  HP-WHR system v a r i a t i o n  is  becoming more and 

more a t t r a c t i v e  as cur ren t  Environmental P ro tec t ion  Agency 201 F a c i l i t i e s  

Studies  r e q u i r e  an  eva lua t ion  of the  f e a s i b i l i t y  of re-using a l l  o r  por t ions  

of the  wastewater t r e a t e d  a t  sewage treatment f a c i l i t i e s .  I n d u s t r i a l  

re-use of t r e a t e d  wastewater is a l o g i c a l  f i r s t - s t e p  i n  implementing water 

re-use technology.) As shown i n  Figure 7-2, an open d i s t r i b u t i o n  system 

is proposed. However, s i n c e  the  amounts of water conditioned by t h i s  

system w i l l  d i r e c t l y  d i s p l a c e  the  amounts of (make-up) water  discharged 

through i n d u s t r i a l  processes, the  danger of hydraul ic ly  overloading e x i s t -  

ing  wastewater c o l l e c t i o n  systems is  avoided. Also, the  load balance on 
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a system appl ied  i n  t h i s  manner would be  greatly s impl i f i ed  s ince  . the . 

thermal demand placed on t h e  system would' d i r e c t l y  coincide  wi th  the  supply ' 

of a v a i l a b l e  energy re jec ted  thrdugh ' the  i n d u s t r i a l  processes. This over- ' 

a l l  sys  tem concept $8 espec ia l ly  a t t r a c  t i V e  t o  indue t r i a l  comniLni t iee 
.: . . 

r equ i r ing  l a r g e  q u a n t i t i e s  o'£ 'high temperature water f o r  any number of . , 

process uses. 

7.5 SUMMARY . '  

The .energy source, component, and system v a r i a t i o n s  discussed i n  ' t h e  

preceeding s e c t i o n s  j u s t  begin to' address the  p o s s i b i l i t i e s .  The ,bas ic '  

HP-WHR sys  t e m  concept is f l e x i b l e  enough t o  ' allow easy adapta t ion  t o  a 

number of d i f f e r e n t .  appl ica t ions .  Technically speaking, t h e  p o s s i b i l i t i e s  
. .  . 

are l imi ted  only by the  , ingeribity of the  design engineer. 
. . .  



COMPONENT TESTING , , . . . .  

8 . 1  INTRODUCTION 
, 2 

The equipment t o  be u t i l i z , e d  i n  t h i s  HP-ICES scheme w i l l ,  f o r  t h e  

most p a r t ,  be s t anda rd ,  "off- the-shelf"  components t h a t  are r e a d i l y  a v a i l -  

a b l e  from t h e  major HVAC equipment manufacturers. '  However, due t o  t h e  

novel  a p p l i c a t i o n  of t h i s  equipment, i t  i s  expected t h a t  Appl ica t ion  

Rat ings w i l l  n o t  be a v a i l a b l e  f o r  t h e  range of ope ra t ing  cond i t i ons  t h a t  

w i l l  be i n  e f f e c t  f o r  t h i s  system. S ince  i t  i s  t h e  i n t e n t i o n  of t h i s  

proposa l  t o  provide a system t h a t  o f f e r s  improved performance over s tan-  

, d a r d  Heat Pump systems, performance d a t a  s p e c i f i c  t o  t h i s  a p p l i c a t i o n  

w i l l  be  developed through component t e s t i n g .  Three a r e a s  w i l l  be con- 

s ide red :  1 . )  b a s e l i n e  d a t a  on t h e  thermal energy s o u r c e ( s ) ,  2 . )  Cen t r a l  

S t a t i o n  h e a t  pump equipment performance, and 3 . )  end-user h e a t  pump 

equipment performance. With t h i s  s p e c i f i c  performance d a t a  i n  hand, t h e  

d e t a i l  de s ign  of t h e  system can be optimized according t o  energy supply 

and demand. 

8.2 THERMAL ENERGY SOURCE(S) - BASELINE DATA 

Each a p p l i c a t i o n  of t h i s  scheme may u t i l i z e  one o r  more of s e v e r a l  

p o t e n t i a l  thermal energy sources .  Obviously, each w i l l  r e q u i r e  h e a t  

rec la im equipment p a r t i c u l a r  t o  t he  s'ource. However, t h e  low grade 

energy t h a t  is  a v a i l a b l e  from a community's wastewater e f f l u e n t  w i l l ,  

i n  a l l  p r o b a b i l i t y ,  be t h e  most widely a c c e s s i b l e  source.  Therefore,  

t h e  focus of t h i s  s e c t i o n . w i l 1  be  t o  determine t h e  b a s e l i n e  d a t a ,  con- 

s i d e r i n g  wastewater e f f l u e n t  a s  t h e  primary energy source ,  t h a t  t h e  HP-WHR 

system performance w i l l  depend upon. The parameters  t h a t  w i l l  be  con- 

s ide red  a r e  temperature and flow. Discussions of t h e  approach t o  be 

taken i n  ob ta in ing  these  d a t a  fol low.  



8.2.1 TEMPERATURE 

One assumption t h a t  the  performance of t h i s  HP-ICES scheme i s  

based upon is  t h a t  community wastewater e f f l u e n t  temperature w i l l  be 

g r e a t e r  than o r  equal t o  ground temperature'. Several  f a c t o r s ,  such a s  

s o i l  type and thermal d i f f u s i v i t y ,  and f a c t o r s  p a r t i c u l a r  t o  the  design 

and opera t ion  of ind iv idua l  wastewater c o l l e c t i o n  and treatment .sys tems , 

w i l l  a f f e c t  the  e f f l u e n t  temperature. However, t h i s . b a s e  assumption 

appears t o  be genera l ly  va l id .  

A cursory look a t  estimated opera t ing  temperatures can be found 

i n  a t abu la t ion  of ground temperatures contained i n  Technical Guidelines 

f o r  Enerpy ~ o n s e r v a t i o n . ~ ~  Also, p red ic t ions  bf e s t i q a t e d  opera t ing  temper- 

a t u r e s  ( i . e .  e a r t h  temperatures) can be derived from the  procedures 

developed by Kusuda and Achenback.',' I n  general ,  t h i s  type s u r v e y  arid 

es t imate  w i l l  be a.  s u i t a b l e .  f i r s t  s t e p  i n  determining a p p l i c a b i l i t y  t o  a 

s p e c i f i c  region o r  loca t ion .  However, t o  obta in  a d a t a  base from which 

an overal l .  system Coeff ic ient  of Performance (C.0 .P .) can be derived,  

s p e c i f i c  da ta  must be gathered a t  the  point  of app l i ca t ion .  Temperature 

measurements should be  taken a t  the  appropr ia te  po in t s  i n  t h e  sewage , t r ea t -  

ment p l a n t s  serving the  demonstration'  communities including raw sewage 

i n f l u e n t ,  p l an t  e f f l u e n t ,  proposed supply t i e - i n  po in t ( s )  ( i f  d i f f e r e n t  

from p l a n t  e f f l u e n t s ) , ,  and ground temperature. Measurements should be 

made on an hourly b a s i s  f o r  a period of one week (168 hours) during each 

of the  following months: January, Apr i l ,  Ju ly ,  and October..  ,The pre- 

f e r r e d  method of da ta  taking would be temperature t ransducers ( i . e .  thermo- 

couples o r  r e s i s t a n c e  temperature devices)  i n  conjunction with a mult i-  

poin t  s t r i p  c h a r t  recorder.  Addit ionally,  a v a i l a b l e  p lan t  opera t ing  



records should be surveyed to verify the correlation between the empirical 

data and typical conditions. 

8.2.2 FLOW RATES 

The amount of thermal energy available,at the sewage treatment plant 

will also depend upon the mass flow rate of the energy supply medium 

(plant influent/ef f luent) . Flow rates may' be available in the form of 

plant influent flow recordings and/or E .P.A. ,201 ~acilities 'Plans. How- 

ever, the mass flow rate available as a thermal energy source.may, depend- 

ing on the design and/or operation of each particular sewage treatment 

plant, differ from the rates documented in available reports'or records. 

Therefore, the 'following flow measurements are recommended: raw sewage 

influent (possibly available from existing instrumentation), plant 

effluent, .and flow at the proposed supply tie-in point(s) (if different 

from plant effluent). Again, measurements should be made on an hourly 

basis for a period of one week (168 liours) during the months of January, 

April, July, and October. Flow data collection periods should correspond 

with the periods of temperature data collection mentioned in section 8.2.1. 

. Existing automatic flow monitoring instrumentation should be utilized 

where possible. Two principal types of flow measurement instrumentation, 

the Kennison Flow Nozzle-type installation, and the Parshall Flume instal- 

lation,.are in widespread use in modern sewage treatment plants and will 

yield flow rate information of sufficient accuracy for this study. 

The Kennison Nozzle installation, pictured in Figure 8-1, makes use 

of the Venturi principle but typically employs a nozzle,instead of.the 

Venturi tube, inserted in (or at, the end of) a pipe. The throat of the 

nozzle is considerably . . larger in diameter than the throat of a Venturi 

tube sized forthe same range of flow, and the resulting total loss of 

head is approximately the same. These nozzles can be used on pipes 



varying in size from 6 to 36 inches in diameter and can be wed for 

metering flows up to 18 million gallons per day 0) .21 

~ k a n ( l a , ~ h f f W l o o f h a n * F J .  

SOURCE: Wastewater Engineering, Metcalf and Eddy, Inc. 
21 

FIGURE 8-1 

SOURCE: Wastewater Engineering, Metcalf and Eddy. Inc. 21 

FIGURE 8-2 



The Parshal l  Flume ins ta l la t ion ,  pictured i n  Figure 8-2, u t i l i z e s  the  

Venturi p r inc ip le  for  the measurement of water flow i n  open channels. 

Because the throat  width of the flume is constant, the  discharge can be 

03tained from a s ing le  upstream measurement of depth.21 

Temporary flow measurement methods can be u t i l i z e d  where necessary. 

A simple and accurate method of flow measurement i n  open channels is the 

use of one of several  weir configurations: rectangular, t r iangular  (or 

V-notched), o r  trapezoidal. The r a t e  of discharge over a w e i r  can be 

d i r ec t ly  re la ted  t o  the  head of the discharge over the weir by the general 

equation: * 

Where 

91 = f r e e  discharge, c f s  

c ;. constant, defined for  each weir configuration 
h = measured head, f t .  
n = exponent, defined for  each par t icu la r  weir 

For the  widely used t r iangular  (V-notch) weir the equation is defined 

a s  follows: 

SOURCE: Wastewater Engineering, Metcalf and Eddy, Inc. 21 

A preferred method of flow measurement i n  closed pipes is the use of 

an o r i f i c e  p l a t e  and the attendant d i f f e r e n t i a l  pressure instrumentation. 

I n  accordance with Torr ice l l i ' s  theorem t h a t  the veloci ty  of flow through 

an o r i f i c e  is 'equal  to  the veloci ty  acquired by a f r ee ly  f a l l i ng  body i n  

a space corresponding to the head over the o r i f i c e ,  the discharge through 

an o r i f i c e  i s  : I I 

Q = cAV = CA- 



. . . . . . Where 

'Q  = discharge, cfs ': 

c = constant,.depending on orifice configuration 
A orificearea,'sq. ft. 
V = velocity, fps . 2 

, g = 'acceleration due to gravity, ..ft/se 
H = heat,.ft. 

2 1 SOURCE: "Wastewater'Erigirieering, Metcalf and Eddy, Inc. 

An acceptable alternative method to orifice plates would be the.use 

of an Annubar-type device which also relates flow to the differential 

,pressure across the device. 

Depending on the- specific point of application, the above mentioned 

methods may be impractical or impossible, in which case reasonable estimates 1 

may be developed through computation. .This method involves applying 

standard flow formulas to f ield-measured . data such as depth of, flow and 

slope of discharge pipes. In addition, a coefficient of roughness must 

be selected. , The method is, at best, an approxinktion dependent upon the 

21' 
steadiness of flow at the time of. observation. Nevertheless, this method 

may serve in place of, or as a "ballpark" verification of, more sophisti- 

cated methods. 

SUMMARY . . 

With the above mentioned data in hand, a:.detailed estimate of the quan- 

tities of thermal energy available at the system-to-treatment plant inter- 

face can be developed. This data will also form the basis .for the per- 

formance evaluation of the overall HP-ICES scheme. 

