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his  chapter  presents a historical  perspective on  key CO 
nd regulations,  which  have  impacted ener~y policy  an 
a major  role  in  shaping  energy  usage. The context of past  stan- 
d legislation  must  be  understood  in  order  to  properly im~lement 

e proper  systems and to be able  to  impact  future  codes. The 
olicy  Act  for  example  has  created  an environ~ent for retail c 

ctric  utilities  will  drastically  change  the way  they operate in 
provide  power  and  lowest  cost.  This in turn  will drastic~lly 

reduce  utility  sponsored  incentive  and  rebate  programs,  which  have  in- 
fluenced  energy  conservation  adoption. The chapter  attempts to CO 
majority of the  material  that cu~ently impacts  the  ener  relate^ i 

ip  to  their  respective  initial  writ 
nce  between  standards,  codes a 
forceability of the  various d 
ties  (vendors,  trade  organizat 

signers, citizens, etc.) may develop a standard  in 
mum  levels of performance.  The  standard  acts as 
parties  involved, but is  not  enforceable  until  it  is c 
body (local or state agency),  which  makes  the 
meeting  this  code  may  prevent  continuance of a 

ge of work.  Once  the  federal gove~ment makes  the code 
ral  code,  it  becomes a regulation.  Often  this pro 



volves  equipment  development  and CO 
cation in order  to  assure  that  the  stand 

olicy  Act  of 1992 is  far  rea  and  its imple~en- 
electric  power  deregulation,  ing  codes  and new 

ometimes  policy  makers  do  not  see  the ex- 
t of their le~islation. This  comprehensive  le 
impacts  energy  conservation,  power  genera 
hicles  as  well  as  energy  production. The fe 

p~va te  sectors are impacte~ by this  comprehensive  en 
hts  are descri~ed below: 

establish  minimum  commercial  building ene 
der  minimum  residential  codes  based on cur 

voluntary  codes. 

uires  states  to  consider new  ulatory stan~ards that  would: 
require  utilities  to  undertake  int ted resource  plannin 

ram  to  be  at  leas  profitable  as  new  su 
tions;  and encoura~e improvem~nts in supply  system  efficiency. 

Esta~l ish~s efficiency  standards  for:  commercial  heating  and  air- 
condition in^ equipment;  electric  motors;  and  lamps 

ives  the  private  sector an oppo~unity to ~ s t a ~ l i s h  voluntary  effi- 
ency info~ation/labeling programs  for  windows,  office equip- 

and  luminaries,  or  the  Dept. of Energy will establish  such 
ams . 

rogram  for  providin  federal  support  on a competi- 
tive  basis  for  renewable  energy tec~nologies, Expands progr~m to 



ort of these  renewable  energy  technolo 
ing  markets  in develop in^ countries. 

y authority  to re~uire a pri 

also provid~s state  fleet  prog 

sta~lishes comprehensive  pro  ram  for  the  research 
ment, infrast~cture promotion, nd vehicle  demonstr 

acles to w~olesale power  competition in the 
ng ~ o m p a ~ y  Act  by  allowin both uti~ities an 

S to form exempt  wholesale  generators  without  tri 

dministration to e s t a ~ l i ~  
line  inventory of gr~enhouse gas  emissions  and  est 

m for  the  voluntary repo~ing of those  emissio 
repare a report  analyz 
te change and  to deve 

to unde~ake research  an 
a wide  range of energy  technologies,,  including: e 
t~chnologies, natural  gas  end-use ~roducts, rene 
sources,  eating and  cooling  products,  and  elect 

nergy  Policy  Act of 1992 called  for  states to esta~lish 
mum commercial ~uilding energy  codes  and  to  consider  the  same  for 



residential  codes.  Prior  to  this  regulation, many states had  some  level of 
efficiency  included in  building  codes  (ASHRAE  90-80,  CA  Title 
.), but  most  did  not  address  the  advances  in  equipment,  materials 
gns  that  would  impact  energy  usage. A 1991  study by the  Alliance 

Energy  found  that  most  states  employed  codes  that  were  very 
outdated,  which may  have  initiated  that  portion  of  the  regulation  itself. 

consortium of interested  parties in order to assure  that  the ~ e ~ o r m a n c e  
level  is  economically  attainable.  The  groups  for  building  efficiency  stan- 
dards are made  up  of  building  designers,  equipment  suppliers,  construe- 

ionals,  efficiency  experts,  and  others.  There  are  several  trade 
research  institutions  that  have  developed  standards as well as 

some states that developed their own. The approved standards are 
merely  words  on  paper  until a state  or  local  adopts  these  standards  into 
a pa~icular building  code.  Once  this  occurs,  officials (state or  local) 
have  the  authority  to  inspect  and  assure  that  the a~plicable codes are 
enforced d u ~ n g  design  and const~ction. 

The main organi~ation responsible  for  developing  building  systems 
and  equipment  standards,  at  least in the  commercial  sector  is  the  Ameri- 

’ y of Heating, ~efrigeration, and  air-conditioning  Engineers 

ore than  three  quarters of the  states  have  adopted ASHRA~ Stan- 
as a basis  for  their  energy  efficiency  standard for new  build- 

ing design, The A S H ~ A E   S t ~ d a r d  90-80 is  essentially  “prescriptive’,  in 
nature. For example, the  energy engineer using  this standard would 
compute  the  average  conductive  value  for  the  building  walls  and  com- 
pare it against  the  value in  the  standard, If the  computed  value  is  above 
the  recommendation,  the  amount of glass  or  building  construction ma- 
terial  would  need  to  be  changed  to  meet  the  standard. 

Most  states  have  initiated  “Model  Energy  Codes” for efficiency 
standards in lighting and  HVAC. Probably  one of the  most  comprehen- 
sive  building  efficiency  standards  is  California  Title 24. Title 24 estab- 
lished  lighting  and HVAC efficiency  standards for new const~ction, 

nd additions of commercial  and  noncommercial  buildings. 
E Standard  90-80  has  been  updated  into  two new stan- 

E 90.1- €999 Energy  Efficient  Design of  New 

The development of efficiency  standards  normally  is  undert 

ow-Rise  Residential  building 



AE 90.24993 Ene 
esidential  building 

RAE  Standard  90.1-1999  are: 
ent  for  the  energy  efficient  design  of  new 
may  be const~cted9 operated9 and ~ a i n -  
~ n i ~ z e s  the  use of energy  without  con- 
nction  nor  the  comfort  or  productivity of 

the  occupants 

provide  criteria  for ene y efficient  design  and  methods for deter- 
mining co~pliance with  these  criteria 

provide  sound  guidance  for  energy  efficient  design 

In  addition  to  recognizing  advances  in  the pe~ormance of various 
components  and e ~ u i p ~ e n t ,  the  Standard  encourages  innovative  energy 
conserving  designs.  This has been acco~plished by allowing  the  build- 
ing  designer to take  into  consideration  the  dynamics  that  exist  between 

f a building  through  use of 
ilding  Energy  Cost  Budget 
h is so sponsored by the  Illuminating  Engineer- 
rica,  includes an extensive  section  on  li 

tilizing  the  Unit  Power  Allowance 
standard  also  addresses  the  design o 

systems: 

S including  elevators  and  retail  refrigeration, 

ater  heating  and e~uipment, and 

RAE  has  placed  90.1  and  90.2  under  continuous ~aintenance 
rocedures by a tanding  Standard  Project  Committee,  which  allows 

co~ections and inte~retations to be  adopted  through  addenda, 



, the  nation’s  model  code or~ani~ations, Council of Ameri- 

am. If the  stan- 

era1 sector  is  a  very  large co~sumer of ene 
are  actually  over ~00,000 federal  buildi 
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bined  energy  cost of $10 billion  per  year.  anagers  and  operators of 
these  installations  (mostly De~artment of Defense  and  Postal 
have  very  little  incentive  to  conserve  energy  or  improve  efficie 
work  that  is  accomplished  toward  these  goals  would  have  norm 
kept  in  the  coffers  and  consumed by other  functions as une 

oil  embargo  brought  into  focus  the  impact 
dependence on  foreign  sources of energy  upon our 

olicy  and  Gonservation  Act 
standards  for  agency  procure 
ncy;  and,  develop  and  implement a 10- 

in Federal  buildings, in 
atory  lighting,  thermal  and  insulation  standards.  This  ac 

ked with the  Energy  Gonservation  and  Production  Act i 
established a 10% savings  goal by 1985  over a 1975 

ional  Energy  Gonservation  Policy  Act  of 1 
era1  energy  initiative  with  the  following S 

Establishes the  use of Life-cycle-cost  (LCC)  method of 
analysis, 

Establishes  publication of  Energy P e ~ o ~ a n c e  Targets, 

Requires LGG audits  and  retrofits of Federal  buildings by 19 

stablishes  Federal  Photovoltaic  Program, 

ings  exceeding 1000 square  feet  are  subject to ene 
and 

stablishes a Federal  Solar  Program. 

the Federal ~ne rgy  ement Imp 
( ) amended  the  Federa y Initiative 
re~uirements to  perform  the LGC audits by 1990  and  extended  the  dead- 
line of 10 percent  savings  goals  to  1995.  FE 
retary  of  Energy  to  set  the  discount  rate  us 
rected the various federal agencies  to establish ince 



conservation. The National  Defense ~uthorization Acts  for FY 89, 90, 
and 91 added  the  following  provisions: 

allowing  half of first  year  savings  to  be  used  for  welfare,  morale,  and 
recreation  activities  at  the  facility. The other  half to be  used  for  addi- 
tional  conservation  measures.  Expands DOD’s shared  energy  savings 

to  include half of first 5 years of savings.  Requires  the  Secre- 
efense  to  develop  plan  for m a x i ~ i ~ i n g  cost effective energy 

savings,  develop  simplified  contracting  method  for  shared y sav- 
S, and  report  annually  to  congress  on  progress.  Expands  incen- 

icipate in  utility  rebate  programs  and  to  retain  two-thirds  of 

sident  has  power to invoke  their  own  standards,  in the form 
Orders,  under.  which,  agencies of the  federal  government 

ust  adhere.  Presidents  Bush  and  Clinton  have  both  further  increased 
the  efficiency improvemen~s required  to  be u n d e ~ a ~ e n  by 
ctor.  The  most  recent  version  signed by President  Clinton 

stablishes  incentive  for  shared  energy  savings  contracts in DO 

, was  titled, ‘‘~reening the ~ o v e ~ m e n t  Throug 
anagement.” The order requires Federal a 
: 35% greater  energy  efficiency in buildings  relative to 
30% cut  in  greenhouse  gas  emissions from building 

he order also directs agencies to maximize  the  use of energy 
ce contracts  and  utility contracts, in which private 

companies  make  energy  improvements  on  federal  facilities  at  their  own 
expense and  receive a po~ion of the  resulting  savings. Life cycle cost 
analysis must  be  used so agencies  see  the  long  term  savings  from  energy 
investments  rather  than  merely  the  low  bidder  selection criteria. Re- 
 ires that eve~thing from  light  bulbs to boilers  be  energy e~icient be 
utilized as well as the  use  of  renewable  energy  technologies  and  sources 
such as sol r wind,  geothermal  and  biomass.  This  order also mandated 

DOD and CSA shall  provide  relevant  training  or  training 
aterials for those programs  that  they  make available to all federal 

ing  to  energy  management  strategies  cont * is  or- 
te  text of  E.O. 13 123 can  be  found on the b site 

related  energy  use  relative  to  1990. 

(www.eren.doe.gov/femp/aboutfemp/exec13123,html). 



Codes, ~~andards & ie~ is la~ion 

uality  (IAQ)  is an emerging  issue of concern to buil 
ing mana~ers, operations,  and  designers.  Recent  research  has  shown  that 
indoor  air  is  often  less  clean  than  outdoor  air and federal  legislation  has 
been  proposed  to  establish  programs  to  deal  with  this  issue  on a national 
level. This, like  the  asbestos  issue,  will  have an impact  on build‘ 
design  and  operations.  Americans  today  spend  long  hours  inside bu 
ing,  and  building  operators,  managers  and  designers  must  be  aware of 
potential  IAQ  problems and  how  they  can  be avoided. 

IAQ  problems,  sometimes  termed  “Sick ~uilding Syndrome,99 have 
become an acknowledged  health  and  comfort  problem. ~uildings are 
ch~acterized as sick  when  occupants  complain  of  acute  sym 
as headache,  eye,  nose and  throat  irritation,  dizziness,  nausea 
to  odors  and  difficulty in concentrating.  The  complaints may  become 
more  clinically  defined so that  an  occupant  may develop  an 
ing-related  illness  that  is  believed  to be  related  to  IAQ p 

The most  effective  means  to  deal  with  an  IAQ  problem is to  re- 
move  or  minimize  the  pollutant  source,  when  feasible. If not,  dilution 

ration  may  be  effective. 
lution  (increase  ventilation)  is  to  admit  more  outside  air  to  the 

building,  ASHRAE’s  198 1 standard  recommended  son  out- 
side air in  an office  environment.  The new  ASHR  on stan- 
dard, 62-1989, now  requires 20 C F ~ p e r s o n  for  offices if the  prescrip- 
tive  approach is used,  Incidentally,  it  was  the  energy  cost of tre~ting 
outside  air  that  led  to  the  1981  standard. The superseded 1973 standard 
recommended 15-25 CF~/person. 

Increased  ventilation  will  have  an  impact  on  building  energy  con- 
sumption  However,  this  cost  need  not  be  severe. If  an air-side  econo- 
mizer  cycle  is  employed  and  the HVAC system  is  controlled  to  respond 

ad  to  and  the  economizer  hours  will  help  attain  air  quality  goals 
with  energy savings at  the  same  time. The fall of 1999 marked  the 
newest  published  version f ASHRAE  Standard  62-1999,  “Ventilation 
for Acceptable  Indoor  Air ~ality.~’ The new  standard  contains  the entire 

to  loads as well as thermal  loads, 20 CFM/person  need  not  be 

lSource: Indoor Air Quality: Problems & Cures, M. Black & W. Robertson, 
Presented at 13th  World  Energy Engineering Congress. 



here is ~ r o w i ~ ~   c o n s e ~ s ~ s  that the most p ~ o m i s i ~ ~  way to 

~ a ~ t  once it  has ~ i s s e ~ i n a t e ~  into  the environ~ent. Source  control  op- 



tions include chemical  substitution  or  product  reformulatio 
substitution,  product  encapsulation,  banning  some  substance 

emission  standards  are  incorporated in the  proposed  rule. 
material  emission  standards. Source control 

or  years, chloro~uorocarbons ( 
and  refrigeration  systems de 

mmerciali~ing their  series of 
atives-hydrochloro FC) and hydro~uorocar 
) com~ounds. See  Table l .l. 

rotocol  which  is  being 
ent  program ( U ~ ~ P )  is a W 
S. A major  revision to th 

implemented  at  the 1992 meeting  in  Copenhagen  which acc~ler~ted the 
phase  out  schedule, 

The reader  is  advised  to  carefully  consider  both  the " 

erants entering the  market  place  and  the alternate tec 
able. Alternate  refrigerants  come in the  form of 
S have  the  attractive  attribute of having  no i 

layer  (and co~espondingly are not  named  in  the  Clean 
native  technologies  include  absorption  and  ammonia r 
tablished  technologies  since  the  early 19OO's), as  well  as  desiccant cool- 



ook effect  January I, 1990. The Energy 
further  increased  the  excise  tax  effective 

comend  practices  and  pro- 
ertent  release of fully  halogenated  chlorof- 

igerants  during  manufacture, i 
, and disposal of refrigeration 

into 13 sections.  ighlights  are as follows: 
ection  deals with air-conditioning  and  refrigeration 

dentifies  possible  sources of loss of refrig- 
section  outlines  refrigerant  recovery  reuse 

efrigerant  section  disc 
and  azeotropic  mixtures 

ir  Act ~ G A A ~  was  signed 
slation  includes a section  entitled Strato- 
le W), This  section  contains  extraordinar- 

ensive regulations for the production a 
methyl ch lorofo~,  and 

regulations  will  be  phased  in  over  the  next 40 years, 
act  every in dust^ that  currently  uses GFCs. 

e seriousness of  the ozone  depletion  is  such  that as new findings 
ous  political  and  scientific  pressure  placed 
ut  use of GFGs. This  has  resulted  in  the 

ush  in  February 1992, to  have 

he  firs1  binding  inter- 



national  legal inst~ment to  deal  directly  with  climate  change. The goal 
is  to  stabilize  green  house  gases in the  atmosphere  that  would  prevent 
human  impact on global  climate  change.  The  nations  that  signed  the 
treaty come together  to  make  decisions  at  meetings  call  Conferences of 
the Parties. The 38 parties are grouped into two groups, developed 
industrialized nations (Annex I countries) and developing countrie§ 
(Annex  11). The Kyoto  Protocol, an international  agreement  reached in 

yoto  in 1997 by the  third  Conference of the  Parties (GOP-3), aims to 
ower  emissions  from  two  groups of three  greenhouse  gases:  Carbon 

dioxide, methane,  and  nitrous  oxide  and  the  second  group of hydro~uo- 
rocarbon ( ~ F ~ s ) ,  sulfur hexa~uoride and pe~uorocarbons. ~ ~ i s s i o n s  
are meant  to  be  reduced  and  limited  to  levels  found  in  1990  or  199 
de~ending upon  the  gases considered. The re~uiremen~s will impact 
future clean  air  amendments, p~icular ly  for  point  sources.  These re- 
~uirements will  further  impact  the im~lementation of distributed  genera- 
tion  sources,  which  are  discussed  in  the  following  section. 

Federal,  state  and  local  regulations  must  be  addressed  when  con- 
sidering  any  cogeneration  project.  This  section  will  provide  an  overview 
of the  federal  regulations  that  have  the  most  significant  impact on co- 
generation  facilities. 

ower  Act asserts the federal gove~ment’§ policy 
toward  competition  and  anti-competitive  activities in the  electric  power 
i~dustry. It i~entifies the  Federal Energy Re~ulatory   om mission 

RC)  as  the a~ency with  primary  jurisdiction  to  prevent  undesirable 
anti-competitive behavior  with  respect to electric power  ene era ti on. 
Also,  it  provides co~enerators and  small  power  producers  with a judicial 
means  to  overcome  obstacles  put in  place  by electric  utilities. 

2Source: Georgia Cugenera~iun ~ a ~ ~ ~ ~ u ~ ,  published  by  the Governor’s 
Office of Energy  Resources. 
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) 
This  legislation  was  part of the 1978 National  Ene 

had perhaps  the  most  significant  effect  on  the  developm 
’ and  other  forms of alternative  energy  production in 

ain  provisions of P U R P ~  also  apply to the  exch 
wer  between  utilities  and  cogenerators.  vides a number of 

fits to  those  cogenerators  who  can b alifying Facilities 
S) under  the act, ~pecifically, P U R P ~  

equires  utilities  to  purchase  the  power  made  available by cog en^ 
erations at  reasonable  buy-back rates. These rates are typically 
based  on  the  utilities’ cost, 

uarantees  the  cogeneration  or  small  power  producer  interconnec- 
tion  with  the  electric  grid  and  the availa~ility of backup  service 
from  the  utility 

Dictates that supplemental power re~uirements of CO 
must  be  provided  at a reasonable  cost. 

xempts  cogenerations  and  small  power  producers from federal 
and  state  utility  regulations  and  associated  reporting r~quirements 
of these  bodies. 

In  order  to  assure a facility  the  benefits of PU 
must  become a ualifying Facility, To achieve 

enerate elect~city and  useful t 
ingle  fuel  source. In addition, a cogeneration  facility  must  be 
0% owned by an  electric  utility  or an electric  utility  holding 

Finally,  the  plant  must  meet  the  minimum  annual  operating efficie~cy 
standard esta~lished by E R C  when  using  oil  or  natural  gas as the  prin- 
ci  al  fuel  source. The standard  is  that  the  useful  electric  power  output 

S one half  of the  useful  thermal  output of the  facility  must be  no less 
42.5% of the  total  oil  or  natural  gas e n ~ r ~ y  input. The minimum 

e~ficiency standard  increases  to 45% if the  useful  thermal ene 
than 15% of the  total  energy  output of the  plant. 



HCFC- 124 

  at er and brine  chillers;  process  cooling 

Auto  air ~onditionin~; medium te~perature 
commercial  food  display  and  transportation 
equipment; refrigerators/free~ers; dehumidi 
fiers;  ice  makers;  water  fountains 

Water  and brine  chillers 

 ow-temperature commercial  food  equi 
ment 

slation  was  to  create  a dereg~lated 
rovides  for  incremental  pricin 

higher  cost  natural  gas  supplies  to  industrial ~ u s t o ~ e r s  who 
’ allows  the  cost of natural  gas to fluctuate with the  cos 

ogenerators  classified as ~ualifying Facilities  under P 
empt from the  incremental  pricing  schedule  established  for industri~l 
~ustomers. 

SO 1 
This act  requires  that  disposal of non-ha~ardous solid  waste  be 

handl~d in  a sanitary  landfill  instead of  an  open  dump.  It  affects  only 
cogenerators with biomass  an  oal-fired  plants.  This 
little, if any,  impact on oil  a  natural  gas  cogener 

t of 1935 (the  35 
authorizes  the  Securities  and  Exchange Com~ission (SEC)  to  regulate 
certain  utility  holdin in^ companies”  and  their  subsidiaries  in  a  wide r a n ~ e  



orate  transactions, 
The Energy  Policy  Act of 1992  creates a new class of 

only electric generators-”exempt  wholesale generators” 
hich  are  exempt  from  the  Public  Utility  Holding  Company  Act  (PU- 
CA). The Act  dramatically  enhances  competition in U.S. wholesale 

electric generation  markets,  including  broader  participation by subsidiar- 
ies of electric  utilities  and  holding  companies. It also  opens  up  foreign 
markets by e~empting companies  from  PUHCA  with  respect  to  retail 
sales as well as wholesale  sales. 

rie 
otio  ment for 

utilities  to  become  more  competitive.  Retail  wheeling  proposals  were  set 
’ o motion in states such as California, Wisconsin9 ~ ich igan9  New 

xico,  Illinois  and New  Jersey.  There are many  issues  involved  in a 

~eregulated power  marketplace  and  public  service  commission  rulings 
and  litigation  will  certainly  play a major  role  in  the  power  marketplace 
of the future, Deregulation  has  already  brought  about  several  important 
deve~o~ments: 

Utilities  will  need  to  become  more  competitive.  Downsizing  and 
minimization of costs  including  elimination of rebates are the  cur- 
rent  trend.  This  translates  into  lower  costs  for  consumers.  For ex- 
ample  Southern  California  Edison  announced  that  the  system  aver- 
age  price  will  be  reduced  from  10.7  centslkWh to lower  than 10 

00. This  would  be a 25%  reduction after ad- 

Utilities  will  merge  to  gain a bigger  market  share.  Wisconsin  Elec- 
tric  Power  Company  recently  announced a merger  with  Northern 
States Power;  this  is  the  largest  merger of two  utilities of its  kind 
in  the  nation  resulting  in a savings of $2 billion  over 10 years. 

Utilities are forming  new  companies  to  broaden their services. 
Energy  service  companies,  financial  loan  programs  and  purchasing 
of related  companies  are  all  part of the  new utility  strategy. 