8 . 3  CENTRAL STATION 'HEAT PUMP ' EQUIPMENT . .. 

Once a data base is established for the conditions and amounts of 

thermal energy that are available at the source(s), a comprehensive per- 

formance analysis of the HP-WHR scheme can be undertaken. Obviously, 



t he  key component i n  t h i s  scheme is t h e  Cen t r a l  S t a t i o n  Heat Pump 

Equipment and its performance a s  t h e  ' i n t e r f a c e .  betwee* t h e  energy source  ( s )  

and t h e  d i s t r i b u t i o n  medium.. Since performance d a t a  for"the Cent ra l  Sta- 

' tion'equ'ipment w i l l  l i k e l y  no t  be a v a i l a b l e  f o r  t h e  s p e c i f i c  range of 

cond i t i ons  of t h e  thermal energy source ,  a  s i g n i f i c a n t  e f f o r t  should b e  

d i r e c t e d  toward developing t h i s  d a t a  t o  be  used i n  t h e  d e t a i l e d  performance 

a n a l y s i s .  

8 .3 .1  PERFORMANCE TESTING 

Tes t  procedures  ' f o r  c e n t r i f u g a l  Water-Chill ing 'packages a r e  o u t l i n e d  

54 
i n  A R I  Standard 550-77 (Air  Condit ioning and R e f r i g e r a t i o n  I n s t i t u t e r  and 

w i i l  be  adopted f o r  t h e  performance t e s t i n g  t o  be done i n  conjunct ion  wi th  

. t h i s  a n a l y s i s .  

Tes t ing  should be performed i n  a l abo ra to ry  environment, s i m i l a r  t o  

t h a t  u t i l i z e d  f o r  i n d u s t r y  r a t i n g  t e s t s  , where a l l  v a r i a b l e s  may be c o n t r o l l e d  

t o  t h e  to l e rances  s e t  f o r t h  i n  t h e  ARI 550-77 s tandard .  It may be  d e s i r a b l e  

t o  ' c o n t r a c t  'an oGts ide  agency t o  perform. t h e  a c t u a l  t e s t i n g .  

' . ' A t  l e a s t -  four  s e t s  of performance t e s t s  should be  performed; each 

s e t .  ' to r e f l e c t  t h e  s p e c i f i c  i n i t i a l  cond i t i ons  documented i n  one of t h e  

fou r  b a s e l i n e  d a t a  t e s t s .  The fol lowing t e s t  d a t a ,  r e l e v a n t  t o  t h e  per- 

formance of t he  u n i t ,  w i l l  be taken: 

A. Temperature of water '  e n t e r i n g  coo le r ,  OF 

B. Temperature of water  l eav ing  coo le r ,  OF 

C. Chi l led  water  flow r a t e ,  GPM o r  l b .  per  h r .  

D. Temperature of e n t e r i n g  condenser water ,  OF 

E. Temperature l eav ing  condenser water ,  OF 

F. Condenser water  flow r a t e ,  GPM o r  l b .  p'er h r .  

G. Power inpu t  t o  compressor motor', KW 

From t h i s  d a t a ,  a h e a t  b a l a n c e ' w i l l  be  performed ( t o  t h e  prescr ibed  



c losure  of 7.5 per  cent )  t o  s u b s t a n t i a t e  the  r e s u l t s  o'f t he  test. With 

va l ida ted  t e s t  r e s u l t s ,  an accura te  C.O.P. can be derived f o r  each set of 

base l ine  and opera t ing  condit ions.  ~ i k e w i s e ,  a c t u a l  capaci ty  i n  tons can 

be derived,  General formulas fo,r the  heat  balance, C.O.P., and capaci ty  

are included i n  Appendix D. 

8.3.2 WATER'QUALITY 

A s i g n i f i c a n t  f a c t o r  t h a t  w i l l  a f f e c t  the  performance of the  Central  

s t a t i o n  equipment is the  q u a l i t y  of water a v a i l a b l e  from a sewage treatment 

system t o  b a ' u t i l i z e d  a s  the* thermal energy source. D u e ' t o . t h e  presence 

of suspended s o l i d s  i n  the  form of. BOD (pr  decomposable organic matter)  i n .  

raw sewage, the re  i s  the  of methane gas generat ion and r e t e n t i o n  

i n  ?.?me ' segments of the  HP-WHR sys  tem. The nos t s i g n i f  i cdn t  problem involved 

i n  u t i l i z i n g  sewage a s  the. therma1 energy source; though, i s  t h a t  of an in- 
. . 

.creased foul ing  f a c t o r  on t h e  hea t  exchanger surfaces .  

Methane gas generat ion occurs i n  a sewage treatment system when the  

organic suspended s o l i d s  (BOD), s e t t l e d  and co l l ec ted  a t  var ious  po in t s  
. , 

i n  the  system, a r e  reduced by biochemical d iges t ion  ( typ ica l ly  i n  a covered, 

anaerobic sludge d iges to r ) .  Such sludge d iges to r s  may u t i l i z e  por t ions  of 

the  methane gas f o r  temperature r egu la t ion  wi th in  the  d iges to r ,  while 

o the r  designs may simply dispose of the  excess gas wi th  an open-flame ' 1 
f l a r e .  I n  order  t o  avoid unnecessary metliane generat ion i n  the  Central  

S t a t i o n  e.quipment and i t s  associa ted  piping,  the  organic suspended s o l i d  

content  i n  the  por t ion  of the  wastewater c i r c u l a t e d  through the  Central  

S t a t i o n  equipment heat  exchanger w i l l  be minimized by e x t r a c t i n g  i t  from 

the  sewage treatment system a t  po in t s  fol lowing.sludge removal (providing 

t h a t  the  wastewater a t  these  po in t s  is of s u f f i c i e n t .  temperature).  It is 

expected t h a t  the  remaining organic suspended s o l i d s  w i l l  be minimal'and 



. . 

that any appreciable build-up in.the.heat.exchanger can be.av0ided.b~ 

-optimizing the wastewater flow rate through.the Central Station equipment. 

. The design of most treatment plants will allow existing, open-type 

clarifiers to serve as accumulators for the thermal supply medium. Thus, 

the need for an enclosed, thermal supply medium,storage vessel, along with 

the potential for methane gas generationlretention in the HP-WHR system, 

is avoided. If, in fact, such a vessel is required by the design of a 

particular sewage treatment system, provisions for methane disposal may 

be included in the design in 'accordance with standard wastewater engineer- 
# 

ing practice. In regard to clarifier performance as utilized in the HP-WHR 

scheme, standard manufacturers data is available in reference to. storage 

capacity (volume), surface area, surface settling rates, maximum and mini- 

mum retention times, etc. Temperature and flow data will be developed at 

the clarifier as explained in sections 8.2.1 and 8.2.2 if it, in fact, proves 

to be the most advantageous tie-in p,oint for the Central Station equipment. 

. Increased fouling factors on the Central Station equipment heat ex- 

changer surfaces will prove to be the most troublesome problem associ- 

ated with water quality in the HP-WHR system. The ARI standard for water- 

chiller testing assumes a fluid with a fouling factor of .0005 (also 

widely used as the rule-of-thumb in industry). However, water quality 

data surveyed from various sewage treatment plants indicates that fouling 

factors may range to several times that figure. The fouling factor for 

water samples taken from the Chicago Sanitary Canal has been quantified 

at .006 to .008. (a table of typical fouling factors from Reference 7 is 

reproduced in Appendix D as Table D-1.) 

The first step in defining a fouling factor for the quality of waste- 

water to be circulated through.the Central Station equipment heat exchangers 



should be collecting Gastewater samples, representative of the water tha.t 

will be circulated, at the point in the sewage treatment process where the 

thermal energy supply medium will be extracted. A full water quality 

analysis should be performed by a qualified testing agency or laboratory, 

and the analysis compared to typical analyses for the types of fluids for 

which a fouling factor has been defined. This comparison. should give a 

"ball-park figure" for the ' expected fouling factors. 

In order to obtain better defined data, though, more testing would be 

required. An additional performance test may be desirable in which the 

average baseline conditions are duplicated and .the water supply to the 
. . .  

evaporator simulates the water quality' of the thermal energy source. ' Such 

a test would reveal the immediate discernable effects (if any) of water 
.. . 

quality on C.O.P. and give an indirect indication of the fouling factor. 

(The decrease in performance resulting from a higher- fouling fact0,r.i~ 

roughly equivalent to raising the lea~ing~condenser water temperature 2 O F  

for every .0005 increase in the fouling factor;) Figure 8-3 shows the 
,. 
estimated percentage reduction of the nominal C.O.P. at fouling factors 

ranging from .0005 to .0025 for either the evaporator or condenser. 

Continued testing under the above specified conditions will quantify the 

long term effects on the Central Station equipment C.O.P. and allow calcu- 

lation of the ac tu.al fouling factor. (~ormulas , and definitions concerning 

fouling factors are included in Appendix B f )  Moderately high fouling 

factors (.0005 to .0025) may dictate simply that a 1arger.evaporator heat 

exchanger be specified-for .the Central Station equipment. Very high foul- 

ing factors (over .0025) may require that a mechanical cleaning system 

for the heat exchanger be specified. Several me'thods are acceptable, 

ranging . . .  from manual inspec tion and flushing , . to reverse-f low a= tivated 



. brush scrubbers,  t o  a continuous cycle ,  s p h e r i c a l  rubber scrubber system 

euch .as  an Amertap. . . 

Once a range of values f o r  the  expected foul ing  f a c t o r  of  the  waste- 

water i s  determined, a f i n a l  equipment 'test (or set of  t e s t s ) ,  incorporat-  

ing the  appropr ia t e  mechanical c leaning system(;) , is recknmended t o  develop 

the  base l ine  inforination necessary t o  evaluate  t h e  performance of these  

systems i n  t h i s  p a r t i c u l a r  app l i ca t ion . '  From t h i s  performance evaluat ion ,  

genera l  guidel ines  f o r  design s p e c i f i c i t i o n s  and bpera t ing  ~ r o c e d u r e s  i n  

the  HP-WHR system a p p l i c a t i o n  can be developed. 

REDUCTION OF PACKAGE CHILLER C.O.P. 
AS A FUNCTION OF FOULING FACTOR 

SOURCE: Centra l  Cooling - Compressive C h i l l e r s ,  c h r i s t i a n 5  

FIGURE 8-3 

8.4 END-USER HEAT PUMP EQUIPMENT 

The u l t ima te  community acceptance of th i s '  HPGICES scheme w i l l  depend 

on the  energy e f f i c i e n c y  of the  hea t  pump equipment i n  use i n  homes and 

p laces  of business.  This scheme o f f e r s  the  i n i t i a l  advantage of  u t i l i z i n g  

i n  the  end-user segment water source o r  hydronic heat  pumps. However, i t  

i s  expected t h a t  the  performance of the  end-user equipme.nt w i l l  be even 



more improved by the effect of cascading the .heat gain of the. hydronic 
. . . . 

heat pump with. that of the Central station equipment. Obviously, the' per- 

formance of 'the end-user equipment.wil1 depend upon the conditions in the 

distributidn medium supplied by the Central Station equipment. Again it . . , 

is expected that application ratings for this specific set of conditions . , 

will not be available. To complete .the data needed for the. detailed' per- 

foknce analysis, tests on the end-user heat pump equipment must be 

performed . . . 

PERFORMANCE TESTING 

Test procedures for water-source heat pumps are outlined' in ARI. 
. . 

standard 320-76 (Air-Conditioning and Refrigeration ~nstitute)~~ and will 

be adopted for the performance testing to be done in conjunction with this 

analysis. 

As withthe components selected for use at the Central Station, end-user 

equipment should be tested in a laboratory environment where all variables 

may be controlled to the tolerances set forth in the ARI 320-76 standard. 

Again, it may be desirable to contact an outside agency to perform the 

actual . testing.   our sets of performance tests should be performed; each 
set to reflect the distribution medium conditions documented in one of the 

four Central Station equipment tests. Test conditions set forth in the 

procedures for the standard rating test should be adhered to, with the . 

exception of the water temperature entering the refrigerant-to-water heat 

exchanger, which will correspond to the output temperature of the distribution 

medium from the Central Station equipment. 