In  1995  one  hundred  power  marketing  companies  have  submitted 



states  and in purchasin 

Utilities  will  need  to  restru 
 ene era ti on compa~ies may 
divisions  such as transmiss 
tion  will  be  part of the  new  ut 

Utilities  will  weight  the  cost of repo~erin 
ainst purchasin~ power  from  a  t 

through  blanket  certificates. 

pipelines. 
The  “spot  market”  or  “direct  purchase”  market  refers to 

chase’of  gas  supplies  directly  from  the  producer by a  arke et er, 
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he  term  “spot  gas”  is  often  used  syno mously  with  “best 
’ 44inte~pt ible  gas,”  “direct  purchase S” and “self-help 
ype of ~rangement cannot  be  called  n because  the  pipe- 

The new  market  differs  from  the  past ~angements  in terms of the 
u~ncy in contracting  and  the  volumes  involved in such  contracts. 
ther  characteristic of the  spot  market is that  contracts  are s h o ~ ~ t e ~ ,  

lines  have  always  sold  some  supplies  directly  to  end-users. 

sually  only 30 days,  and on’ an inte~pt ible  basis. The inte 
~a ture  of  spot  market  supplies  is  an impo~ant key to  understa 

tion of the  spot  market  and  the  costs of dealing in it, 0 
and transpo~ation sides,  all activitie ranspo~ation or 
supplies  are on a  “best  efforts”  basis,  means  that  when 

cold  snap  comes  the  direct  purchaser may n delivery  on  his 
 ont tracts because of producer  shutdowns7  pipeli  acity  and  opera- 
tional  problems  or  a co~bination of these  problems.  The  “best  efforts” 

h to dealing  can  also  lead  to pro~lems in transpo~ing supplies 
mand  is  high  and  capacity  limited. 

t  interstate  pipelines 
n business-a step 

roducers  and end-~sers will  facilitate ma 
atory r e~u i re~en t s  clouding  the  market. 

to  the  demand: 

required  significant “ 
ting in the  fall of 199 



eparates  (unbundles) p sales  from  transportation 
rovides  open  access  to  pipeline  stora 

uires  access  to U 

ht fixed  variable ( ~ F V )  desi 

to  firm  transport custom~rs 

several  relatively  minor cha 
deal of written  defense of 

oncession§ on transport  and  sales  rates  for a pipeline’s  traditional 
“small  sales”  customers  (like ~unicipaliti~s). 

he option to “releas ’ (sell) firm capacity for less t 
~onth-without postin it on a bulletin  board  system  or 

reater ~exibility in desi transportation rates (i.e., 
-peak service) while S overall adherence to  the 

ht fixed  variable  rate  design 

ecovery of 10% of the  ransition costs from the inter 
ransportation  customers ( 

ourt  action  is  still  li  rder. F u ~ ~ e r 9  each  pip 
mit  its  own uni~ue tariff  to  comply  with  the  Order. As  a 
onal chan~es and  variations  are  likely  to 

lan  was  established A 



as e ~ i s s i o ~ s  to 1~~~ levels by t 

es ~ e a s ~ r e s  to  reduce all 
oxide, methane, ~ i t r o ~ s  ox 

y n a ~ i c  rocess of revisio~§ to existi 

t~e~ty-first   ce~tury.  





F = fut~re value 

n-2 n 



= A l l +  (1"i) + (l+$ .*. +(l+i)R-2 + (l+i)E-l 
both sides of this ~ ~ u ~ t i o ~  by (l+i); 

... + (1-ti)n-l + ( 

(1 +i)n--Z + (1 + i )q  
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(1) First Cast (P) 

USPW  (Table 15-4) 
(3) A X 4.87 p: 
Present Worth 
(1) f (3) 

(1) First cost (P) 
(2) Annual Cost (A) 
CR  (Table 15-4) 
(3) P x .2 
Annual Cost 
(2) f (3) 

A l f e ~ ~ ~  1 
~ r e ~ g  ~ e g ~ ~  

4x106x.08 
= ~ 2 0 , ~  = $ 2 8 8 , ~  

$1,558,4~ 
$1,558’4~ 

4.87  4.87 

Choose  Alternate with 
Lawest Present W o r ~  Cost 

ke P/A = 2.5? i = 

e ~ ~ l a ~ o ~  on  the  ate-of- ret^^ ~ ~ ~ l y § i s  

t i~ve§tment = $20,000 
= $2,600 
= 15 years 



sjis 
ithout escalation 

A. 2,600 
P 20,000 

GR=-=:.-----" - .l3 

-1, the  rate of return  in 10%. 
10% escalation assumed: 

Table  15-11, the rate of return  is 21%. 

Thus we see that taking into account a mo~est  e~alation rate can 
ramatically affect the justification of the project. 

reciatio~ affects the  accounti in^ procedure''  for d e t e ~ i n i n  
nd the income  tax of a company. In other words, 
penditure for an asset such as  a  pump  or motor canno 

in  its first  year.  The  original in~estment must be charged off 
es  over the useful life of the asset. A company wishes to 

he ~ n t e ~ a l  Revenue  Service allows several methods for determinin~ 
as quickly as possible. 

~ f r ~ i g ~ t - L i ~ e   L ) ~ r e c ~ t i o ~ ;  The simplest metho 
strai~ht-line depreciation and  is defined as 

P - L  L)=:- 
n 

L 
is the  annual depreciation rate 
is the value of equipment at the end of its useful life, c o ~ o n l y  
refer re^ to as salvage value 



re n is  the  life of e¶uipment. 

year's de~reciation rate  is  dete 

irst  year 

Second ye 

n year 

N 

D=."- (P " L )  
N 

D = l ( P - L )  
N 

ciation c~arges in 
r e ~ e ~ e d  to  as fast write-off. 

The rate  is  calculated by t ng a c o n s t ~ t  percentage 
~ d e ~ r e c i ~ t e d  balance.  The  most  common  method  used to 
c l i ~ i n ~  balance is  to predetermine  the de~reciation rate. 
c~mstances a rate equal to 2 
be used.  Under other circumst~ce 
times as  rea at as 
or  depreciated 
e s~b l i s~ed .  

To calculate  the ~ d e p r e c i a t ~  ok value,  Formula 2-13 is use 



p)="" - - 150~000 - ~30,OOO per y 
n 5 

Dl =I (P) = 5 (1~0,OOO) = 50,OOO 
N 15 



e 
1 
2 
3 
4. 
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S = yearly annual after-tax  savi 
= yearly ~ u a l  energy sav 

= i ~ ~ m e  tax bracket 

o ~ u l a  2-14 takes into  account  that  the  yearly 
is pa~ially offset by a d ~ i t i o n ~  taxes which must b 

the  other  hand,  the rec ia~on  ~owance  reduces 

return which a c c o ~ t s  for taxes, 

h  factors tables in 

ins t~a t ion  of a heat- 

ar ~ a v i n ~ s  36,363 
ai~ht-line d e ~ ~ c i a ~ o n  life and e~uipment life of 



Y ~ a r  

0 
l 
2 
3 
4 

Tot a1 

"P 

2 

T m  
Cr~dit 

+TC 

(2 + 3) x 

P4 

P 

A S = ( l - - I ) E + I D  
Trial & Error Solution: 
Correct iwhen EP = 0 

= 100,000/~ = 20?000 
AS = (1 - l) E + ID =I .66(36,363) + .34(20,000) =C 

First Trial i = 20% 
A ~ t ~ ~  Tax S~~~ 

~ n v e s t ~ e n ~  ~ ~ v i n ~ s  20% 
~ ~ O 0 , 0 0 0  
1  30?800  ,833 
2 30,800 694 
3 30,800 ,578 

30,800 .482 
30,800 .40 1 

Since s ~ ~ ~ a t i o n  is negative  a  higher  present worth factor i 
Next try is 15%. 



ince  rate  of  re^^ is brac~ete~ ,  linear  inte 

3177 i- 7972 4 3177 - 0  
-5 15 - i% 

i =  3177, 15 = 16.4% 
2229.6 

or impact on im~roving the  rate of  re^^ o 
e problem  facing the energy  engineer  is how 

fflculty of projec~ng the  future. I 

~uctuations there  are  likely 
t events on a  nation^ or int level would im~act  on 

other factors  will  affect  your  fuel  prices. 
0 What do the  experts  say?  Ener y economists9  forecasting 

services, and  your  local  utility  projections all s h o ~ l ~  be  taken  into 
a ~ ~ u n t .  



-line depr~ciation over use 
~ ~ c ~ e t ,  and  no  tax  credit. 

Thus, the a~er-tax S 

The  first  component is iform series of 
perce~t/year. The second nent is a ~ i f o ~  

of these two present ~o~ factors must 
~ s c ~ a t i o n ,  the f o ~ u l a  is 

n the case of e s c ~ a t i o ~  



own, the f o ~ ~ a s  can 

N = 5  N =  10 N =  15 N = 2 0  
$P $P $P 

e=O ~ 8 6 9  4000  4459  4648 

e = 10% 3753 6 2 9 ~  8165  9618 

4170  7598 1O,676 13,567 

487 1 10,146 16,353 23,918 

re 2-3 i~ustrates the effects of escalation. This figure can be  used 
way to determine after-tax economics of energy utili~ation 

an after-tax savings of 15%. ~omment  on  the 
that  can  be  justified if  it  is  assumed  that the fuel  rate escalation 
be considered and the annual  energy savings is $2000 with an 

omment  on  the  above,  assuming a 10% fuel esc~ation. 

re 2-3,  for each $1000 energy savings, an i n v e s ~ e ~ t  of 
d  or $8000 for  a $2000 s a v ~ g s  for which  no  fuel increase 

a  10% fuel escalation rate  on ~ v e s ~ e ~ t  of ~ 6 3 0 0  justified for 
00 energy savings, $12,600 can be justified for ~ 2 ~ 0  savings. 
7% higher e ~ p ~ n d i ~ r e  is economic~y justifiable and will yield 
after tax rate  of  return  of 15% when a fuel ~ s c ~ a t i o n  of  10%  is 

considered. 
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0 

YEAR 

axhum investment  in  order  to  attain  a 15% after-tax  rate  of  return  on 
investment  for  annual  savings of $1000. 

Generate spr~adsh~ets and  graphs  showing the yearly cash flows 
from any energy-r~lated i n v e s ~ e ~ t .  
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audit serves th 

o ~ p o ~ u n i t i e s  to  be  found.  Th 
audit  which d e t e ~ ~ e s  the  type  of  audit  to  be  performed. 

The second distinction is the  type of facility. 

emphasizes the process requirements. 
audit§  fall into three cate~orie§ 



nd measurements 

g into account suc 

S a result of  owing how  ener 
~ o n s e ~ a t i o n   ~ p p o r t ~ n i t i e s ”  ( E ~ ~ s )  will be generated. The 

techni~ues presented in ~ h a p t e r  2 will be used to 
alternative  should  b 

very im~ortant  phase of the 
 oni it or the facility even after t 

of the cost avoid 

emember, in order to have a cont. 

~ e n ~ a t i o n s  should be ma 
be ~ a ~ e  a ~ ~ u ~ ~ ~ ~ b l ~  for 



rgy ~uditing and ~ c c ~ u ~ t i n ~  

30% ELECTRICITY 
3 x 109 B T U / Y  R 

8% GASOLI 
.8 X 109BTU 

-12% RIESEL  OIL 
1.2 x 109 BTU/Y R 

50% NATURAL  GAS 
5 x 109 BTU/Y R 

29% NATURAL  GAS 
$29,00O/Y  R 

12,5%  DIESEL  OIL -“-+B 
$1  2,50O/Y  R - 8.5%  GASOLINE 

$8,50O/Y R 

50%  ELECTRICITY 
$50,00O/Y R 





ery helpful in ~ i s u ~ l i z i ~  

STEAM 100% 

dits are require to c o ~ s ~ u c t  the 

&-This audit surveys 
s due to leaks, 
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5 to 20 1 

Space   eat in^ 
Air ~on~it ioning 
Lighting 

~ c ~ n ~  
21.5 

1. 
1. 
1.8 
26.3 

1 .l 



estic Hot ~ ~ t e r  

TAL 

Y 

nt 

30 

nt 

to 



otel 
" " ". . . 
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7 

1 



orms for  a  areh house or stora~e 
rod~cts  and their specific re 

contr~l. 