From the performance data gathered in these tests, accurate C.O.P.'e 

(or Energy Efficiency Ratios, EER's, as appropriate) can be derived for 

each set of 'seasonal operating conditions. 
' 



PROCESS HEAT RECLAIM EQUIPMENT . . 

In addition to residential and comercial space heating and cooling 

needs, it is expected that portions of the thermal load from this HP-ICES . . . . .  

may be applied in industrial processes. However, due to the wide variety 

of heat exchangers that' may be utilized, in industry, it is impractical to 

outline a specific performance testing procedure for each. Instead, pro- 

cedures will be outlined and performance data developed as specific appli- . , 

.cations (and the required equipment) are identified. 

8.5 SUMMARY 

With all pertinent performance data documented, typical operating 

conditions can be predicted and analyzed according to the procedures 

developed in Chapter 3. The result of the comprehensive performance 

analysis will be an overall system coefficient of performance (C.O.P.) 

which can be used in economic analyses, energy effectiveness studies, and 
. . 

other similar performance comparisons with other systems. satisfactory 
, . 

performance, considering all the parameters discussed in previous sections, 

will allow the utilization in a community system of heretofore wasted 

heat in sufficient quantities to make such an HP-WHR system practicable. 

The ultimate success of this HP-ICES scheme will depend on its 

economic feasibility, either now or in the foreseeable future. Quite 

obviously, the economic feasibility will directly relate to optimizing 

the overall system C.O.P. for the specific operating conditions for each 
. . 

site of application. 

8.6 METHODOLOGY 

Since the performance testing of the heat pumps (either Central 

station or end-user) dictates a change in magnitude. of only one parameter, 

temperature of the thermal source, over the standard test procedures, the 



t e s t  me thodology s e t  f o r t h  i.n t h e  a p p l i c a b l e  ARI s tandards .  w i l l  . b e  adopted . . 

f o r  t h i s  performance a n a l y s i s .  S p e c i f i c  s t anda rds  t h a t  apply a r e  a s  

fo l lows  : 

A R I .  320-76 Standard f o r  Water-Source Heat Pumps 5 3 

ARI 550-77 Standard f o r  Cen t r i fuga l  Water-Chilled Packages 
5 4 

ASHRAE 14-67 Methods of Tes t ing  f o r  Rat ing ,Mechanical 51 

Condensing Uni t s  

ASHRAE 37-69 Methods of Tes t ing  f o r  Rat ing Unitary A i r  
5 2 

Condit ioning and Heat Pump Equipment 

~ d d i  t i o n a l l y ,  recommendations s e t  f o r t h  i n  Chapter 12.  of t h e  ASHRAE 
. . 

Handbook of Fundamentals, "~easu remen t  and ~ns t rumento" ,  50 w i l l  be  follow- 

ed i n  t he  t e s t  procedures .  . . 

Unfortunately,  it is beyond t h e  scope of t h i s  d i scuss ion  ' t o  o u t l i n e  

d e t a i l e d  test procedures  f o r  each s p e c i f i c  p i ece  . o f  equipment t h a t  w i l l  be 

u t i l i z e d  i n  t h i s  HP-ICES scheme. Accordingly, d e t a i l e d  'test procedures.  

w i l l  be developed a t  t h e  o u t s e t  of t h e  a c t u a l  t e s t i n g  program. ' A  procedure 

f o r  t e s t i n g  and a n a l y s i s  w a s  developed i n  "Demonstration of Building Heat- 

i ng  wi th  a Heat ~ k p  Using Thermal Eff luent"  by ~ e e e r  W. ~ e c t b r . . ~ ~  and w i l l  

be  used as a model i n .  developing t h e  d e t a i l e d  t e s t  procedures  ' f o r  t h i s  

program. 



ANALYSES DESCRIPTION 

: , . 
The s p e c i f i c *  assumptions and methodol'ogy p e r t a i n i n g  t o  ' the v a r i q u s  

ana lyses  made i n  t h i s  r e p o r t  are descr ibed  i n  t h e  body of t h e  r e p o r t  w i t h i n  

each s e c t i o n .  However, t h i s  s e c t i o n  provides  a d d i t i o n a l  i n s i g h t  i n t o  t h e  

assumptions and c a l c u l a t i o n s  'used i n  t h e  P o t e n t i a l  Appl ica t ions  , ~ x p e c t e d  

Economics and ' ~ e r f o r m a n c e  s e c t i o n s  of t h e  r e p o r t  . 
The tendency i n  most c a s e s  w a s  t o  be  conse rva t ive  i n  t h e  ana lyses  - 

and make what was considered t o  be reasonable  assumptions. P r a c t i c a l  en- 

g inee r ing  approximations and common i n d u s t r y  p r a c t i c e s  were used where 

necessary .  It w a s  t h e  i n t e n t  of t h e  au tho r s  t o  provide  engineer ing  c a l -  

c u l a t i o n s  which would be f a m i l i a r  t o  t h e  p r a c t i c i n g  engineer ing  p r o f e s s i o n a l  

who might wish t o  u t i l i z e  t h e  concept i n  a s p e c i f i c  a p p l i c a t i o n .  

9.2 POTENTIAL APPLICATIONS 

The p o t e n t i a l  a p p l i c a t i o n s  s e c t i o n  of t h e  r e p o r t  is  concerned w i t h  

e s t ima t ing  t h e  energy saving  p o t e n t i a l  of the'  HP-WHR scheme on a n a t i o n a l  

b a s i s .  The e s t i m a t e  Vas developed 'us ing  t h e  b e s t  wastewater e f f l u e n t  flow 

s t a t i s t i c s  a v a i l a b l e .  Unfortunately,  t h e  wastewater e f f l u e n t  s t a t i s t i c s  

a r e  based on domest ic  water consumption f i g u r e s  and f a i l  t o  i nc lude  numerous 

thermally a t t r a c t i v e  sources  such a s  i n d u s t r i a l  d i scharges  d i r e c t l y  t o  sur -  

f a c e  water s t reams and power p l a n t  waste  h e a t .  

The a p p l i c a t i o n  of t he  HP-WHR concept  is  a l s o  dependent on popula t ion  

(use r )  d e n s i t y ,  s i n c e  the  d i s t r i b u t i o n  system w i l l  appa ren t ly  be t h e  

dominant c a p i t a l  c o s t .  High use r  d e n s i t i e s  w i l l  tend t o  i nc rease  t h e  h e a t  

recovery a p p l i c a t i o n  f a c t o r  and enhance t h e  energy e f f e c t i v e n e s s  and thus  

the  d e s i r a b i l i t y  o'f t h e  scheme. 

I n  o rde r  t o  develop a more a c c u r a t e  p i c t u r e  of p o t e n t i a l  a p p l i c a t i o n s  
,[ 



i t  w i l l  be necessary t o . d e v e l o p ' a  new primary data-base c o r r e l a t i n g  waste- 

. . 
water e f f l u e n t s ,  thermal qua l i ty . and  dens i ty  of energy users .  

9.3 EXPECTED ECONOMICS 

The expected economics of the  HP-WHR scheme is ul t imate ly  the  

determining f a c t o r  i n  whether o r  not  t h e  scheme w i l l  be pursued se r ious ly  

and implemented. Unfortunately, general ized economic performance is not  

accura te  enough f o r  a thorough evaluat ion  of the  system's performance i n  

. . . . 
a l l  cases.  

It is poss ib le  t o  make some s p e c i f i c  obbervations about the  e f f e c t s  

c e r t a i n  economic assumptions .impose on the  o v e r a l l  a t t r a c t i v e n e s s  of  th.e . . .  

system., These a r e a s  a r e  discussed here.  

F i r s t ,  the  c a p i t a l  c o s t  of the  c e n t r a l  p l a n t  'and d i s t r i b u t i o n  system 

se r ious ly  impact the  c o s t  of energy supplied through thermal t ranspor t .media .  

.It appears t h a t  the  d i s t r i b u t i o n  system i s  by f a r  the ,most  important of 

these  c a p i t a l  c o s t s .  For t h a t  reason, a r e a s  wi th  h i g h . d e n s i t i e s  of the rha l  

. '  users  w i l l  prove more economical. . . 

Financing i s  another  a rea  c r i t i c a l  t o  t h e  c o s t  of the  c a p i t a l  equip- 

ment. The i n t e r e s t  r a t e  and mortgage t i m e ,  could p.enalize t h e  s y s t e m  dur- 

ing the  i n i t i a l  years  of operat ion.  Of course, a s  time goes on, the  f ixed 
. . 

c o s t s  w i l l  remain constant  and w i l l  become l e s s  important a s  r i s i n g  energy 

c o s t s  and i n f l a t i o n  a f f e c t .  v a r i a b l e  opera t ing  c o s t s .  

Escala t ion  r a t e s  f o r  var ious  f u e l  sources a n d . t h e  e l e c t r i c  ra . te  

d i f f e r e n t i a l  between r e s i d e n t i a l  and l a r g e  municipal customers has an im- 

pact  on when the  HP-WHR. scheme w i l l  become competitive with conventional 
. . . . 

. . 

energy sources such a s  n a t u r a l  gas. This study does not  s p e c i f i c a l l i  

assume e s c a l a t i o n  r a t e s  f o r  the  various f u e l s ,  but  instead,.  considers  

t h a t  r i s k  t o  be accounted f o r  i n  the  present  worth f a c t o r  of the  present  

worth ana lys i s .  



The p re sen t  worth f a c t o r  , .  is  .another .. v a r i a b l e  . a f  f  e c t i n g  the  outcome 

of t h e  a n a l y s i s .  I n  t h e  c a s e  ," of , th?,  f a c t o r ,  and tha, t  of t h e  f u e l  and in-  

f l a t i o n  e s c a l a t i o n  e s t ima te s ,  a n  a c c u r a t e  a n a l y s i s  would r e q u i r e  consider-  

a t i o n  of t h e  b e s t  site-specific.information a v a i l a b l e  a t  t h e  .twe t h e  a n a l y s i s  

F i n a l l y ,  the '  r e l a t i v e  c o s t  of ? l t e r n a t i v e  hea t ing  and cool ing  systems 

f o r  t h e  r e s i d e n t i a l  customer w i l l  i n f luence  the  HP-WHR system recep t ion  by 

t h e  u l t i m a t e  consumer. Future  c o b u n i t y  developments w i l l  c e r t a i n l y  be  more 

r e c e p t i v e  t o  such a  scheme than would r e t r o f i t  c and ida t e s  s i n c ' e , t h e  incre-  

mental  c o s t  over  s tandard  a l t e r n a t i v e s  a s s o c i a t e d  w i t h  t h e  h e a t  pump system 

w i l l  be s m a l l .  

9.4 PERFORMANCE ANALYSIS 

The o b j e c t i v e  of ou r  performance a n a l y s i s  i s  t o  determine t h e  energy 

requirements  of t h e  HP-WHR system d e l i v e r i n g  a  given amount of hea t ing  o r  

cool ing  e f f e c t  f o r  a  community when using wastewater e f f l u e n t  a s  a  h e a t  . 

source  o r  s ink .  Add i t iona l ly ,  t h e  HP-WHR. system w i l l  be  compared wi th  con- 

v e n t i o n a l  systems se rv ing  t h e  same func t ion .  The HP-WHR is  modelled as 

shown i n  F igures  3-1 and 3-2 f o r  t h e  hea t ing  and coo l ing  modes. A s  i nd i ca t ed  

i n  t h e  f i g u r e s ,  t h e  system's  p r i n c i p a l  components a r e :  a c e n t r a l  h e a t  pump, 

d i s t r i b u t i o n  p ipe  l i n e s ,  water  pumps, s t o r a g e  r e s e r v o i r s  and end-user h e a t  

pumps. I n  a c t u a l  p r a c t i c e ,  t h e  system may c o n s i s t  of a  b a t t e r y  of c e n t r a l  

h e a t  pumps, one o r  more s t o r a g e  r e s e r v o i r s ,  boos te r  pumps, e t c .  For pur- 

poses of our  a n a l y s i s ,  we have included one end-user h e a t  pump and a  s i n g l e  

c e n t r a l  h e a t  pump u n i t .  The t o t a l  energy r equ i r ed  .to d e l i v e r  a  u n i t  of 

hea t ing  o r  coo l ing  a f f e c t  t o  one r e s i d e n t i a l  end-user involves  p ropor t iona l  

energy i n p u t s  t o  t h e  c e n t r a l  heat.pump u n i t ,  t he  end-user u n i t  and t h e  

a s s o c i a t e d  pumping e,nergy involved i n  water  flow t,hrough evapora tors , .  condensers ,  

d i s t r i b u t i o n  p ipe  l i n e s  and p rov i s ion  f o r  thermal l o s s e s .  Each component 



w i l l  be  d i scussea  sepa ra t e ly .  and a p i o c e d u ~ e  f o r  c a l c u l a t i n g  the  t o t a l  

energy ( e l e c t r i c a l  o r  mechanical) i n p u t  t o  t he  system i s  o u t l i n e d  u t i l i z i n g  

a v a i l a b l e  performance da t a .  Sample c a l c u l a t i o n s  a r e  included i n  t h e  appendices.  

9.4.1 SELECTION OF DESIGN LOADS 

Two geographica l  r eg ions  i n  t h e  United S t a t e s  were s e l e c t e d  f o r  t h e  

s tudy  of t h e  HP-WHR system. The d e t a i l s  of t he  houses and t h e  des ign  loads  

a r e  g iven  below. The s e l e c t i o n  of t h e  des ign  hea t ing  and cool ing  1oads.was 

based on t h e  i n £  ormation presented  i n  Reference 27. 

Locat ion: .  Northwest Cen t r a l  Region 
I 

House 1 :  Design hea t ing  load  .= .55,000 Btuh 
Design o u t s i d e  temperature = 20°F (hea t ing)  
Design i n s i d e  temperature = 75OF . . . 

(65OF) degree-days = 8300' 
Design cooling'  l oads  = 11,500 . 

Design o u t s i d e  a i r  temperature =, 8g°F (cool ing)  
Design i n s i d e  a i r  temperature = 78OF (cool ing)  
Summer equ iva l en t  f u l l  l oad  coo l ing  h r s  = 600 

~ o c a t i o n :  South A t l a n t i c  Region 
, . 

I '  

House 2: Design hea t ing .  load  = 31,000 Btuh 
Design o u t s i d e  temperature = 22O.F. (hea t ing)  
Design i n s i d e  temperature = 75OF 
(65OF) degree-days = 2920 
Design cool ing  i o a d s  = 25,150 Btu/hr  
Design o u t s i d e  a i r  temperature = 95OF (cool ing)  
~ e s i ' g n  i n s i d e  ' a i r  temperature = 78OF (cool ing)  
Summer equ iva l en t  f u l l  l oad  cool ing  h r s  = 1000 

9.4.2 ASSUMPTIONS 

a )  The b a s i c  vapor compression c y c l e  a s  descr ibed  i n  s e c t i o n  9.4.3 

is  used a s  a b a s i s  f o r  t h e  d e f i n i t i o n  of te rms 'used  i n  t h e  ana lys is , .  The 

h e a t  pumps t h a t  a r e  used i n  t h i s  a n a l y ~ i s  are s e l e c t e d  from manuf ic turers '  

models l i s t e d  f o r  s tudy  i n  References 5,6,  and 7, s i z e d  t o  s u i t  t h e  des ign  

loads  used i n  ou r  a n a l y s i s .  Brand names of t h e  models a r e  omit ted.  Heat 

pumps and t h e i r  c h a r a c t e r i s t i c s  a r e  presented i n  s e c t i o n  9.4.9. 

b) The water  d i s t r i b u t i o n  l i n e s  a r e  b u r r i e d  approximately s i x  . . 



f e e t  underground t o  minimize., hea t  l o s s .  Under t h e s e  c o n d i t i o n s ,  t h e  t e m -  

p e r a t u r e  change of t h e  water  due t o  h e a t  l o s s  o r  g a i n  would be  very smal l  

s i n c e  t h e  o p e r a t i n g  water  t empera tures  a r e  low. Th i s  assumption is j u s t i f i e d  

by a n  example i n  s e c t i o n  9.4.8. 

c )  The thermal  s t o r a g e  i s  designed s o  t h a t  t h e  "heat  l o s s e s  o r  ga ins  

would be n e g l i g i b l e .  An approximate a n a l y s i s  of t h e  temperature  change of 

water  i n  t h e  r e s e r v o i r  i s  d iscussed  i n  s e c t i o n  9.4.8. 

d )  . The thermal  p r o p e r t i e s  of  t h e  c l a r i f i e d  e f f l u e n t  a r e  assuined t o  

be the  same a s  those  of  water .  

3)  Apart from , t h e  h e a t  exchange between t h e  r e f r i g e r a n t  and t h e  h e a t  

t r a n s f e r  medium (water - to-a i r ) ,  h e a t  l o s s e s  t o  t h e  sur roundings  a r e  n e g l i g i b l e .  

Other assumptions w i l l  be .  s ta ' t ed  a s  they  a r e  made i n  t h e  course  of 

t h e  a n a l y s i s  and c a l c u l a t i o n s .  

9 .4 .3  VAPOR COMPRESSION CYCLE 

The hea t  pump used i n  t h e  a n l a y s i s  of t h e  HP-WHR system i s  based on 

t h e  vapor compression r e f r i g e r a t i o n  c y c l e  (F igure  9-1). The i d e a l  c y c l e  

c o n s i s t s  of t he  fo l lowing  processes :  

1 . )  i s e n t r o p i c  compression of t he  vapor 

2 . )  c o n s t a n t  p r e s s u r e  h e a t  r e j e c t i o n  from t h e  r e f r i g e r a n t  i n  t h e  
condenser t o  t h e  sur roundings  

3 . )  i r r e v e r s i b l e  a d i a b a t i c  expansion ( t h r o t t l i n g )  i n  t h e  
expansion va lve  

4. )  c o n s t a n t  p r e s s u r e  hea t  a b s o r p t i o n  by t h e  r e f r i g e r a n t  
i n  t he  evapora tor  Prom t h e  sur roundings  

I n  a c t u a l  c y c l e s ,  t h e r e  a r e  ' l o s se s  due t o  t h e  p r e s s u r e  drops i n  t h e  flow 

tubes ,  hea t  l o s s  from the  tubes ,  i n e f f i c i e n c y  of t h e  compression p roces s ,  e t c .  



COMPRESSOR 

BASIC VAPOR COMPRESSION 'CYCLE 

FIG. el 

The c o e f f i c i e n t  of performance of t h e  h e a t  pump is  g iven  by 

QC 
COP - - - ' h2-h3 - - 

( i d e a l )  Energy i n p u t  h2-h1 

Where Eth is  t h e  t o t a l  energy i n p u t , t o  t h e  u n i t  inc luding  

motor l o s s e s  and Q i s  t h e  h e a t  r e j e c t e d  i n  t he  condenser.  
C 

The c o e f f i c i e n t  of performance of t h e  c h i l l e r  ( r e f r i g e r a t o r )  i s  given 

COP = .Qc - . . (9-3) 
( r e f  r i g e r a t o r  o r  c h i l l e r )  

e t h  . . , . I  . . 

Where Q= is c a l l e d  the,  r e f r i g e r a t i n g  e f f e c t  o r  cool ing .  



Heat ~ e j i c t i o ?  ~ a c ' t o r  (HRP) : ' . . . . '  

. , .  .. 

This  is the  r a t i o  of h e a t  exchanged i n  t h e  condenser t o  t h a t  exchanged 

' in  t h e  evapora tor  .and i t  is r e l a t e d  t o  t h e  c o e f f i c i e n t  of performance ' ' ' - .  

COP a s  fo l lows .  Using t h e  develibpment i n  Reference 49,, we have 

COP = 
[ (HRF) E]  

[HRF-11 . ; 

. ' 
(COP) 

HRF = (COP-E) 

Where 

E is  1 . 0  minus t h e  propor t ion  of i n p u t  power 

not  d e l i v e r e d  t o  t he  condenser,  expressed as a decimal,  and i t s  va lue  depends 

on t h e  manner i n  which the  compressor i s  cooled.  Throughout ou r  a n a l y s i s  w e  have 

assumed t h a t  E = 0.92. 

Also i t  can be shown t h a t  

'''heat pump 

9.4.4 CALCULATION PROCEDURE 

Ca lcu la t ion  procedure f o r  t h e  energy requirement of t h e  HP-WHR system 

t o  d e l i v e r  a g iven  amount of  hea t ing  e f f e c t  t o  t h e  end-user.: 

Heating mode - Reference is  made t o  F igure  3-1 and i t  is assumed t h a t  

the  h e a t  e x t r a c t e d  from the  d i s t r i b u t i o n  water  flowing through the  evap- 

o r a t o r  of the  end-user h e a t  pump equals  t h e  h e a t  r e j e c t e d  t o  t h e  water i n  

t he  condenser of t he  c e n t r a l  h e a t  pump. 

The t o t a l  energy requirements  i nc lude  t h e  work i n p u t  t o  t h e  com- 

p r e s s o r s  of t h e  end-user h e a t  pump, t h e  c e n t r a l  h e a t  pump and the  energy 

r equ i r ed  t o  overcome t h e  d is t r ' ibu t ion  losses . '  
. . 



End-user hea t  pump : 

Qce 
= heat ing  load 

work input  t o  end-user hea t  pump: 
, , 

- -. Qce . , . 
'ce 

CoPend-~ser  ,, ' . . . . 

, 8 

Heat absorbed i n  the  evaporator: . . . 

, Qee = - Qce 
HRF 

Where 

HRF is c a l l e d  the  hea t  r e j e c t i o n  f a c t o r  given. by 

COP HRF = - (COP-E) 

Where ,: 

COP i s  the  Coeff ic ient  of Performance of t h e h e a t  pump. 

' . Where . . 

Tei and Te2 a r e  the  en te r ing  and l eav ing  temperatures of 

water flowing through the  evaporator,  I;1 the  mass r a t e  of flow of water 
W 

and c i t s  s p e c i f i c  heat .  . .  . 
P 

: -L 

Using the  above equation the  mass r a t e  of flow of water is  calculatii!d 

and used f o r  the  computation of pressure  drops as explained i n  t h e  ana lys i s  

sec t ion .  

Centra l  hea t  pump: 

Qc 
- 

.- Qe. 
( c e n t r a l  h e a t  pump) (end-user hea t  pump) 

Where Qc = hea t  r e j e c t e d  i n  the  c e n t r a l  s t a t i o n  hea t  pump 

Qe 
= hea t  absorbed i n  the  end-user hea t  pump 



Work inpu t  t o  compressor of c e n t r a l  h e a t  pump is de f ined  by t h e  

fol lowing equat ion:  

W c  = Q,(central h e a t  pump) . 

COP ( c e n t r a l  h e a t  pump) 

To ta l  energy , i n p u t  t o  compressor : 

( c e n t r a l  h e a t  pump) (end-user h e a t  pump) 

+ l o s s e s  unaccounted 

Note: I n  t h e  s e c t i o n  on a n a l y s i s  i t  is shown t h a t  t h e  pump energy 

a s s o c i a t e d  w i t h  one end-user is  approximately 5% of t h e  t o t a l  energy i n p u t  

t o  t he  compressors. However, a s  i nd ica t ed  i n  t h e  sample c a l c u l a t i o n s ,  t h e  

r educ t ion  i n  system COP would be 4-5% i f  t h e  l o s s e s  increased  t o  10%. 

'Tota l  energy i n p u t  t o  t h e  HP-WHR system is  def ined  by t h e  fo l lowing  

equat ion  : 

E - 
sys tern - CWc'.. ,+ CWlosses 

and the re fo re :  ' 

- - (hea t ing  load )  
CoPsys t e m  Esys tem 

A similar c a l c u l a t i o n  procedure is used f o r  t h e  cool ing  mode. 



9.4.5 ANNUAL ENERGY CONSUMPTION 

The c a l c u l a t i o n  of the  annual energy consumption of the  HP-WHR system t o  

d e l i v e r  a given amount of h e a t i n g ' o r  c o o l i n g ' e f f e c t  involves t h e  use of 

the  p a r t  load d a t a  on t h e  end-user, hea t  pump (water- to-air) ,  

t he  c e n t r a l  u n i t  (water-to-water), t he  pumps and information on t h e  t r a n s i e n t  

performance of the  thermal s to rage  rese rvo i r .  Information on t h e  p a r t  load 

performance of water-to-water compressive c h i l l e r  is available(R.eference 7) I 

bu t  no p r e c i s e  da ta  on p a r t  load performance of water-to-air heat.,pumps' is  

reported i n  t echn ica l  l i t e r a t u r e  a t  the  present  t ime , ' .  The end-user . 

consumes about twice the .energy consumed by the  c e n t r a l  hea t  pump i n  t h e  

HP-WHR system. . . 