A 4 1 

1 3 
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1985 201 0 

Space Heating 38% ~~~ 

Air  ~onditioning 
and Ventil~tion 15 1 
Lighting 15 1 
  at er Heating 12 12 
R~frigeration 7 

Other 13 18 

he forecast chan es  as the  type  of energy used becorn 
nalysis e s t ~ a t e s  a  m 
ding sector, ~ c r e a s i  

es represent the source ( 

use is forecast to increase 
use of solar and r e n e ~ ~ b l e  

is expected to more  than  double from 1.2 quads  to 2.9 q 
use of oil is expected to re ma^ flat at 2.6 quads. 
- 
'Source:  Energy  Conservation Goals for ~ u i l d ~ g s ,  A Report to the C o n ~ r ~ s s  of The  United 

States, May 1988. 





high en~rgy 
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A. STEAM Quantities 

1. Actual  Steam  Generated I bs 
a) Press  and  Temp - psi -."OF "-. 000 Ibs 
b) Press  and  Temp - psi -".OF ".-- 000 ibs 
c) Press and Temp - psi "-.-OF .".OOO Ibs 

2. Factor of Evaporation 
(ASME Standard) a) --.." 

b) - 
3. Equivalent  Steam (No. 1 x No. 2) i bs 

4. Blowdown I bs 
Heat Loss in BTU from Blowdown BTU 
BTU/Lb-Gal-Cu F t  

Total $ Total 

5. 

6. 
7. 

8. 

9. 
1 0. 

No. 9 

B. OPERATING  CONDITIONS 
AND  DATA 
IN  BOILER  PLANT 
Quantity of 
Feedwater  Makeup 

Water  Treating  Chemicals 
a) Phosphate I bs 
b) Salt I bs 
c) - Ibs 
d) -".-- l bs 
e)  - Ibs 
f) - I bs 

9) I bs 

(Gal.) 

Ave.  Feedwater  Temp. OF 

Max  Steam  Demand  Ibs/hr 

Per 100 Ibs C&F 
Equivalent  Steam  Consumption 

ibs 

Fuel 

cost 

Unit Cost 
$11000 Lbs 
Equiv. Steam 

11. Total Fuel Cost (No. 5 + No. 6 + NO. 7 + NO. 8) $ $ 

12. Operating Labor (include wage benefits) $ $ 

13. opera ti^ Supplies  (water,  chemicals,  etc.) $ 

tricity for Power  Plant Auxiliaries .--,"-KWH $ 

15. ~aintenance Charges 

16. Other ~ i ~ e l l a n e o u s  Charges $ 

17. Total  Operatjng  Cost (NO. 11 thru NO. 16) $ $ 

18. Total  Steam  Generation Cost (No. 17 + fixed  cost) $ 





cc 

ENERGY  CONTENT OF PROCESS  REPORT 

Process  ced 

ENERGY OF R A W  MATERIALS  AND  MISCELLANEOUS  REQUIREMENTS 

Total Btu's Total 
Usage Per  Unit Btu ' S 

a. 
b. 
C. 
d. 

x " = 

Total  Raw  Material  Btu ' s 

ENERGY OF MAJOR  UTILITIES 
(ELECTRICAL,  STEAM,  COOLING  WATER,  NATURAL GAS, ETC.) 

Total Btu' S Tota L 
Usage Per Unit Btu ' S 

a. 
b. 

x - =  
e *  - "- 

"A-- " 

Total  Energy  Re- 
quired  from  Utilities  Btu's 

ENERGY  CREDIT  AS  A  RESULT OF BY-PRODUCTS- 

Total Btu's Total 
nutput Per Unit  Btu's 

a* - 
b. 
C. 

"~ x - =  -" 
-. 
" "~ 

Energy  Credit  Btu' S 

NET  ENERGY  CONTENT OF PROCESS + - Btu' s 

ENERGY  CONTENT PER UNIT OF 
PRODUCTION 

~ 

- Btu's 
Fer 
Unit 



le 3- on 

Gross Heat of 
Formula Combustion Btullb 

Raw Material 
Carbon 
Hydrogen 
Carbon monoxide 

Paraffin Series 
Methane 
Ethane 
Propane 
n-Butane 
Isobutane 
n-Pentane 
Jsopentane 
Neopentane 
n-Hexane 