A s  discussed i n  s e c t i o n  3.5.2, h e a t  pumps. s u f f e r  dynamic e f f i c i e n c y  

l o s s e s  due t o  p a r t , l o a d  opera t ion  during . . t he  year . ,  Assuming, . , t h a t  the  

dynamic e f f i c i e n c y  l o s s e s  of t h e  H.P-WtIR system are s i m i l a r  t o  those of 

conventional hea t  pumps,its annual s teady s t a t e  energy consumption is 

. adjus ted  a s  follows: 

Annual energy consumption = s teady state energy, consumption x .F 

Where the  f a c t o r  F al lows f o r  t h e  

dynamic e f f i c i ency  l o s s e s .  According t o  Reference &O the  values of 

F a r e :  

Heating season F = 1.096 
' . 

Co'oling season F = 1.164 

Annual .F = 1.118 

Conventional systems: The procedure explained i n  the  chapter  on Energy 
. , 

Estimating Methods i n  Reference 49, is used a s  the b a s i s  f o r  computing the  

annual energy consumption of gas warm a i r  heat ing systems. The annual energy 

consumption by the  a i r - to -a i r  hea t  pump was ca lcu la ted  by using . the seasonal  

formance f a c t o r  obtained from Reference 5. 



. . . . .  and t h e  h e a t  e x t r a c t e d  from t h e  d i s t r f b u t i o n  system, . ,  ,. . ., 

. .  . ,  .QE.. .+;..QH. . .  
. . 

. . a . d  : . .  - . .  . . (9-15) - 
HRF 

! .  , 

. . .  . . Where 'HI@ h e a t  ' r e j e c t i o n  f a c t o r .  

For t h e  h e a t  pump o p e r a t i n g  i n : t h e . c o o l i n g  mode 

and t h e  .hea t  r e j e c t e d  Qc = Q L  x HRF : . . (9-17) 

I f  t he  h e a t  r e j e c t e d  Qc b y  end-user pump 2 (cool ing  mode u n i t )  equals  QE, t h e  

h e a t . ' e x t r a c t e d  from t h e  d i s t r i b u t i o n  water  by end-user pump 1, then thCre 

w i l l  be  no. n e t  change i n  t h e  energy of t h e  d i s t r i b u t i o n  water and no work 

w i l l  be r e q u i r e d ' b y  t h e  c e n t r a l  h e a t  pump. 

That i s  

For t he  s p e c i a l  c a s e  HRFl = HRF2 = HRF: 

. . 

For o t h e r  l oads ,  the' n e t  energy (hea t )  added t o  o r  e x t r a c t e d  from t h e  e f f l u e n t  

w i l l  depend on t h e  n e t  demand(heating + - cool ing)  of  t h e  load  from t h e  community. 

EXAMPLE: Consider t he  c a s e  of two h e a t  pumps whose COP'S are t h e  same, t h a t  

i s  2.96, and E = 0.92, then 



HRF . a. 1.456,- . . 

COP " 2.96; : gggling mod& 2.04  
heating mode. 

?H = 55,000 Btuh h e a t i n g .  . . .  

2) QL = 25,943 Btuh cool ing 

TOTAL CW = 31298 Btuh 

and heat  de l ivered ( i n  t h e  condenser) t o  space = 37613 x HRF2 = 55000 

Total. load = 55000 + 25943 = 80943 

Total ZWc = 31,298 + 0.05 TWc = 32862 

8o '943 2,463 ' Net COP system = 32:862 



9.4.6 SIMULTANEOUS BEATING AND COOLING ANALYSIS 

The need f o r  eimultaneous heat ing and cooling w i l l  probably a r i s e  

during t h e '  e a r l y  p a r t s  of P a l l ' a n d .  Spring seasons when the  i n t e r n a l  hea t  
. . 

84&s i n  eome bui ld ings  exceed the hea t  l o s s .  -The t o t a l  +Wrgy require-  

mmnts of HP-WHR system i n  such a s i t u a t i o n  will depend on the  d i s t r i b u t i o n  

of hea t ing  and cooling loads and t h e w a t e r  d i s t r i b u t i o n  system w i l l  have t o  

be designed t o  handle the  simultaneous deplands o f , h e a t i n g  and cooling 

loads. 

Th;e energy requirements of the  HP-WHR system can be ca lcula ted  by 

END-USER END-USER 
assuming the  model a s  shown i n  Figure 9-2, REWIRING COOLING , REP_UIR?G_ _H~AIIN_G_ _ 

, - - - - - - - - - - - -  
I I I I 

CENTRAL STATION 

MODEL FOR SIMULTANEOUS HEATING AND COOLING 

FIG. 9-2 

In t h i s  system, the  heat  r e jec ted  by the  heat  pumps a c t i n g  i n  t h e  cooling 

mode can be used a s  a hea t  source f o r  the  heat  pumps a c t i n g  i n  the .hea t ing  

mode, and the  n e t  e f f e c t  is a reduction i n  t h e  work of t h e  compressor 

of the  c e n t r a l  un i t .  As an example, l e t  QHand QL be t h e  heat ing and 

cooling loads respect ively  of and i n  heat  pumps 1 and 2. Using the equations 

i n  s e c t i o n  9.4.3, 'we have 

W C l  = - Q.H 
- end-user pump COP 



lbm and a t o t a l  head l o s s  , ~ o r a  mass r a t e  of flow of 3832.75.- 

AH = (12,+ 25 + 25 + 22) = 84', t h e  . work . . .  of the  pump assuming an e f f i c iency  

of 50% becomes 827.6 T;;. Btu . I n  the  sample calculi3tions f o r  t h e  heat ing 

mode the  pumping l o s s  is  shown t o  be 3.45% of the  energy input  t o  t h e  . . 
I .  

compressors. 'In o r d e r . t o  allow f o r  unaccounted l o s s e s ,  t h e  thermal and 
. . . . 

d i s t r i b u t i o n  l o s s e s  a r e  assumed t o  be 5% of t h e  t o t a l  energy input  t o  the  

compressors i n  a l l  ca lcula t ions .  However, increas ing the  
. . 

d i s t r i b u t i o n  losses t o  10% would reduce t h e  s y s t e m  COP by about 4-5%. 

The work required  to' pressur ize  t h e  water by 100 p s i  and the  con- 
, . 

sequent temperature change is  discussed i n  Appendix D. 
. . . . 

Heat Loss and Temperature Drop i n  the  Dis t r ibu t ion  Piping: 

The hea t  l o s s  from pipes  bur ied  undergrpund depends on the  thermal 
- .  

conductivi ty of the  so , i l ,  t he  pipe s i z e  and 'mater ia l ,  the  ground temper- 

a t u r e  and i n s i d e  ' water ' flow conditions'.  he he thermal conductivi ty K of the  

s o i l  v a r i e s  widely dependingon whether:.the s o i l  is dry and sandy, w e t  and 

c iay ,  e tc . ,  . and has. - to  b e  inves t igated  f o r  the  p a r t i c u l a r  a r e a  under con- 

s ide ra t ion .  The therma1,conductivi ty values taken from Reference . . . 46 a r e  

given i n  t h e  TABLE 9-1 ' a d ,  a s  shgges ted by the  author,  :to. be - ' . 

used only when p rec i se  d a t a  a r e  unavailable from a ' s i t e - s p e c i f i c  
, , 

s o i l  survey. 

Heat Loss from Pipe: 

The heat  l o s s  per f o o t  length  of buried p ipe  is  given by Reference 46 

and .7 is used a s  a guide: 

Btu 
Q = Kp(Tp - Tg). hr-ft* 

Where 

hea t  t r a n s f e r  f a c t o r ,  Btu 
h r . f t .F  



Btu - i n  
ks* - hr-ft'-"F 

. . 

Type S o i l  
. . 

Moisture Content 

Medium 

Wet 

Sandy S i l t y  Clay 

*These d a t a  a r e  approximate va lues  and should be used only when p r e c i s e  
' d a t a  are unava i l ab l e  from t h e  s t t e .  

' SOURCE: .Technica l  ~ u i d e l i n e s  f o r  Energy Conservation, Nat ional  Bureau of 
s t a n d a r d s e Q b  



I 

9.4.7 DISTRIBUTION SYSTEM LOSSES ,'. .. . ;. . 

, ~ i s t r i b u t i o n  l o s s e s  c o n s i s t  of  pressure  l o s s e s  due t o  f r i c t i o n  

i n  the  pipe l i n e s ,  thermal l o s s e s , i n  p ipes  ,and t h e  storage.  Since the  . 
. . ,. . . 

energy input  t o  overcome t h e s e ' l o s s e s  i s  p a r t  o f ' t h e  t o t a l  energy input  

to  t h e  system, t h e  order of magnitude of such l o s s e s  is  discussed i n  

t h i s  sec t ion.  

F r i c t i o n a l  l o s s  i n  a pipe: 

F r i c t i o n a l  l o s s e s  i n  a-pipe depend on t h e  diameter of t h e  pipe,  

the  v e l o c i t y  of.. water apd t h e  roughness of pipe. For a v e l o c i t y  of, i n  

the  range of 6 f t l s e c ,  and a f r i c t i o n  f a c t o r  value  of f .=  0.04, . t h e  head 

l o s s  f o r  a 1000. f t . .  l eng th  of .pip& is given by 

It is common p r a c t i c e  t o  allow a f r i c t i o n a l  l o s s  of about 25 f t .  per  

1000 f t .  l eng th  of pipe. 

Pump work: 
. . . .  . 

The pressure  drop due t o  flow of water i n  the  condenser and evapo- 

r a t o r  tubes is usual ly  of the  order  of 12 f t .  t o  25 f t .  (Reference 5 & 7). 

The work of the  pump W required t o  overcome a t o t a l  f r i c t i o n a l  

head l o s s  AH d i s t r i b u t i o n  the  evaporator and the  condenser tubes 

f o r  a mass rate of flow of x i  lbmlhr per  one end-user can be estimated a s  
1 

follows : 

Where i s . t h e  e f f i c iency  of the  pump. I n  addi t ton ,  i t  may be necessary 
P 

to  p ressur ize  the  water f o r  d i s t r i b u t i o n  t o  residences a t  higher e levat ions .  



T = temperature of f l u i d  i n  the  p ipe  .' ... , . . .  . 
P . . 

. . T = undisturbed earth,:  temperature . ,  . 
. g 

K i s  given by . . 
. P 

Btu 
C = thermal conductance of pipe,  hr-ftZOF 

. . . ( .  
When 

d .  = d i s t ance  of ground su r face  t o  cen te r  of pipe 

r = ou t s ide  rad ius  of pipe, inches 
0 

Ks = thermal conduct iv i ty  of s o i l ,  Btu-inch 

and 

Where , 

r = i n s i d e  rad ius  of pipe 
i Btu-inch 

Kw = thermal conduct iv i ty  of p ipe  m a t e r i a l  hr-ftz-OF 

h, = su r face  conductance a t  the  i n s i d e  su r face  
I 

of p ipe  (water s i d e ) ,  Btu 
hr-f t Z - O F  

~ d d i t i o n a l  the rmal ' r e s i s t ance  can b e  added t o  t h e  p ipe  i f  i n s u l a t i o n  

is used. 

K f a c t o r s  can be ca lcu la ted  f o r  var ious  o the r  systems, such a s  two 
P 

pipe running i n  a tunnel,  a s i n g l e  pipe with d i f f e r e n t  kinds of i n s u l a t i o n s ,  

a r e  presented i n  the  form of graphs i n  reference  46. Heat l o s s  f a c t o r s  can 

a l s o  be obtained from manufacturers. . 