Olefin Series 
Ethylene 
Propylene 
n -Butene 
Isobutene 
n-Pentene 

Benzene 
Toluene 
Xylene 

Acetylene 
Naphthalene 
Methyl alcohol 
Ethyl alcohol 
Ammonia 

Aromatic Series 

Miscellaneous Gases 

14,093 
61,095 
4,347 

23,875 
22,323 
21,669 
21,321 
21,271 
21,095 
21,047 
20,978 
20,966 

21,636 
21,048 
20,854 
20,737 
20,720 

18,184 
18,501 
18,651 

21,502 
17,303 
10,258 
13,161 
9,667 
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his chapter is  divided into  three  main sect 
~~~~~n~ E f ~ ~ ~ e n ~ y ,  and E ~ e r ~ y  ~ a n a ~ e ~  

y understanding the basic concepts of ele 
possible to reduce energy consu 
is to analyze the billing struct 
a  better tariff rate  with the  loc 
tion  to qualify for  a lower rat 
counts  for  power  factor, tirn 
certain electrical efficiency measures are econo 
chapter reviews the basic parameters required 

arges contain  the followin 
h u m  kilowatt require 

the average load over 
c c u ~ ~ g  in that  period. 
resistive power to app 

have a decreasing k 
charge with usage. This practice is liltely to gr 

fo l low~g elements: 
lowed for electric 







r =  

es 

r to relate  the  motor 



s v v i t c h ~ e ~  breakers, 
ler  feeders. The svvi 
the smaller  feeders. 
omind value  needed by the user. 







rent power  factors, 

r factors  not be adde 



AG-1 
CF-3 
F P 4  
TP-5 
CTP-6 
CT-9 
HF-l0 
HF-11 
BC-l 3 
C-l 6 

-1 7 

C e n ~ ~ u ~ ~  Motor 
Feed  Pump  Motor 
Transfer  Pump  Motor 
Cooling Tower 

Supply Fan Motor 
H&V Exhaust Fan Motor 
Brine  Compressor  Motor 
Conveyor  Motor 
Hoist  Motor 

60 
100 
30 
10 
25 
20 
40 
20 
50 
20 
5 

460 
460 
440 

0 
460 
440 
460 
460 
460 
460 
460 

r 

otors 

- 
1 -  = l  2 -  



1 -  
_. 

0 

S 
y shortcut table which c m  be used to find the value of 
r r e ~ ~ i r e d   t o  improve the  plant  power  factor is ~ l ~ s t r ~ t -  



0 S1 12 I 3  S4 I 5  

50 .982 1.008 1.034  1.060 1.086 1.112 1.13%  1.165  1.192 1.220 1.248 1.276  1.303  1.337  1.369 1403 1.441 1.481  1.529 1.590 1.732 
,323 1.357 1.395 1.435 1.483 1.544 1. 
,281 1.315 1.353 1.393 1.441 1.502 I. 
,237 1.271 1.309 1.349  1.397  1.458 I. 
,196  1.230 1.268 1.308  1.356  1.417  1.559 
,156 1.190 1.228 1.268 1.316  1.377 1.519 

,117  1.151  1.189 1.229 1.277  1.338 f.480 

,042  1.076 1.114 1.154  1.202  1.263  1.405 
,079  1.113 1.151 1.191 1.239 1.300 1.442 

,971  1.005  1.043  1.083  1.131 1.192 1.334 
,005  1.039  1.077  1.117 1.165 1.226 1.368 

.936  ,970 1.008 1.048 1.096 1.157  1.299 

.902 .936 .974  1.014 1.062 1.123  1.265 

.870 ,904 ,942  ,982  1.030 1.091 1.233 
8 3 7  ,871 .909  .949  .997 1.058 1.200 

.EO6 840 ,878 ,918 .966 1 
,775 .E09 .e47 .887 .935 
.745 .779 .E17 .E57 .W5 

,716 .750 .788 ,826 .E76 
.M6 ,720 ,758 .798 .E40 
.657 ,691 ,729 .769 .Ell 

A29 .M3 ,701 .741 .?B3 
, 6 0 0  ,634 ,672 ,712 .754 
.573 ,607 .645 .M15 .727 

,546 ,580 ,618 ,658 .700 
S19 3 5 3  391 .631 ,673 
,492 .S26 S64 .604 .652 

.466 .500 S36 ,518 .620 
,440 .474 S12 .552 494 

.l04 .l30 .l56 .l83 209 236 ,264 ,292 .320 347 381 4 1 3  A47 .M5 ,525 .567 

,078 .l04 .l30 .l57 .l83 210 2 3 8  ,266 294 ,321 ,355 ,387 .I21 .450 ,499 341 
,052 .078 ,101 .l31 .l57 .l84 ,212 2 4 0  ,268 295 .329 ,361 395 A33 .473 S 1 5  - - .MK) ,026 .OS2 .078 .l05 .l31 .l58 ,186 ,214 2 4 2  ,269 ,303 335 ,369 A07 .447 ,489 - - - .OM) .026 .OS2 .079 .l05 .l32 ,160 .l88 2 1 6  343 ,277 ,309 343 381 A21 .463 - - - - .OOO .026 .053 .079 .l06 ,134 .l62 .I90 ,217 '251 ,283 ,317 .355 ,395 A37 

S - - - - - .MM .027 .053 ,080 ,108 .l36 ,164  .l91 ,225 257 .291 .329 .369  ,417  .478 

Eumple: Totel kw input of load from wattmeter readmg 100 kw at a power factor of 60%. The leadtng reactlve kvar necessary to reme the polar 
f m o r  to W% h lound by  multrplymg  the 100 kw by the lactor found  In  the table. which IS ,849. Then l a 0  kw X 0.849 P 84.9 kvar. Use 8% km,. 



Capacitor (Typ.) 

Transformer 







e in ~ o o t c ~ ~ l e s  

l ~ t i o ~ .  
e n ~ i c ~ l ~  to the 

ons must be appli 





only and do not in 
the total system e 
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The ~ e a m  is focuse~ 
ahead of the  lamp, so 

little light is t r a ~ p ~ ~  in 

n aluminum 
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e X is tinct dra 



employing high ~ual i ty  lamps and ballasts provide very satisfactory 
000-hour  lamp life, 
these lamps  make th 

and outdoor  applicatio~s where discrim 
is not critical. 

The lamp’s prima draw~ack is the renderin 
he yellow  range 

to accentuate colors in the yellow 
ns shows  a  pronounced color shi 
the selection of the finishes for  the sur- 

roperly done,  the results can  be  very  pleasi 
selection, matching and d i s c ~ i n a t i o n  

sure sodium shoul not  be used  as the only 
ble to gain quite a t i s fac to~  color render 

~ i u m  and metal h ~ i d e  in the  proper  propor- 
S have relatively hi cacies, there is not  a 
y efficiency by this co~promise.  

has been used quite extensively i 
, parking and  fac;ade or securit 

This source will  yield a high efficiency system; however, i 
used only with  the knowledge that foliage  and landsc 
will be severely distorted  where high pressure sodium is the  only, 

inant,  i~uminant. Used  as a parking lot source, there 
ifficulty in i~entification of vehicle colors in the  lot. 

necessa~  for  the designer to d e t e ~ i n e  the  extent of this 
problem and what  steps  m en to alleviate it. 

I m p s  with  proved calor renderi 
ecently lamp ma~ufacturers have 

improvement in color. was not gained without cos~-~he  
efficacy of  the color-i lamps is somewhat lower approxi- 
mately 90 lumens per watt. 

highest efficacy of 
ues ran~ing up to 

dium produces an almost pure 

use in a very limited n ~ m b e r  of app~c~t ions .  



source for warehouse lighting where  it is only necessary to read 
labels but  not to choose items by color. his Source has application 

either  indoor or  outdoor safety or security lighting as long as 

n  addition to these primary , there are a  number of 
retrofit  lamps  which allow  use of efficacy sources in the 
sockets of existing fixtures.  Therefore,  metal halide or high pressure 
sodium  lamps can be r e t r o f i t t ~ ~  into mercury  vapor  fixtures, 
balla§ted mercury  lamps can replace incan~escent lamps. 

or rendering is not  important. 

some com~romises in operatin characteristic§, life 

igure 4-’7 presents data  on  the efficacy of each of t 
lamp  types in relation to the wattage rating of the lamps 
exce tion,  the efficacy of the lamp increases as the lam 

creases. 
e  lamp efficacies discussed here have been based on  the 
utput of  a new lamp  after 100 hours  of  opera 
lumens.” Not all lamps age in the same way. 



types, such as lightly loaded fluorescent and  high pressure sodium, 
hold up well  and maintain their  lumen output at  a re1 
level until they are into,  or past,  middle age. Others, as 

decay rapidly during their early years and  then coast 
relative1 lower  lumen output  thro  out most of thei 

y heavily loaded fluorescent, mercury vapor and  me 

ors must  be considered W valuating the ~ ~ o u s  source 

e  most efficacious lamps that can 
the compact fluorescent lamps. 

tems are the twin tubes and double twin tubes. These are closer to 
ht of the incandescent lamp than  th 
line) replacements. 

Twin tubes  with  lamp wattages 
ounts of light ranging from 1240 to 

the  ch~acteristics of various types of inc 
fluoresce~t lamps that can be used in the same type sockets. 

Lamp ~ y p ~  Lamp Power Ljght ~ u t p u t  Lamp Li ffic~c 
( ~ o t ~ I  Input P o ~ ~ r )  * ( W  ( l um~n~)  (hour) (lm 

0 ~ (Incandescent) 
~ (l~candescent) 
~ (lncandes~nt) 

100 
75 

25 
1 
3 

7 
9 

1 

1750 
1 2 0 ~  

1 

1100 

750 

*lncl~des ballast losses. 
red at high freq~ency. 



S have an  prove^ lumen ~ e ~ r ~ c i a t i o n  
. The second ~ p o ~ t a n t  cha~acteristic of  

act fluorescent lamps. In  one 

i ~ u § t r ~ t e d  below: ( 

f o o t c ~ d l e  level r e ~ ~ i r e d  is  that level at 
e third of  the levels 
~ ~ - f o ~ t c ~ n ~ ~ e  level 



fter  more  than 10 ye of d e ~ e l o ~ ~ e ~ t  and 
 oresc scent larnps at 
~allasts has achieved 

fact  that all of the  major ~ a l l a ~ t   m a ~ ~ f a c t ~ r e r s  offer so l i~ - s t a t~  



Time ~etween Cleaning (months) 

the  major lamp  companies have desi 
at high fre~uency is evidence that 

cy ballast is now s t a t e~ f - the -a~ .  
t has been  shown that  ~uorescent lamps o 

e 10 to 15 percent  more efficacious th 
addition,  the solid-state ballast is more efficient than C O R V ~ ~ -  
allasts in conditioning the  input power  for the lamps such 

the  total system efficacy increa 
is, for  a standard two-lamp 

l1 efficacy is increased from 63 
st few years,  continued de 

reliab~ity and reduced cost. 
for less than $30, 
ave been less tha 
ava~ability of ballasts for  the 
e  and high power, as well as re  common 

hese multi- la~p ba 
the  ~nstallation cost, and are even more efficient than the one- an 
two-lamp ballast system. 

merican National 
been developing 

The ballast factor is one  parameter  tha 
owever, solid-state ballasts are av~lable 
he ballast factor  is  the l 



to  the light output  of  the lamp speci- 

ay,  there are solid-state ballasts with  a ballast factor ex- 
lasts are most effectively used in new 
more light from each lu~ina i re  will 

ballast factor for a ballast also depen~s  
ple,, a core-coil ballast will  have a ballast 

40 l m p s  and lists some p ~ a e t e r s  of concern for  the 

The table C Q ~  ares several types of solid-state balla§ts with  a 

‘ccool white” lamp, the b 
t l a p  due  to an  creased 

aches and e y e - § t ~ ~ n  are 50 percent less un 
 hen compared to lamps operating at 



, the line fre~uency in the 

Power ( ~ )  96 79 72 63  136 111 5 
Power Factor (96) 9 92  95  93 94 94  89 
Filament V o l ~ a ~ e  (V) 3.5 3.1 2.0 

(im) 5060 11,110 9 
,865 .882 . 

21 1 
cy ( l m / ~ )  63  64 82 

ach of the above ballasts has di~ferent factors, W 

~ p t o n - ~ ~ l e d  lamp. Tabl 
90 lumens per watt  for 

11 of the above soli~-state ballasts can be used in 
core-coil bal~asts specified to operate  the same Imps. 
the illumination levels, or  the change  in i l l u ~ ~ a t i o n  le 

cturer  must supply the ballast factor  for  the I m p  type 
he varied light output from the various sys~ems a ~ o ~ s  
~ e s i ~ n e r ~ n ~ i n e e r  to precisely tailor the  li~htin 



onitars 

nication  lines. 



lighting control systems in order to accomplish differ- 
ions of control strategies. 

personnel sensors and lighting compensators. 

here are three classifications of personnel sensors-ultrasonic, 

~ l ~ ~ ~ s ~ ~ i c  s e ~ s o ~ ~  enerate  sound waves outside  the  human 
onitor  the  return signals. Ultrasonic sensor 
made  up of a  main sensor unit with  a  net- 

infrared and audio. 

o over age throughout  the 1 
dent  upon  the sensor ty 

2,000 square feet. Sensors may be mounted 
nded below the ceiling or  mounted  on  the 

dependent  upon  the  room size  and occu- 
range from 20 to 40 percent. 
manufacture ultrasonic sensors includin~ 

ems consist of a sensor and control  unit, 
e is limited to approximately 130 square feet per sensor. 
are mounted on  the ceiling and usually directed towards 

hey can be tied into  the 
Advertised  savings  range between 30 and 

sound within a  working area. The cover- 
nt  upon  the  room shape and the  mount- 
vertise  coverage of up  to 1,600 square 