For t h e  case of , a  s i n g l e  p l a s t i c  bare  p ipe  (O.D. = .12"), buried 
. , 

s i x  f e e t  deep i n  the  ground a t  55OF (medium dry,  sand and c lay  s o i l ) ,  t he  

K f a c t o r  was found t o  be 1.422. The hea t  l o s s  per  f o o t  l eng th  of pipe 
P 



Btu 
f o r  water a t  80°F was found t o .  b e  35.5 T , ~ ~ :  For dry a n d  sandy s o i l , .  

Btu 
the  hea t  l o s s  , would . be 9.5 - . . 

. . h r . f t  ' : 

Temperature drop i n  p ipe  l i n e s :  
. . 

Heat l o s s  Q = C (T - TI) . . 
PW 2 

(9-24) 

Where. ' 

ni is the  mass r a t e  of flow of water and is given by 

T1' T2 
= i n l e t  and i n l e t '  temperatures of water flowing i n s i d e  a .pipe OF 

A _ .  = ' c r o s s  sec t iona l  a rea  of flow, f t .  . . 
C; lbm 

. p ,  = dens i ty  o f .wa te r ,  ft", 
3 .  - f t 

V = ve loc i ty  of water i n  pipe,  - h r  
Btu f o r  1 m i l e  length  p ipe  and a flow Using a heat  l o s s '  of (35.5 x 5280) ?;; 

ve loc i ty  of 6 f t / s e c ,  the  temperature d rop  (TI-T2) is found t o  be l e s s  

than a degree. This w i l l  be o f f s e t  by the  temperature rise due t o  pressur- 

I i z a t i o n  i n  t h e  pipe and f r i c t i o n a l  Posses. The teniperature. rise due t o  a 

p&ssute increase  of 100 p s i .  is  shown i n  the  seCtion on pump analys is .  

The s i z e  of the  thermal s to rage  tank should have su f f i c ien t '  capacity 

t o  maintain a constant  supply of water f o r  severa l  hours. It should have ' ' 

s u f f i c i e n t  thickness and should be dimensioned f o r  minimum sur face  area ' to  

minimize h e a t  losses .  ' The r a t e  of change of temperature of water i n  the  

rese rvo i r  a t  any i n s t a n t  can be estimated by an energy balance:Fig.'9-3 

1 E = thd i n t e r n a l  'energy of water ' i n  t h e  rese rvq i r  

(symbol legend contl.d) 



Q = t i m e  
. -. 

= r a t e  of hea t  l o s s  from -the s torage  rese rvo i r  and 

Btu : .  , C ' = s p e c i f i c  hea t  of water ' =  :1.0 -. 
'lbm . - ... v 

T = temperature of water 

L .  = mass r a t e  of flow 

M = mass of water i n  t h e  s to rage  
. . 

i(h2-hl) = t o t a l  enthalpy chanie of water enter ing and leaving the  
rese rvo i r .  . . 

The volume. of the  tank containing say, 5 x l o6  gal lons  would be 

6.67 x l o 5  f t 3 .  For minimum surface  areas , .  the  diameter and height  would 

be: . . . 

D = .94..7 f t .  = diameter . . 

L = 94.7 f t .  = height  . . 

The exposed surface  a rea  . As = 35217.6 f t 2  

The e f f e c t  o f  the  hea t  t r a n s f e r Q  on the  .rate of change of i n t e r n a l  

d E 
energy, can be s tudied by neglect ing L(h -h ) f o r  t h e  given i n s t a n t .  2 1 

Then , 

Where 

T is  the  temperature of surroundings 
0 

Assuming . a  "U" value of 0.3 Btu (based on i n s i d e  area)  f o r  h r . f t f ~  

wal l  s t r u c t u r e  composed of. t h i c k  concrete and exposed t o  outs ide  a i r  

temperature of OOP, And i n s i d e  water temperature o f  80°F, we have 

dT OF 
- - - -0.0203 s i n c e  Cv = 1.0  
dQ 



This i s  the rate of change of temperature of water i n  the storage a t  
. , 

the instant when ' i t s  temperature is 80 '~ ' .  This analysis assunies that there 

are no temperature gradients within the'. reservoir. However, i n  the actual 

system temperature' gradients may ex i s t  . 

. .  . 
FIG 9-3 

BLOCK DIAGRAM FOR THERMAL STORAGE ANALYSIS 



9.4.8 HEAT PUMP PERFORMANCE DATA . . 
& 

The discuss ion presented here  i l l u s t r a t e s  t h e  'procedure f o r  computing 

COP'S from the  information on 'actual  hea t  pumps given iln References 5,6,7. 

The TABLES and f i g u r e s  f o r  the  performance of hea t  pumps are presented only 

f o r  i l l u s t r a t i o n .  They do not .  cover the  f u l l  range of da ta  used i n  our 

c a l c u l a t i o n s  . 
END-USER HEAT PUMPS - a c t u a l  performance d a t a  on water-to-air end-user 

hea t  pump is obtained from the  information given i n  Reference8 5 and. 7 i n  

which the  parameters such a s  heat ing  capaci ty ,  coo l ing .capac i ty ,  COP and 

EER a r e  r e l a t e d  t o  t h e  en te r ing  water temperature by means of equations. 

Values of heat ing  capaci ty  and COP obtained by the  use of these  

equations a r e  shown i n  Figures 9-4 and 9-5. The COP values used f o r  the  

cooling mode of the  ' h e a t  pump were converted from EER values given i n  Ref- 

erences 6 and 7. 

CENTRAL CHILLER - the. performance of the  c e n t r a l  c h i l l e r  i s  given by the  

r e l a t i o n  (Reference 5) 
. . 

Z of nominal power input  = 916.347 + 0.532633 (X) - 0.000559686 (X2) + 

- 32.7860 (LCWT) + 0.378447 (LCWT~) - 0.00142857 (LcWT~) 

+ 1092.31 + 2071 02 
LEWT LEWTL 

Where: 

X = % of f u l l  load 

LCWT = leaving condenser water temperature (OF) 
LEWT = leaving evaporator  temperature (OF) 

which permits  us t o  f ind  t h e  COP of the  c h i l l e r  f o r  var ious  values of 

temperatures of water o r  e f f l u e n t  en te r ing  and leaving the  c e n t r a l  c h i l l e r .  



WATER-*AIR HEAT PUMP 

60 7-0 80 
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The COP of t h e  c h i l l e r  f o r  a given s e t  of Water temperatures  o t h e r  than 

t h e  r a t e d  cond i t i ons  ' i s  given by ' 

COP =I Copnominal . ' (9-28) 
c h i l l e r  % ,nominal work inpu t  'expressed a s  a decimal 

The COP c h i l l e r  found f o r  t h e  given temperatures  of water ,  is  r e l a t e d  

t o  t h e  COP hea t  pump by equat ion  9-6 given i n  s e c t i o n  9.4.3. The 

, COP va lue ,  found by us ing  equat ion  9-28 were reduced t o  al low f o r  t h e  

f o u l i n g  f a c t o r s .  Informat ion 'on  f .oul ing f a c t o r  coorec t ion  presented  i n  

. Reference  5 w a s  used a s  a guihe f o r  t h i s  c o r r e c t i o n .  The co r rec t ed  va lues  

of COP used i n  our  c a l c u l a t i o n s  w e r e  found by 

COP - - COP xF 
( co r rec t ed )  c h i l l e r  o r  

h e a t  pump 

Where F = f o u l i n g  c o r r e c t i o n  f a c t o r ;  a va lue  of 0.931 f o r  F w a s  assumed , 

i n  one c a l c u l a t i o n .  

TABLES 9-2 and 9-3 a r e  included t o  i n d i c a t e  t h e  va lues  of COP f o r  

r e p r e s e n t a t i v e  water  temperatures  ranges.  

,Ai r - to-a i r  h e a t  pumps - The COP and EER va lues  were computed us ing  t h e  

information given i n  Reference 6. The computed va lues  of t h e  COP'S f o r  

a i r - t o - a i r  hea t  pumps f o r  va r ious  o u t s i d e  a i r  temperatures  a r e  l i s t e d  i n  

Chapter 3. For t h e  purposes of i l l u s t r a t i o n ,  a t y p i c a l  a i r - t o - a i r  

h e a t  pump c y c l e  is p i c tu red  i n  F igure  9-6. 



TABLE 9-2 

CENTRAL CHILLER 

LEWT 
COP 

(Chiller) * 

LCWT = Leaving condenser water temperature 

LEWT = Leaving evaporator water temperature 

*COP of Chiller for Corrected for Fouling Factors 



TABLE 9-3 

CENTRAL HEAT PUMP 

LCWT - LEWT 

80°F. 40°F 

80 OF 50°F 

80°F 60°F 

80°F . . 70°F 

COP 
(Heat Pump ) * 

LCWT' = Leaving condenser water temperature  

LEWT = Leaving evapora tor  water  temperature  

*COP of Heat Pump Corrected f o r  Fouling Fac to r s  
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TABLE A-1  

WEATHER DATA FOR TEST CITIES 

ASHRAE(& ) Represen ta t I vc 
Hes t 1 ng ~ e a  tlng Degree 

' , a . . Degree Days Day .Range 

' Houston 1278 500 - 2000 

B i  rmi ngham 2551 2000 -. 3000 

.g;. Atlanta 2961. 2500 - 3500 
Cn 
. Tulsa . *  -.. _. . ,3680. 3000 - ,4000. 

: . :phi ladelphla 4486 . 4000 - 5000 

. Heatlng Cool I ng Year of  Devlatlon 
: ' Degree Days_ Deqree Days Weather Data Level 

;* ' Seattle 

I * 

Concord 

l a )  . Heating degree days from ASHRAE 1973 Sys tern Handbook. Chapter 43. .. 

SOURCE:. . "HEAT PUMP TECHNOLOGY, " GORDIAN ASSOCIATES ( 1978)lQ 



Haus ton 

Blningham 

Atlanta 

TABLE A-2  

~ R I W S I D E  C ~ E R C I A L  BUILDING HEATING AND COOLING oEslcn LOADS 

Heatlnq Coo1 lno 

. . ' .  . .  
f u l  $a 

. ,. 
. . 

9751(.0esign Dry ' .. ' Deslgn ' 
Bulb Jemperature Heat Load. 

.( F ) ' .. ( Btuh! 

Seattle 
P 

32 
Q\ 

Colmbur 
- L . ' .  

7 

25% Deslgn Dry . ZY'Deslgn Uet Design Smslble Design bU1 
Bulb Tempera t u r t  Bulb Temperature Cool I 

( B tu? Load 
Cool lng Load 

- ( O F )  (OF ) ( Btuh) 

94 80 143,447 206,119 

94 
. . I  

. . 78 143,447 195,667 

92 , 'i7 ij9,380 la9,ggt 

99 78 155,656 , ' . #03,852 

90 77 135,315 . • IB7.535 

SOURCE: "HEAT PUMP TECHNOLOGY, " GORDIAN ASSOCIATES ( 1978110 . 



TABLE A-3  

TEST. HOUSE 
DESIGN TEMPE- HEAT LOAD FOR 

HEATING AND COOLING EQUIPMENT 

HEATING. 
. . 

COOL 1 NG 
X 2-1/2% . . X . . 

DESIGN . DESIGN . . DESIGN DESIGN SENSIBLE DESIGN TOTAL ' 

DRY BULB- . .. HEAT LOAD ' DRY BULB WET BULB COOLING LOAD COOLING LOAD 
TEMPERATURE' . (BTUH) . TEMPERATURE . TEMPERATURE (BTUH) (BTUH) 

/ 

32 Houston ' 27,030 94 80 24,069 36;844 
. . 

. . 
22 Blnnlngham . 33,915 "' . 94 78 25,335 35,803 

Atlanta 23 . 33,288 92 77. 23,126 32,994 

Tu1 sa 16 37,671. : 99 . . 78. 29,383 
I' . 

38,351 

15 Phlladelphlr 38,242. ' .  90 7 7 24,880 35.302 

Seatt le 32 ' 27,621 79 65 18,'757 20;36S 

Cbl urnbus. 7 42.91 3 88 76 . 23,468 33,090 

C l  evel'and .7 42.91 3 . . 89 . ' 75 24,454 " 32.845 

Concord . '  - 7 52,088 ' 88 73 23,837 ' 30,420 

SOURCE : "HEAT PUMP TECHNOLOGY, " GORDIAN ASSOCIATES (1978 ) 
. . .  . . 