udio sensors is approxi~ately  one half 

that of the ultrasonic sensors.  Advertised  energy  savings  are approxi- 
mately the same  as the ultrasonic sensors. Advertised  energy  savings 

ximately the same as the ultrasonic sensors. Several restric- 
to  the use of the audio sensors. 

noise must  be less than 60 d 
least 100 feet from the street and may not have a  metal  roof. 



ts. ~ ~ h o t o ~ r ~ h  courtesy of Sen 

t~~~ 
pensators are divided into  two  major 

switched and sensored. 

ly operated wall switch. These particular  systems are used fre~uently 
dential  settings and are commonly  known as “dimmer  switch- 
ased on discussions with  manufacturers,  the switche 

are available for  the 40-watt  standard  fluorescent  bulbs 
estimated savings are difficult to determine, as usually 
control systems are used to control  room  mood.  The  only  restriction 
to  their use is that  the  lumina~e must have a  dimming ballast. 

~ e n s o ~ e ~  co~pensators are available in three  type 
be very simple or very complex.  They  may  be  integra 
~u i l~ ing ’ s  energy management system or installed as a  stand-alone 

~ ~ i t c ~ e ~  c o ~ ~ e n s ~ t o r s  control  the light level  usin 

first type of system is  the Excess Light 
S sytem senses daylight levels and au 

the sensed light level approaches  a  progr 





), can be used to  control virtual 
of  equipment  in ~uildings and 
d can include  fans,  pumps,  b 

is section will invest the various types  of 
Systems which are lable and  lustr rate 

 eth hods used to reduce energy consumption. 

ne of  the simplest and most effective methods of c o n s e ~ i n  
is to operate  equipment  only when it is nee 
upancy,  temperature or other means, it ca 

determined that a piece of equi~ment does  not need 
can  be  achieved without affecting occup 

ne  of  the simplest d to schedule e ~ u i ~ m e  
e  timeclock  consists 

disk which is divided into segments correspon~ing to 
the day and the  day of‘ the week. This disk makes 
revolu * n in, dependin on  the  type, a  24-hour or a 

‘lugs” are attached to  the disk at a 
tions  corresponding to  the schedule for  the piece o 
the disk rotates,  the lu S cause a  switch  contact to 

trolling equipment  operation. 

equipment to operate  during business h 
common  application  of  timeclocks is scheduli 

iday and to be off all other times. As  is 
nificant s a v ~ g s  can be achiev 

utilizes two 50 hp supply  fans an 
ate continuously to condition  t 



7 



er 

eration After Timeclock = 

ost buildings today utilize some versio 
itude  of  the savings  value in this  example illustr~t 
of  correct tirneclock operation  and  the potent1 

for a ~ d i t i o n ~  costs if this device should malfunction or 
ote  that  the above example also ignores 
which  would result from the installatio 

clock. 

the use of mechanical timeclocks in t 
§lgni~cant energy savings, they are  being 

nagement ~ystems because of problems that 

The on~off  lugs so~et imes  loosen or fall off. 
olidays, when the b u ~ d ~ g  is unoccupied,  cannot easily 

taken  into  account. 
ower failures require the timeclock to be reset or it is no 

synchronized with  the b~ilding schedule. 
~naccuracies in the mechanical movement of the tim 
prevent scheduling any closer than + l 5  minute§ of t 
sired times. 
There are a limited number of on and off cycles POS 
each day. 
It is a t~e-consuming process to change schedules on 
ple timeclocks. 

anagement ~ys t ems ,   o r   some t~es  call 
imeclocks, are  designed to overcome these problems 

increased control of building operations. 



puter-based controller§  (i.e., 

ny items of equi 
perator to tailo 

eeds. This ability to rn 
occupant  comfort, is 

~ ~ b i l i t i e s  of  this  type  of 

llowin ca~abilities: 

S is very much the same as it is with a 
rted and stopped based on the  time of 

e a theclock, however, m u l t ~ ~ l e  
very easily  and accurately (e. 







TSPACE = 7Q°F 

PACE = 8Q°F 

and stopping  of  equipment  in excess of what is recorn- 
mended by  the  manufacturer. 

lectrical utilities charge commercial custorners based not only 

d e m a ~ d  is very important  to  the  utility 
size the required electrical serv 

t of  ener used ( ~ W h )  but also on  the peak d e ~ a n  

insure that sufficient  peak ~ e ~ e r a t i n g  capacity is available 
given facility 

In order  to d e t e ~ i n e  the peak dem during the billing 
the utility establishes short  periods  of called the dernan 
val ( typ ic~ly  15, 30, or 60 minutes).  The billi demand is defined 
as the highest average demand  recorded dur 
i ~ t e ~ a l  within the billing period. (See Figure 4-1 
now utilize “ratchet”  rate charges. L‘rat~het’’  rate means that  the 
billed demand  for the  month is ba on  the highest demand in the 
previous 12  months,  or an average of the  current  month’s  pe 
mand  and the previous highest demand in the past year. 



epending on  the facility, the demand ch 
cant portion, as much as 20%, of the  utility bill. The user  will 
the  most electrical energy per  dollar if the load 
thereby m i n ~ i ~ i n ~  the demand charge. The objective of demand 
control is to even out  the peaks and valleys of  consumption  by defer- 
ring or rescheduling the use of energy during peak deniand  periods. 

A measure of  the electrical efficiency of a facility can be found 
the load factor,  The load factor is defined as the  ratio 
e (kwh) per month  to  the peak demand (k 

facility opera tin^ hours. 

hat is the load factor of a  continuously  operati 
00 kwh of energy durin 

e§tablished a peak demand  of ~ 0 ~ 0  k 

ad Factor = - = 0.55 2000 kW X 30 days X 24 l ~ o u ~ s ~ d ~ y  

he ideal load factor is 1 .0, at which demand is constant; there- 
fore,  the difference  between the calculated load factor and 1 .O 



icted to exceed t 
c o n t r o ~   d ~ m a n ~ .  

Demand Chart After lnrtrllation Of D e m J n ~  Control 
(Full Scale - l0.W kW) 



hen turned  off  for  short  periods  of t h e  to control  demand,  affect 
tivity or  comfort. 
o prevent excessive cycling of e ~ u i p m e ~ t ,  most En 

ystems have a  deadband that demand  must  d 
re e~uipment operation is restored (See figure 4-16). 

ally, m ~ i m u m  on and maxhum off  times and shed priorities can be 
entered for each load to  protect e ~ u i ~ m e n t  and insure that  comfort 
is m ~ n ~ a i n e d .  

O E ~ D  
W 

"""" 

""" 

t should be  noted  that demand shedding of 
in  commercial  office buildings should be applied 
imes of peak demand often  occur  during times of peak air condi- 

loads, excessive demand limiting can result in occupant 
iscom fort. 

tilities are beginning to charge their larger commercial 
n the t h e  of  day  that  consump~ion occurs, Energy  and 
g peak  usage periods (i.e., summer weekday a f t e ~ o o n s  

and  winter  weekday evenings) are billed at much higher rates  than 



his  is  necessary  because utiliti 
er production of the 
demand  with small 
me of the  more sop 

n now account for these p 
tpoints based on the  time 

uilding temperatures have a major in 

r when temperatures are not as extreme, 
n be  up to occupied levels  several  hour^ 

consequently unnecessary ene 

s with o p t ~ a l  start 
d outdoor temperature inform 
ra~te~s t ics ,   to  vary start time of 

e ~ u i ~ m e n t  so that building temperatures reach desired 
as o c c u p ~ c y  occurs. ~ o n s e ~ u e n t l y ,  if a building  is  sche 
occupied at 8 :00 a.m., on  the col day of the year, the 
e ~ u i ~ r n ~ n t  may start at 5 :00 a.m. milder days, however, equ1~- 
ment may not be  started until 7 :00 a.m. or even later, thereby savin 

ystems have a “self-tuni 
ty to allow them to learn the  buil~in 
is heated too quickly or  too slowly on one  day,  the  start time is 
~ ~ j ~ s t e d  the  next  day  to compensate. 

icroprocessor-based E can  usually acco~plish a limite 
~ o u n t  of rnonitorin~ of building conditions ~ c l u d i ~ g  the followin. 

utside air temperature 



or tem~erature  sen~ors 
trical energy c o n s ~ m ~ t i o n  an 

r ~ a t i o n   t o  provide a history of the 
ends can  reveal information about 
energy conse~ation strate 

ost ~ ~ h i s t i c a t e d  of  the microproces~r- 
nction referred to as direct d 



to provide not only sop 
ic temperature  control 

for  environmental  control. 
he control  function in a traditio~al facilit 

~neumatic controller which  receives its inp 
sen§ors (i.e., t e ~ p e r a t u r e ,   h u m i ~ i t y ~  
~ ~ e ~ n l a t i c  actuators (valves, d m p e  

pneumatic  controls: 

uces over§hoot and offset  errors,  thereby sav 
Flexibility to easily ine~pe~sively accompl 
of control strate~ies 

~ i ~ r a t i o n  is maintaine~ more  accuratelyy  the 
tter performance. 
ctions,  a user ~ r o ~ r ~ m i n  

can provide all the  function§  of 
, as well as the follo 



ecial reports and s t~dies  
ire and security ~ o n i t o r i  

hese devices can control 
f points and form th 

Qp~rations. 



-19 shows a t y ~ i c a l   c o ~ f i ~ ~ r a ~ i o ~  fo 

or mass storage es ( ~ e ~ ~ r a l l y  a di 

and ca tho~e  ray tube 







le S 

excellent  min.  unlimited  unlimite 

pair low med.  very  good  min. unl i~ite unlimite 
high  very  limited  very  limite 

high un~imited unlimited 
limited 

Tele-  very slow low to high  min.  limited ~imited 
phone low 

ics  high  very  fast  excellent  min.  unlimited unl i~ite 
r 

ier  med.  med.  med.  high  limited  limited 

the most c o ~ m o n  data  trans~ission  methods  for an 
is a twis~ed pair of wires. A twisted pair consists of two insulat- 

onductors twisted together to ~ in imize  interference  from  un- 

d pairs are p e ~ a n e ~ t l y   h a r d w ~ ~ d  lines  tween the 
ding and receiving data  that can carry i n f o ~ a t ~ o n  

over a wide  range of speeds, dependin on line ch~acteristics. 
i n t a ~  a  articular data c ~ ~ ~ ~ u n i ~ a t  n  rate, the line band 

r the  si~nal-to-noise ratio may re uire a~justment by 



rcuit (same t r a n s f o ~ e r  secondary 
ed across t r a n s f o ~ e r s  per- 
be  connected over a wider 

mission can be  either one-way or 

ote  that power line carrier technolo  y is sometimes used in 
 plications to control sin 
uld  be difficult and expens 

-20 shows a basic power 

radio, can be used as 

S can be effectively 
el where other  data 

le for  the applica- 
S can  be effectively used to  control  loads 

ry heaters and for 

F at a  facility, however, must  be considered c - 
nflict with  other existi or  pl~nned facility 
ally, there may be a  difficulty i 

to transmit, since there are a 

signals sent over a 
are the distances over W 

er  the distance, t 

f~mi ly  h o u s ~ ~  projects. 

available. 









Nickel re fin in^ furnace 
~luminum ref in in^ furnace 

pen hearth  furnace 
~ e m e n t  kiln (Dry  process) 

Solid waste inc~erators 
Fume inc~erators 

2~00-3000 

1 ~ 0 - 2 0 0 0  

1700-1 ~ 0 0  

1200-1 300 
11 50-1 350 

1200-1 800 



Steam  boiler  exhausts 
Gas turbi~e exhausts 
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be rejected, and the  a~ditional energy required by the  hot 
ter can be provided by  the usual e l e c ~ r i c ~   o r  fired heater. 

Process  steam  condensate 
Cooling  water from: 

Furnace  doors 

I n t ~ r n a ~  combustion engines 
Air  condi~ioning  and 

Liquid still  condensers 

Hot  processed  liquids 
Hot  processed solids 

1 30-1 90 

90-1 30 

90-190 

150450 
80-1 90 
0-1 20 
80-1 90 

150-2~0 

90-1 10 
90-1 90 

2 0 0 ~ 5 0  
90450 

200450 
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e
 





nsferre~ for heat e 
ion of c o n ~ ~ c t i  

here q = rate of heat flow by convection, 
e overall heat ~ansfer  coe 

a 



A. C O ~ N ~ E K F L O ~  

B. 

the 

t2 
Cold Fluid 

Hot Fluid Cooled 

P A K A L L ~ L  FLOW 

t2 

Hot Fluid Cooled 

.~ 

Surface 

L.S 

configuration  factor and is a function of the  areas and t 
th F, and F, are  di  nsionless.  The  Stefan- 
is  equal  to 0.1?14 u / h * f t ~ ~ ~ 4 .  Although r 

sually  associated with solid  surfaces,  certain  gases  can  emit  an 
absorb  radiation.  These include the so-called nonpolar molecular 



r -  





7 

ucts of com~ustion wh 

est of this chapter, some common ty 
iscussed in some   et ail. 



7 

atures but also by ~ i s c h ~ g i n g  s 
is ~ a r t i c u l ~   r ~ c u ~ e r a t o r  gets its 

 tan^^  ort ti on of e heat transfer fr 











I 

tion 

ators are used for recov 
ses  in the r n ~ d i ~ r n  to 
tions are in soaki 

gas ~ a s t e  heat recov 
o high tem~erature ran 

nerator (also  called  a 



I 





.
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k
k
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A 

Purge Sac t ion 

Exhaust Blower 



C 



ok 



Cold Air lnlst HeQt Pips Bundle 

to 

t l  

C 
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Convection 
Recuperato 

Metallic 
Heat  Wheel 

Hygroscopic 
Heat  Wheel 

Ceramic 
Heat  Wheel 

Passive 
Regenerator 

Finned-Tube 
Heat Exchanger 

Tube  Shell-and- 
Tube  Exchanger 

1. ~ff-the-shelf items available in small capacities only. 
2. C o n ~ o v ~ s i a l  subject.  Some  authorities claim moisture recovery. Do not advise depend- 

ion added, ~ o s s - ~ o n t a m ~ a t i o n  can be limited to  less than 1% by mass. 
ted of  corrosion-resistant materials, but consider possible extensive 

able tempera~res  and temperature differential limited by  the phase equilibri~m 

ing on it. 

damage to equipment caused by leaks or  tube ruptures. 

erties o f  the internal fluid. 



here 
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Thermodynamic  System 
Steam  Boiler 
Steam  Turbine 
Compressor 
Pump 
Flow thru a  Nozzle 

here 

re (to  the a t m o s ~ ~ e r e ,  for i ~ s t a ~ c e ) .  
stateme~t,  which also deals with  the second law, 



Entropy, S 

‘“T” 
Heat 
Rejected 

Entropy, S 

t 

es 





strated  in  Chapter 15 by 
arn Tables). Table 15-1 3 is 

the steam table  for  saturate^ stearn. Steam properties are shown and 
 orr relate^ to temperature.  Table 15-14 is another  form  of  the s t e m  



he a ~ o u n t  of heat r 
ee. For ~ ~ t ~ r ,  it can 

SUBSTANCE 

S O L I D S  
ALUMINUM 
ASBESTOS 
BRASS ... 

RICK.. . . 
BRONZE.. . 
CHALK. .  . .. 
CONCRETE.. 
COPPER.. . . . . 
COR K ,  . . . . , . , . . , . 
GLASS.  CROWN., . . 
GLASS.  FLINT.. . . . . . . . . 
OLASS.  THERMOMETER. .. 
GOLD . . . . . . . . 
GRANITE.. . . . 
GYPSUM. .. . 
ICE.. . .  ......... 
IRON. CAST ...... 
IRON. WROUGHT.. 
LEAD.. . . . . . . . . . . . . 
LEATHER.. . . . . . . 
LIMESTONE.. , . 
MARBLE.. . . . . . . 
MONEL  METAL. 

SILVER. 
STEEL. 
TIN ..... 
WOOD. 
ZINC.. . 

Specific Heiu 
Btuflb'F 

0.230 
0.195 
0.086 
0.220 
0.086 
0.215 
0.270 
0.093 
0.485 
0.161 
0.117 
0.199 
0 030 
0.192 
0.259 
0.480 
0.130 
0.114 
0.031 
0.360 
0.216 
0.210 
0.128 
0.255 
0.481 
0.055 
0.1 18 
0.045 
0.330 
0.092 

SUBSTANCE 

LIQUIDS 
ALCOHOL .. 
AMMONIA ,,,.,. . . . . . , 
BRINE.  CALCIUM (20% SOLUTION) 
BRINE.  SODIUM (20% SOLUTION) 
CARBON  TETRACHLORIDE.. . . . . . 
CHLOROFORM.. . . . 
ETHER.. . . . . . . 
GASOLINE., . 
GLYCERINE 
KEROSENE.. . . 
MACHINE  OIL. 

PETROLEUM .. 
MERCCIRY., . . 

TURPENTINE.. . 

WATER.  SEA 
WATER. ..... 

SuLPnuRic ACID.  

GASES 
AIR .... 
AMMONIA. . 
BROMINE .. . . 
CARBON DIOXID$!. . . . 
CARBON  MONOXIDE 
CHLOROFORM ,..... 
ETHER . . . . . . . . . . 
HYDROGEN ... 
METHANE.. . 

OXYGEN ........... 
NITROGEN ... 

SULPHUR DIOXIDE . . . . 
STEAM  (SUPERHEATED. 1 PSI). . . 

Specific Heat 
Btullb'F 

0.600 
1.100 
0.730 
0.810 
0.200 
0.230 
0.530 
0.700 
0.576 
0.500 
0.400 
0.033 
0.500 
0.336 
0.470 
l .ooo 
0.940 

0.240 
0.520 
0.056 
0.200 
0.243 
0.144 
0.428 
3.410 
0.593 
0.240 
0.220 
0.154 
0.450 

e p r ~ t e d  by permission of The Trane  Company. 



here 
_c 

W =  
_. 
II 

_c 
L 

here 



ater is raised from OF steam,  the tot 
d of two components: 

re~uired to raise 
12OF; hf 180.1 
r e ~ u ~ e d  to evaporat 
/lb from Table 15- 13, 

us, bg = hf + hfg = 180. 
the value of hg found in  team Table 1 5- 13. 

eat exchan~er and re 
t amount of heat is 

cifk ~ ~ ~ ~ b t  is simp t of one cubic foot of a 







t 

nergy  enters  most  process e~uipment either  as chemi~al 
the  form of fossil  fuels,  or  sensible  enthalpy of fluid streams,  or  latent 
heat  in  vapor s t rea~s ,  or as electrical  energy, 

should also be pointed out  that  for furnaces and boilers o 
should be  ete ere d. Tests of the exhaust pro~ucts  pr 
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sing ~ewton’s  law of 

here 
- - of heat loss  in  e 

transfer coeffic 

ce t e m ~ e r a ~ r e  
= area of surface  losing heat in f t  

bient t em~era t~re  



of surface tem~eratures and 
eat ~ a n s f e r  coefficient. 

from  exhaust  stack 

reactants to form 

to com~letion wi eoretical a m o ~ n  
e ~ o l u m e   e ~ u a ~ o n  below: 



2 

mixture results from the  approximate volumetric ratio o 

ases the coefficients of  the emical equation represent relative 
es of each species reacting. rdinarily, excess air is ~ r o ~ d e ~  to 

l 



2 

2-) 

2 +  

e excess ox 

compute  the exhaust gas  losses at 700°F as 



,.AIR 

.N2 



here 
alpy rate  for e n ~ a n c ~  or  exit 

rates for e n ~ a n c e  or  exit fluids 
h = specific enthalpy at the fluid temperatu 

e entrance or  exit 

ermodynamics for  the boiler i 
e n ~ a ~ p y  rates of substances enter in^ = 

is the e n ~ a l p y  r  b- 
s t a ~ c e  i .  

 tati ion for  the heat con 
ases 1s more conve 

here 
Jo = the volume rate 



here 

xi = percent by vol~me of a corn 

Cpi = ~ v e r a ~ e  specific heat over t 
paths 

component 
we derive the voh 

as c 

1.7 
100.0 

e specific heat is found (u~in 
C~~ = .ow x 0.0 



. 



l 

To determine  the heat  content of the chemical energy in fuel,  fi 
'gher heating value (HW)  for the fuel and m u ~ t i ~ l ~  it by the volumetric 

seous fuel or the mass flow rate for a liquid or solid  fuel. 
he as sum^ higher heating value for the  natural  gas used in the boiler of 

our exam~le is 1001.1 Btu/f$ and  the heat  content rate is then 

x 1001.1 

enthal~y rates for 
r are derived from data in the steam tables W 

the compressed liquids is 

e com~lete  heat balance  derived in t e m a ~ n e r  detaile 

surface 
losses 71 l  .l 30 E t d h  

FLUE  GAS 702F 

NATURAL  GAS EOF 
127,590cfh 
127.743.000 Btuih 

CONDENSATE RETURN 1 8 0 F  

AIR 80F 

531,080 Btu/h 
1.388.1 79 cfh 

MAKEUP WATER-GOF 
15,MM Ib/h 6.600 lblh 

2.235.486 Btuih 

85 





40 237 



e x ~ ~ ~ l e ,  note  the  steel  tu 

e 



1 

Y 

X 

X 



&W- 
it tu tu 

I ? ? lb &l 

6 12 

1 42 

. ~ 7 2 5  

8.76 

6.79 

152.100 
151,300 

127,300 
126,200 



Premtum  Fuels 

~asolinas R educed 
crude, 
heavy 
as oil 

premium 
Of 

duum. 
resi. 

19-22 
15-50; 

3-7 

<1.0 
€ 2 . 0  
... 

12 psis 
Reid  No. 1 Fuel Oils 

"gas 
Diesel or 

house" 
gas oil 

unker 
C or 
No. 6 

6-15 

1-4 
>%l 

2.0 

700 
950 
... 

Cdd 
No. 5 
20-25 
< 20: 
1-2 
< 15 

0.5-2.0 
0.1-0.5 

c 

No. 2 No. 3 

35-45 t 
28-32 

No. 3 
16-24 

I 

2-4 
I s d o  

0.5-2.0 

P 

63 79 
... 

None 
CO 

None 
<0.1 

110 
150 
235 
315 
1w 
5.2 
145 

35-38 32-35 
34-36 t t 

Trace 
<O 
<o.1 

Trace 

100-140 

6.1-6.4 
140.160 

... 

None 
<O 

None 
<0.2 

150 
230 
335 

< 100 
3IO 

125 
5.6 

i20 
<0.15 

0.2-1.0 
<O.lO 

Trace 
cl 10 

0 . 1 4 . 6  
Trace 

4 ~ 4 4 0  

110-170 
150-170 
6 . 2 6 . 5  

Trace 
c 10 
0.1-0.6 

<0.05 

6.6-7.1 

€ 700 

>l30 
.*' 

7.ki.7 

>700 ... 
... 

>lW 

6.9-7.3 
... 

> 150 
I . .  

7.7-9.0 

Flash point. *F 
Aniline  point, "F 

of oil 
Cefbureted  weter 

101 
90 

101 
89 

102 101 93 82 83 
9 0 8 2  72  73 

as ... *.. 20 
..* 32 

22 35 31 42 
34 45 42 

52 
52 52 



R f 
universal 

ti' = l? /.\I, gas 
specific ill, constant, 

gas mol wt,  ft-lb 'M t' , 
constant, Ib per per (lb- cu ft per 
ft per F Ib-mol mol )( F) Ib-mol t* 

Hydrogen 
Oxy~en 
~itrogen 

Air 

Car~on monoxide 

~thylene 
Propylene 

767.04 
48.24 
55.13 

54.85 
53.33 
85.72 
34.87 
55.14 
44.79 
23.56 
89.42 
.l8 

50.82 
34.13 
25.57 
25.79 
54.70 
36.01 

2.016 
32.000 
28.016 

28.161 

18.016 
44.010 
28.010 

17.032 
16 .M2 
30.068 
44.094 
58 * 120 
58.120 
28.052 
42.078 

1546 
1544 
1545 

1545 
1545 
1544 
1535 
1544 
1526 
1509 
1523 
1543 
1528 
1505 
1486 
1499 
1534 
1515 

378.9 
378.2 
378.3 

378.6 
378.5 
378.6 
376.2 
378.3 
374.1 
369. 
373.5 
378.2 
374  '5 

364.3 
367.4 
376.2 
379.1 

368.7 

* A t  60 F, 30 in. Hg, dry. 

- 

ex 



h 

ete heat balance ~ i ~ ~ r a ~  is shown 



Losses to Surroundin~s 

200,78~,~00 Btu/h 

43,116,000 Btu/h 

el Tube 
tion Air 



PERATURE  AT  BURNER F”- -x  

A ”  

3 
1L 

so 

a 

0 

30 

2 

20 

i 

10 

0 

FLUE GAS T€~P€RATURE F LEAVING  FURNACE 







ater 



D 

sic 





has been ex~ensiv 



1 



ec 



X 



Boiler 
Efficiency 

0% 

75% 

70% 

10% of Heating 
Season in  this 

A 90% of Heating 
Season in  this 
Range 

65% 
25% 50% 75% 100% 

Per Cent  Time On Line 

rmal e€€iciency of the boiler and the various losses 
system are summarized i 
ry flue  gas loss, Formula 

K(?=") lue gas  loss = - 
c02 

here 
= constant €or type of Euel = 
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T = t e m ~ e r a ~ r e o f f l u e  

1. Overall thermal efficiency . . . . . . . . . . . . . . . . . . . . . . .  
2. 

The loss due to heat carried up the stack in dry flue gases can be de- 
termined, if the carbon dioxide (CO2) content of the flue gases and 
the temperatures of the flue gas and air to the furnace are known. 

Losses due to flue gases 
(a) ~ r y ~ l u e ~ a s  . . . . . . . . . . . . . . . . . . . . . . . . . .  .-.-.-- 

(b) ~oisture % Hydrogen . . . . . . . . . . . . . . . . . . . . .  
(c) Incomplete combustion . . . . . . . . . . . . . . . . . . . .  

~ 

alance of account, including radiation and other unmeasure 

losses . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ~ 

TOTAL . . . . . . . . . . . . . . . . . . . . . . . . . . . .  100% 

in fuel as related to the change in efficienc 
* 

New E ~ ~ i c i e n ~ ~  ~ a v i n ~ s  in Fuel = 

Figure 6-19 can be used to estimate the effect of flue 
~osit ion,  e~cess  air, and stack tem~erature on boiler e f~ ic ienc~.  
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5.0% 6.0% 8.0% 9.0 O/* 

ives a simple  reference  to h gases  due to the formation 
ater  in ~urning the hydro~en in var 

sumes a boiler  room tempe 



I air 
en t 



rated by Figures 6-20 and  6-2 1, either % C 
o determine excess air  as long as the boiler 1s not oper- 

se side of the curve. 
procedures which follow illustrate how to  tune- 
e best air-to-fuel ratio.  Note that  for n 

so be measured, while for  fuel oil, smoke 
oke measurements are used. 
a1 method used for  improvin~ boiler efficienc~ in- 
the boiler at  the lowest practical excess 
margin for variations in fuel properties, ambient 
e repeatab~ty and response characteristics of the 