ClOUNfAINS I D €  COMMERCIAL BUILDING GENERAL CHARACTERISTICS 

Bulldlng Style 

6ros s Floor. Area 

Exposure 

Two storles, masonry constructlon 

5580 square feet  

Front of bu l ld ing  faces north 

Occupancy 40 persons (maximum) 

Llght fng  and Equipment Baseload : 14 KM (maximum) 

Construction Wall s 

Roof 

Windows and Doors 

Floor Slab 

Celllngs . . 
. . 

Stucco surface over 12" concrete 
blocks (381 l l g h t ,  f l l led) ,  1-1/4" 
furring (16" on centers) and 1/2" 
styrofoam. Inside surface I s  1/2" 
gypsum board. Net wall area: 4724 
square feet. 

3/8" asphalt bullt up roof over 1/2" 
plyscore sheathlng, 2" x 10" rafters 

I 16" on centers), f l  berglass lnsulatlon 
6") above l / Z n  acoustical t i l e .  

Roof area: 2790 square feet. 

Safety glass. 1/2" double glazed. 
Total glass area: 732 square feet. 

Concrete blab, on grade, 24" lnsulatlon 

Hung cell l n g  between floors carries 
ducts and electric and water servlces. 
Celllng helght i s  11 feet  for each floor 

Center staircase located just lnslde 
front entrance, double back deslgn 
w i t h  turnaround landlng. 



TEST HOUSE GENERAL CHARACTERISTICS 

House Style 

Living Area ' 

Room C a p l e m e n t  
FIrst Floor 

Second Floor 

Exposure 

Exterlor Surface 

Qoors 

Roof 

Glass Areas 

Basement 
Malls. 

F1 oor 

Crawl Space 

Two stories,  wood frame, 2 car garage 

1850 sq. ft .  (excluding basement). 

Foyer, living room, dining mom, family roan, 
kitchen, powder room. 

k s t e r  bedroom, large bedroom, 2 small bedmans, 
2 baths. 

Front of house faces north. 

A1 uminum s id ing .  

One - wood panel construction. 

Black asphalt shingles over buildfng paper and 
5/8"* plywood deck. 

16 glass areas, Including p a t i o  s l i d i n g  dook (For 
total glass area see bldg. plans.) A l l  windows are 
a1 uminum cased, double hung, weather stripped, 
double pave lnsulatf ng glass. Basement windows 
(2) are s lngle glazed, 118'' sheet glass. 

. . 

'1 1 co'urse. 8 lnch concrete block 

4. Inch. concrete slab over 4 inch gravel bed, 
662 sq. ft. 

4 inch gravel bed over plastlc vapor barrler. 
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Table 11. Population served by sewers and sewage, treatment-by geographical ortas 

I hlain.. S r v  Hamjbrhirc. Vrrmwat. Y a n u r h u u t t ~  H h d r  laland. G,nnutirut. 
I Nev Vnrk. he*. Jrrery. Pennnylr snia. 
1 Drlaware. hlarvla~nd. Ui~t r iv :  of Clumdia. Vir~inia. West Virrinu. Sorth Cuolina. h t b  Grd ina.  

~ - n i [  Fb~rida. . 
6 Ohio. Indiana. Illinni*. Michipan. U im.*,n*in. . . 
1 Ernlark?. Tcnnrucc. Alalrn~a. %li~eir*iyjbi. . 1 hlinnrr,~. .. lor " .  hIi.*,uri. Snrth UeLota. Suuth'Dakota. ~cbrarka.' Eanue. 
1 Arkanu*. Louisiana. Oklahoma. Tcraa. 
8 Llc~rttmna. IJahu. U'yuminn. Cu(orrdu. Sew .\lcsiro. Ariwna. Utah. Nevada. 

Camaph+ area* 

New EnIland 1 . .  . . . . . . . . 
Middle Atlantic 1. . . . . . . . . 
South Atlantir '. . . . . . . . . . 
East Sorth (itmirml '. . . . 
East Suuth Ce~ltral ' .  . . . . 
U'cac N u t h  Gn t ra l  8 .  . . . . . 
Ucat South Gn t ra l  I . .  . . . 
Mountain 8 . .  . . . . . . . : . . . . . 
Pacifir 8 . .  . . . . . . . . . . . . . . 
AlarLa. Hawaii. Purrta~ 

R i m  and Virgin l*lanJa.'. 

Total. . . . . . . . . . 

 able 13. ~ c t c e n t a ~ e  dofa lor sewer ;ystem and raw and ir&tcd discbge- 
. , by population groups 

1960 renaua 
,pnpulatia,n 
of vwcred 

mrnmunitie. 

8.976.318 
28.823.298 
13,167,414 
2h. lSh..ifi 
5.660;88b 

10,237,528 
11.011).81? 
4,625,927 

13.075.283 

1.522.065 

125,843,107 

P r m n t  P a a n t  of total popuhtioa ronrisctcd- . 

.S ' 13.7 
1.4 I .4 1.3 2.4 1.2 16.4 

10.2 8.6 39.7 
6.8 11.4 

9.3' 

tS.~SO.OOo. . . . . . . . 11.7 11.3 9.1 6.7 9.2 3.8' 
50.00&100.000. . . . . . . 11.3 11.5 9.6 7.8 9.7 0.1 
la0.0ac250.000. . . . . . 1.8 
tSO.~S00.000. . . . . . 1.2 
0l.s 500.000.. . . . . . . . .6 -- 

Estimated 
population 
c~nncct rd  
to tercrn , 

6.918.405 
3I . IW.  I41 
15.1(W.491 
29.17.5. lhV 
6.315.130 

IO.31h.SM) 
13.282.71.5 
6.212.973 

19.V7V.347 

1.419.598 

140.226.0)9 

SOURCE: Municipal Waste Fac i l i t i e s  - s t a t i s t i c a l  Summiry, 1968 
41 Inventory ., 

. Prwcnt of 
national 

tonal . 
populatb>n 
eonnrrtcd 
10 kuera 

, 21 .O 
. . 4 . 5  

7.4 
, 9 .5  

4.5 
14.2 

1.0 

100.0 

Pewrnt.?f 
' .,ecnaur - 
populatiun 
connrrted 
to mwna 

. 77.1 
108.1 
114.7 
112.8 
111 6 

l G . 8  
111.3 
I35 .O 
152.8 

93.3 

113.2 

P e n 1  of m n m t r d  
pupulation- 

r r a # c  dinebarad' 

T r c r t d  Raw 

i!iij .98.1 j 1.6 
I7..U 

13.9 
92.4 i , .6 
00.1 .9 
.W.4 . .6 

60.6 39.4 

93.2 6.8 



SAMPLE CALCULATION: CONVERSION TO PRIMARY ENERGY SOURCE EQUIVALENTS 
. . . 

..a 

BTU TO COAL BURNED AT ELECTRIC GENERATING,STATION: 

1 kwh Btu -) (10,300 =) (1.09) LBS OF COAL - (\,J Btu (3413 
Btu 

Btu 12,000 - LB 

FOR 1980 - 2000: Qnet t 5013.55' x 1012' Btu 

I 
EQUIVALENT LBS OF COAL (5013.55 r .lo1') (3413) (10,300) (1.09) 

12,000 

= 1,374,332 x lo6 LBS 

BTU TO OIL BURNED IN END-USER SYSTEM: 

GALS OF OIL - ( )  Btu 

Btu 139,000 

FOR 1980 - 2000: get a 5013.55 x 1012 

EQUIVALENT GALS O'F OIL = 5013.55 x 1012 
, 139,000 

- 36,069 x lo6 GALS 

NOTE: Qnet is derived from Q 
total (TABLE 2-1) 

through EQN. 2-4. 



BTU TO GAS BURNED IN END-USER SYSTEM: 

,CUBIC FEET OF NATURAL GAS ' 

EQUIVALENT CFT OF NAT. GAS . =  
5013.55'~ 1012 

1,000 

= 5.415 x 1012 CFT 



APPENDIX B 



' : 

The following calculations were made to: determine the annual 
. . . . 

energy inputs of the ' central Plant and ~ n d  user schemes for the. HP-WHR 

scheme. . . 

Basic Assumptions 

Northern climate 

No. of End-Users -- 470 . . 

Annual H . V .A. C . Load ~e~uirements Per End-User 
6 . . 

Heating -- 105.47 x lo6 BtuIYr 
Cooling -- 18.96 x 10. Btul~r 

Southern Climate 

No.. .of End-Users --. 980 

Annual H.V.A.C. Load Requirements Per End-User 

6 . .  . .  
Heating -- 37.92 x lo6 BtulYr. 
Cooling -- 45.03 x '10 Btu/~r 

Northern Climate 

Heating 

(1) Total, heat required by end users = 470 x 105.5 x lo6 = 4.96 x lolo ~tu/Yr 

10 1 (2) Energy from distribution system = 4.96 x 10 x (1 - - ) = 
3.03 

. . . . 10. ' . . 9 
(3) Energy input to central heat pump '= 3.32 x 10 16.99 = 4.75 x 10 BtuIYr 

9 
(4) Kwh input to central heat pump = 4.75 x 10 13413 = 1,392,905 kwhl~r 

(5) Central heat pump equivalent full load hours = 



Northern Climate (Continued). . " $'>'. 

Cooling 

(1) Total heat rejection to distribution by end-users = 

10 9 
(2) Energy input to central heat pun~p = 1.17 x 10 , 15.42 = 2.16 x 10 B ~ U I Y ~  

9 
(3) ~ w h  input to.centra1 heat pump ..= 2.16 x 10 13413 = 632,485 kwhl~r 

(4) Central heat p&p equivalent full load hours = 

Southern Climate 

Heat in& 

(1) Total heat required by end-users = 980 x 37.92 x lo6 = 3.72 x 10 10 

(2) Energy from distribution system = 3.72 x 101° x (1 - - ) = 2 . 4 9 ~ 1 0  10 
3.03 

10 9 
(3) Energy input to central heat pump = 2.49 x 10 16.99 = 3.56 x 10 Btu/yr 

9 
(4) Kw input to central heat. pump = 3.56 x 10 13413 = 1,043,,500 kwh/Yr 

(5) Central heat ,pump equivalent full load hours = 

10 1 2.49 x 10 , x (1 - -)I12 x lo6 = 1778 hrlYr 6.99 

Cooling 

(1) Total heat rejection to distribution by end-users = 
. 6 . . 

10 
(2) Energy input to central heat pump = 5.8 x 10 15.42 = 1.07 x lo1' BtulYr 

10 (3) Kwh input to,central heat pump = 1.07 x 10 13413 = 3,131,062 kwh/~r 
. . 

(4) Central heat pump.equivalent full load hours = 



. . 
Circulating Pumps 

. . 

Assume circula.ting pumps run 
. . 

20 percent mqre hours than the central heat'pump equivalent . 

full load hours. 
. . ' I '  

Northern Climate 

Southern Climate 

. . 

Distribution Pumps 

Assume distribution pumps consume the'same proportion'of en'ergy annually 
as they do at full load. . . 

Northern Climate = 6% 
Southern Climate - 5% 
(1) ~orthern Climate Pumping Energy, = 

. . 

6 470 x (105.5 x 10 + 1 8 . 9 ~  lo6) x .06/3413 = 1,027,858 kwh/~r 

(2) Southern Climate Pumping Energy 

Miscellaneous 
. . 

, ~uxiliai-y. equipment such as cantrols, security lighting, etc., is 
, . 

estimated to consume an additional 12,000 kwh annually. 
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. . 
. .  . 

\ . '.. . . I  . . . 

HEAT BALANCE 
. . . > .  . r ' , . : . . '* 

I n  most cases ,  hea t  l o s s e s  o r  heat  gain .caused. by r a d i a t i o n ;  con- 

vect ion ,  bearing friction, o i l  Cbolers, e t c  ., , a r e  r e l a t i v e l y  s&ll and 

may not  be considered i n  the  o v e r a l l  hea t  balance, but  may be compensated 

f o r  i n  the  heat  balance c losure  allowance. 

In  a hermetic package, where the  motor. i s  cooled by r e f r i g e r a n t  gas,  
. . 

c h i l l e d  water ,  o r  condenser water ,  the  motor cooling load w i l l  be included 

i n  the  measured condenser load,  hence: 

'EV + 'KW INPUT = qc 

Where 

" q ~ ~  = .net cooling capaci ty  of l i q u i d  coo le r , '  Btuh 

qKWINPUT = e l e c t r i c  energy inpu t  t o  the  compressor motor, 
expressed i n  Btuh 

c 
= n e t  heat  r e j ec ted  t o  the  condenser, Btuh , , 

CLOSURE: THE HEAT BALANCE FOR THE TEST RUN SHOULD BE V I T H I N  7.5 PEP CE~TT.  . . 

54 . . 
SOURCE: A R I  STANDARD 550-77 

COEFFICIENT OF PERFORMANCE (C. 0. P . ) 
The Coeff ic ient  of Performance can be calculated ' ,  f o r  any s p e c i f i c  

s e t  of opera t ing  condi t ions ,  from the , fo l lowing  formula: 

C.O.P. = Total Heat Out 
Heat I n  . , 

= Compressor hea t  + Evapora tor ,heat  .. . 

Compressor heat  

Where 

Compressor heat  = Power supplied t o  u n i t  (KWH) 
x 3413 (BTU/KlJH) ( inc ludes  fan power) 



Evaporator heat = Flow rate (lblhr) 
. x Specific heat of water .. , . . 

. ,. . . :  .. . .. _ 
. . 

. (1. o~tU/lb-O~) 

0 
, . <  

x Change in water temperature ( F) 

SOURCE: "Demonstration of Building,Heatin,g with a Heat Pump Using 
. ~hermal Effluent, " Sector. 33 

ACTUAL CAPACITY . . 

The actual capacity, in tons, can be determined by the following 

formula: ' 

tons = W (T~-T~) 112,000 

Where 

W = flow rate of chilled water, lb per hr 

0 
Te = temperature of water entering the unit, F 

0 T1 = temperature of water leaving the unit, F 

NOTE: The. specifi-c heat of water is implicit in the equation and is 
assumed to be 1.0 ~tu/lbm-OF 

SOURCE: ARI Standard . . 550-77. 54 



FOULING FACTORS 

Fouling factors. 'must  be obtained experimentally by determining the  
. , .  . . . . . 

values of  overall hea t  t r a n s f e r  c o e f f i c i e n t )  f o r  both..c,lean and d i r t y  

condit ions in. the  hea t  exchanger.: '  The foul ing f a c t o r  i s  thus defined as :  
. . . .. 
. . 

and the  o v e r a l l  heat  t r a n s f e r  c o e f f i c i e n t ,  U, is defined f o r  a simple 
. . 

. t .  

double-pipe heat  exchanger as:  

1 ' .  " .  Btu 

A 1 r )  Ai ,: i 1 ( h r - F ~ Z .  -OF. 1 . - . . + -  - 
+ ~ T K L  i h  ) 

hi . , . . , . A. 0 

Where 

hi, ho = convection hea t  t r a n s f e r  c o e f f i c i e n t  
. . .  . . . . . . . - . . . . <  . . . .  . . . .  . 

Ai,Ao = surface  a reas  of i n s i d e  .tube 

= inner and .outer  r a d i i  of i n s i d e  tube r o , r i . .  , 

K 0' conduction hea t  ..trans£ er . coeff ic ient '  of tube mater ia l  

L length  of exchanger tubes 

SOURCE: Heat Transfer ,  3. P. Holman. 31 



TABLE c-1 
TYPICAL FOULING FACTORS 

. . 1 :  .. , . 
,: . $ .  '! ', , - .. . L. . .., . . . 

TABLE 7. Fouling Rnistsncs, 
. . 7 . .. 

' Typ id  fouling bistancu are referred to ihi rurfa'a m ubich h e y  occur. L. 
Uw rbwia of specific Qu for setting propr rcrpunar t k  vocr m y  bt pided . - 
by the dues tabdated bdow; . , . I  . 

Wata ~ -~ 

Tempantwe of Heating Mcd~um I Upto 240.F. 1 240400OF 
Temmntwe of Water I 12S°F a ku I Over 125.F 

T y p  of Watcr 
nl 

3 fl 
and ku 

Sea water ODalS  
Braclodl wata Om2 

SOURCE: Handbook of Heat Transfer, W.M. lbhsenw arid J.P. Siartr~etr?.~ 

Cooling tower and utificul spray pond 
Treated nukeup 
Untrertd . 

City or weU water  ad^ m Gnat Wrcr) 
Gnat Uua 
River water . . 

Minimum 
Minipippi 
Dclownrt. SchuyW 
East fliw and New York Bay 
chmp Slnitry Cuvl 

Muddy or silty 
Hard (over I S  y.inr/gal) 
Enpe jvckut 
DistiUed 
Treated W e r  feedwater 
Boiler blowdawn 

om1 
0.003 
0.001 
0.001 

0.001 
0.002 
Om2 
0.002 
0.006 

i Om2 
om3 

0.001 
o m s  
0.0005 
0.002 

om1 
O.IY13 
0.001 
0.00 1 

0002 
0.003 
0.003 
Om3 
om 
0.003 
0.003 
om1 
0.0005 
0.001 
0.002 

*Ralingt in cdumns 3 md 4 are b e d  on a tern 
of 24MOO.F. I f  the heating medium tempcntu 

. medium i s  known lo u l c ,  lhev fating rhould b 

terature of the heating medium 
: is over 4W°F and the cooling 
modiced accordingly. . 

om2 
0.005 
OM)? 
om 
0.003 
0.004 
0.004 
0.004 
01)IO 
OM# 
oms 
0.001 
0.0005 
0.001 
om2 

om2 

0.002 
om2 

0.002 
0.003 
0.003 
0.003 . 
om 
0.003 
0.00s 
0.001 
0.00s 
0.001 
0.002 
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SAMPLE CALCULATION: HEATING MODE 

Reference is made to Figure 3-1 and the equations and procedure outlined 

in the analysis section (See 9.4.4). 

DATA : 

Tfi 
= temperature of effluent entering.the evaporator of the central 
heat pump = 60°F 

Tfo = temperature of effluent leaving the evaporator of the central 
heat pump = 50°F 

Tel = temperature of water entering the evaporator of the end user 
heat pump = 80°F . 

Te2 = temperature of water leaving the evaporator of the end user . . 

heat pump = 70°F 

Tcl = temperature of water entering the condenser of the central 
heat pump = 70°F 

Tc2 = temperature of water leaving the condenser of central unit 
= 80°F 

COP of the end user heat pump = 3.035 (from Fig. 9-5) 

COP of the central heat pump = 6.991 (from Table 9-3) 

Q = design heating load = 55,000 Btuh = Qc = end-use of the house 
based on 75OF inside and -20°F outside. 

W = energy input to compressor of the end user heat pump = 
ce 

'c, (end user unit) = 55,000 = 18121,'g. Btuh 
COP 3.035 Btuh 

Heat rejection factor HE@ = COP - - 3.035 
COP-0.92 3.035-0.92 

HRF = 1.435 

Heat absorbed in the evaporator of the end user heat pump Q (end user 
e 

heat pump) = 
55,000 = 38327.52 Btuh 
1.435 

Heat rejected in the condenser of the central station heat pump = Qe (end user heat pump) = 38327.52 

38327.52 '- 
Work input to compressor of the central station heat pump: Wcc = 6.991 - 



Total  compressor energy input:  LW = Wce 
C 

+ W = 23603 Btuh 
C C 

Mass rate of flow of water through t h e  'evaporator o f  the  end user  . . 
uni t  = M Q (end u s e r  heat  pump) = M C (80-70) = 38327.52 . w e  W .  PW 

Where 

The same mass flows through the  condenser of the  c e n t r a l  hea t  pump. 

MASS RATE OF FLOW OF EFFLUENT: . . . 

HRF(centra1 heat  pump) = 
6.991 
6.991-0.02 = 1.152 

Heat ext rac ted  from the  e f f l u e n t  i n  the  c e n t r a l  s t a t i o n  = - 1.152 38327 = 33269.97 

= mass r a t e  of flow of e f f l u e n t  = 
Meff . . 

33269*97 = 3327.00 .lbm/hr ' 

1 x (10) 

For these  mass ra tes '  of flow ' the 'pumping energies  f o r  water flow through 

the  condenser of the  c e n t r a l  pump, evaporator 'of  t h e  end u s e r . h e a t  pump 

and the  effluent.pump were ca lcula ted ,  using the procedure out l ined i n  

the  ana lys i s  s e c t i o n  and the  information given i n  .References 5 and 7. ' . . 

E = Total  energy input  t o  the  system: .2CW + CW + other  l o s s e s  
System C 

. . . .. 
(~tiakage,  thermal, e t c .  

It is  noted t h a t  the  pumping energy (827. 'Btu/hr) is  3.5% of the  
. . 

compressor input .  Increasing the pumping energy by 40% ( t o  allow f o r  

o ther  losses )  would br ing i t  t o  4.9% (or  5% approximate). 

Tota l  energy input .  t o  compressor = 23,603.00 Btuh.. 

. 5% of compressor energy .= 1180.00 



Total energy input t o  system = 24,783.00 Btu/hr = *system, 

NOTE: If i n  an actual system the pumping energy and other losses  is 
10% of the t o t a l  energy input t o  compressor, then system COP. 
would become 2.118 - a reduction of 4.55% i n  the COP system. 



SAMPLE CALCULATION:- PUMP ANALYSIS 

I n  t h e  process of r a i s i n g  t h e  pressure  (or  head) of t h e  d i s t r i b u t i o n  medium 
. . . ,  . 

(water o r  c l a t i f  i ed  ef f l u i n t )  , energy ' i s  consumed by t h e '  pump. T h e  energy added 
. .. . . . . 

t o  increase  the  pressure increases  .the entlialpy of water r e s u l t i n g  i n  an increase  

of temperature. s ince  heat  t r a n s f e r  from t h e  pump casing i s  neg l ig ib le ,  i n e f f i -  

c i enc ies  due t o  f r i c t i o n a l  l o s s e s  i n  the  pumping .proc&s's tend t o  increase  the. 
L 

. . *' . 
temperature o f ,  t h e  f l u i d .  pumping. energy and the  temperature increase  of water 

. . 

during the'pumping process is  r e l a t i v e l y  small a s  shown i n  the  following analysis ' :  
. . 

Where 

Vf = Specif ic  volume of water a t  i t s  temperature (which) . . , 
. . .  

i s .a lmogt  a constant  o v e r ' t h e  temperature range) .. 
. .  . 

P P = I n l e t  and e x i t . p r e s s u r e s  respec t ive ly  lbm .INZ . .  1, 2 

W = Work input  t o  pump 
P 

'I P 
= Eff ic iency .o f  the  pump 

Also energy balance around t h e  pump y i e l d s  

. . 

For example, f o r  a pressure rise of . . 

0 P - P  = 1 0 0 p s i ;  water en te r ing  a t  80 F, Vf := 0.01607 f t  3 2 1 :  - .  
lbm 



and assuming pump efficiency of 70%, we have from equation (D-1): 

- W 0.01607(100) (144) = 330.58 f t - x  
P .70 . . . lbm 

- W ' = 330.58 = 0.425 Btu - P 778 . lbm 

Also, the enthalpy increase,, (h2 - hl) = (Wp) = '0.425 
lbm 

The temperature rise of water = C (T~-T~) - . h -h = 0.425 
P 2 1 

Where C = specific heat of water = 1.00 Btu 
P' lbm F'. 

The temperature ris:e of ,water during the pumping process is therefore approxi- 

mately 0.425'~ for a pressure, increase of 100 psi. 



SAMPLE CALCULATION OF ANNUAL ENERGY CONSUMPTION 

~eierence is made to the' ASHRAE Systems Volume, 1976. (Ref. 49). 
. . 

a. Conventional Fuel: . . 

\ 

For 40% oversized furnace, Cf = 1.79. 

Assumed rated efficiency; Eff = 0.75 

% = Heating Load = 55,000 Btuh 

CD, For Northwest Central Region 

= 0.57 (Degree Days = 8238, 

TD = (75 - (-20)) = 95'~ 

b. Air to Air Heat Pump: 

Copseasonal for N.W. Central Region 

'OP~easonal for S. Atlantic Region = 2,220 

For the Northwest Central region with C.O.P. Season 
= 1.382 

r; Heating = 4,7210 MBtu/yr 
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