combustion control system. 

s t a n ~ ~ n g  of the test objectives and by following a  systematic, organ- 
These tests should only be  conducted  with  a  throu 

modification on  fuel flow, 

tation,  stack and flame con 

intenance m ~ u a l  S 

with the unit  for details on  the combustion  control system or  for 
methods  of varying burner excess air. 

each of these fir 







LOW AIR  SETTINGS 

CURVE 

HIGH  AIR  SETTINGS 

APPROPRIATE  OPERATING 
MARGIN  FROM  MIN~MUM  02 

AUTOMATIC BOILER 
CONTROLS ADJUSTED 
TO THIS EXCESS 0, 

PERCENT 02 IN  FLUE  GAS 

CURVE 1 - GRADUAL SMOKEfO2 CHARACTERISTIC 
CURVE 2 -STEEP SMOKE/O2 CHARACTERISTIC 



a 

z 
00 

LOW AIR  SETTINGS 

CURVE 

HIGH  AIR  SETTINGS 

cu 

AUTOMATIC  BOILER 
CONTROLS  ADJUSTED 

CO LIMIT (400 PPM) 

APPROPRIATE  OPERATING 
MARGIN  FROM  MINIMUM 0 2  

PERCENT 02 IN  FLUE  GAS 

CURVE 1 - GRADUAL CO/02  CHARACTERISTIC 
CURVE 2 - STEEP Col02 CHARACTERISTIC 

nd heavy), and l ~ w ~ u l f u r  resid. 

less than 1 
2 
3 
4 



shoul~ be m a ~ e  nly after boiler conditions are 

e test fir in^ rate and pu 

reset the burner controls to maint~in this level. 



l. 

be made. 









...................... 

...................... 
).................. 
).*................ 

r ~ ~ i ~ ~  ....................... 
.................... 

n the m i n ~ u m  stack gas t e ~ ~ e r a t u ~  s 

c o ~ c ~ ~ t r ~ t i o n  in  the flue gas also ~ e t e ~ ~ e s  the c o n ~ e n ~ a t i o ~  
ines with c o n ~ e n s e ~  water to form sulfuric aci 

re. 





er square foot pe 

U =  

= l/ 

U =  1 



0.30 
0.20 
0.20 
0.15 
0.15 
0.10 

e volume  of air wi 

on of the faci~ty. ( 

e  space  times the len 
facility  as a whole, 1 

diffe 
hour 





I- 

QI 

Neat Given A 

by ~ u i p m e n t ,  
I Lamps, etc. 

Heat Gain = Q! + QZ + Q3 3- Q4 + Qs 

I nf~itrat~on 
through 



in 

ide ~ u ~ s i ~  
ilding Air 

1 2  3 4 5  6 
1 Inside  Air Film R= .68 
2 112" Plaster  Board  interior  Finish 
3 8" Concrete Block, Sand & Gravel Aggre~ate R = 1 .1 

4" Brick  Exterior R = .44 
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eat flows ( m ~ c h  as water  moves d 

to the ~ i f fe r~nce  i 

e longer the  heat is   lowed to flow across the 



21 

~ S ~ S t ~ ~ ~ ~  
. l7 
.44 

0.10 
1.1  1 

otal resistance 2.94 

ure 7-4 a surface film conduc~ce  is in~oduced. 

n 

t 

The  surface  or film conduct~ce is  the ~ o u n t  of  heat t r a n s f e ~ e ~  in 
tu per  hour from a s u ~ a c e  to air or from air  to  a s u ~ a ~ e  per square 
r  one  degree di~ference in temperat~re. The f l ~ ~  of heat for 

te  material can also be  specifie terms of  the  conductivity  of 
and the c o n d ~ c t ~ c e  of  the  air 



for su~erheate~ steam  in  air  is  1050. 

00 grains of moisture are released in a conditio ne^ room each 
that m ~ s t  be  removed in order to condense this 

moisture  at  the  cooling  coils. 

2000 x 1050 = 299.9 

cubic foot (ft3) home that has 1.7 air changes per hour 
outside  tempera^^ is 48°F and the inside t e m ~ e r a ~ ~  is 
for one day (24 hours). 

= v x AC/h x 0.020* 
= ~,OOO ft3/'AC X 1.7 ACh X 0.020* 13tulft3 "F X 20°F X 24 hrs 
= $,000 x 1.7 x 0.020" x 20 x 24 

Leakage or i~lltration of air  into  a  building is similar  to the effect of 
a ~ d i t i o n ~  ventila~on. Unlike  ventilation, it cannot be con~olled or t u ~ e ~  

* This is  a  regional  variable. 
** Once again, all of the  units  in  the  formula cancel except Btu's, leaving  the  units  for Q as 
Btu's. 



off at night. It is the result of cracks, o p e ~ n g s   a r o u ~ d   ~ i n d o w s  
n is also  induced  into 
balances  the  exhaust. 

used. 

hich  determine  the  amount of energy lost through 

The quantity of heat ) equals the volume of air (V)  times the 
i ~ l l t ~ t i o ~  can  be  assembled  a  formula  that  states: 

r of air changes  per  hour (AC/h) times  the ~ o u n t  of heat 
the  temperature of air one  degree  Fahrenheit (O.O~~-O,O~ 

ft3'F)  times  the tempera~re difference (A? times  the  length of time ( t ) .  
This  is  expressed  as  follows: 

= V X AC/h X 0.020 Btu's /ft3 "E; X AT X 1 ~ ~ r ~ ~ l ~  (7-9) 

The Air Change ethod is considered to be a quick est i~at ion 
method  and  is  not  usually  accurate  enough for air-condi 
second  method  used  to d e t e ~ i n e   i ~ l l t r a ~ o n  is the  Crack 

When  infiltration  enters  a  space,  it  adds  sensible  and  latent  loads 
to  the  room. To calculat~ this  gain,  the f o l l o ~ i n ~  equations (7-10 an 
11) are  used. 

Q L  = .7 CFM ~~~~ - ~~~) ~~~~~1~ (7-31) 
Where 

Qs = Sensible  heat  g 

i ~ e r e n t i ~  between  outside  and  inside  air, 
f outside  air,  grains per lb 
f room  air,  grains  per lb 



tor  heat gain in the overdl c ~ c ~ a t i o n s .  

is the  in^ motor h o ~ e ~ o w e r  
is  the eBciency of the motor 
is the heat gain from  the  motor 

imilarly, the kilowatts of the l i ~ h t i ~  

~0~~~~~ (7-33) 



c o ~ s i ~ ~ r  the abo 

OWL If the l ~ t i t ~ ~ e  of 



o reduce  the solar radiation  that  passes  through -glass, several 
eat  absorbing  glass  (tinted  glass) is very 

~ o p u l a ~ t y ,  as it  greatly  red 

To calculate  the  relative  heat  gain  through  glass,  a  simple  method  is 

(to - t l )  + A X S1 X S2 ~~~~~1~ (7-34) 

re 
is  the  total  heat  gain  for  ea 
is  the  conductance 
is  the  area of glass 
since  it  will  generally  have on duct an^ com~a 
with  the su~ounding materr 

and  outside ~ b i e ~ t .  (OF) 

S1 is  the  shading  coefficient; S1 takes  into  account  extern 
shades,  such  as  venetian  blinds  and drape~es, and  the 
qualities of  the  glass,  such  ng  and  reflective coatin~s. 

direct  and  diffused  radiatio 
is  basically  caused  by  reflections  from  dust  particles  and 
moisture  in  the  air. 

to - tl is  the t e m ~ r a ~ r e  diffe 

S2 is  the  solar  heat  gain  factor  ctor  takes  into  account 

- Use  storm  windows  in  winter. 
- Use a  clear  plastic  cover  to  cover  windows  in  the  winter so as  to  allow 

- Use  double  or  triple  glass  windows. 
- rornote  thermal  barriers. 
- se  solar  control  devices. 

radiation  but  stop  infiltration. 

Just  as  the  steam  t  are  used  to  relate  the 
prope~ies of steam,  sed to illustrate the 

erties of  moist  air.  The psychromet~c chart is a very  im 
the  design  of  air-conditioning  systems. 



t h e ~ o ~ e t e r  with a wet wick and  old^^ it 



~ r o p e ~ ~ s  of air such as the 
enth~py, the  psyc 
the p s y c ~ o m e ~ c  

0% relative  humidity, for the  air v 

gure '7-5 find  the  intersection of 70°F 

t e~~era tu re  is found as 
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~ r o m   ~ i ~ u r e  ''7-6, the inter§ectio~ 

for the o ~ t § i ~ e  air, 

610.6 X 55 = 40.93"F 
820.3 

The ~ r o ~ e ~ i e §  of the mi~ture, point "E," can now  be 
from  the  chart. 
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0 gr of m o i s ~ r e ~ b  of d 

d i s~bute  conditioned  or vent~ated ai 

rake Horse~o~er  = 
~ ~ ~ U l ~  (747) 

e ~ u a n ~ t y  of air  in 

fan  static pressu~ 

is  the  total p ~ s s ~ r e  at  fan  outlet 

he e~cess  pressure  above  the static pressure is k n o ~ n  as 
re  and is computed by F o ~ ~ a  7-  19 for stand~d air havin~ 
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heet  metal  ducts  is so low  that  ordi- 
ourdon  type)  cannot  be  used;  thus  a  V-tube or mm- 
measures  pressure  in  inches  of  water. A pressure of 

n of  water 2.31 feet hi 

~ o ~ m c e  of a  fan at varying  speeds  and  air  densities  may  be 
p~dicted by  certain  basic fan laws  as illus~ated in Table 7-5. 

1. Fan  Law  for  variation in fan  speed at constant  air  density  with  a  constant 
system 
l .l Air  volume,  CFM  varies  as  fan  speed 
1.2 Static  velocity  or  total  pressure  varies  as  the  square of fan  speed 
1.3 Power  varies  as  cube of fan  speed 

2. Fan  Law  variation in air  density at  constant  fan  speed  with  a  constant  system 
2.1 Air  volume is  constant 
2.2 Static  velocity  or  pressure  varies  as  density 
2.3 Power  varies  as  density 

7-7 
energy  audit  indicates  irements of a  space 

can be  reduced  from l ~ , O O O  ~omment on  the 
savings  in  brake horse~wer if  the  fan  pulley  is  changed  to  reduce  the fan 

speed accordin~y. 

rom the Fm Laws 

or a 48.8% savings. 



The  fan p e ~ o ~ a n c e  is  affected  by  the  density  of  the  air 
is  handling. All fans  are  rated  at  standard  air  with  a  density  of ,075 
cu ft and a  specific  volume of 13.33 cu ft per lb. W e n  a  fan is test 

by  usin  Laws. 
rato  at  diEerent  than  standard  air,  the  brake ho~epower is c o ~ e c  

es are  used to ~ e t e ~ i n e  the rela~ionshi 
ty  of  air  that  a  fan  wi  pressure it 

dischar~e at  various  air quantit~es. For  ea ~ u f a c ~ r e r  
supply  fan p e ~ o ~ a n c e  curves  which  can  be  used  in  design  and  as  a  tool 
of d e t e ~ ~ n ~  the  fan  efficiency. 

As i~ustrated by Ex. Prob. 7-6, one  energy engineer in^ t e c ~ i ~ u e  to 
reduce fan horsepower is to  reduce  fan  speed. An alternate way is to 
throttle  the  air  flow by a damper.  The  fan  performance  curves  can  be  used 

st  choice of  these  options. The system characte~stics can 
fan curves  to  show the static pressure re~uired to 

overco~e  the  friction loss in the  duct  system.  From  the 
system f~ction loss  varies  with  the  square  of fm speed;  thus,  as  the  air 
~uantity increases,  the  friction loss will  vary  as  illustrated  by  Figure 7-8. 

For  a  detailed  analysis,  the  fan  performance  curve  should be  used  to 
predict how a specific  fan will peI%orm  in a desired  application. 

2.4 

2 2  

2 3  

W 
O B  

VI (if 06 

a 0 4  
a 

3 10.000 20.000 
AIR QUANTiTY*CFM 

F i ~ u r e  17-8. System C~aracteri~tic Curve 



AIR QUANTI~*CF 

Fan  Laws  the  brake  horsepower is reduced  as  follows: 

hp = (12.3) (~~ = 3. 
600 

the fan performance curve, Figure 7-10, the system 
c curve "A" is  plotted. 

y re~ucing the  rpm 

9 EO be  3.7. 

e  air  ampe er, the  air  flow is reduced  to  14,400 
hile  still ~ ~ i ~ g  the  fan  at 600 rpm. Using  the  fan ~ e ~ o ~ a n ~ e  cu 
@re 7- 10, the sysEem o rates  at  point 1 and  then  moves 

erate  the  fan at point 3 is  7.2 



fan  speed  can  be  reduced, it is more  efficient  than throt~ing the  air  flow 

AI R QUANTITV-CFM 

are 7-10. Fan Perfo anee and ~ y s t e ~  ~ ~ a r a e t e r i s t i c  

iping  considerations  are  extremely impo~ant due  to  the 
fact  that  energy transpo~ losses  are  a  part of any d i s t ~ ~ u  
Losses  occur  due  to  friction, and  that lost energy  must  be 

e n t ~ ~ g ~  pumps  are c o ~ o ~ y  used in h e a ~ n ~ ,  ventil 

the  pump is supplied by a  ver  such  as  a  motor. Li~uid ente 
the  impeller  which  rotates, ssure energy  builds  up b the 
~~g~  force,  which  is  a ~ c t i o n  of  the  impeller  vane 

As with  fan  systems,  Pump  Laws  and  curves  can 
~ i v e n ~ s s .  The  affinity  laws  of a pump are i 

wer  required  to  operate a pump  is  illu 

ations  as  wen  as  utility  systems. 

7-20. 
hp = AP GPM 

1715 r)  or^^^^ ( ~ - ~ ~ ~  



~ ~ n ~ ~ o ~ k  of €nergy ~ngineering 

C o n s ~ t  Variable  HP  (or kW) 

we across  a pun 

si to read in feet  use 

psi x 2.31 
Specific ~ravity of Fluid ~~r~~~~ (7-21) 

e line ~ i ~ i n ~  from the pump detem' 
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= .41F 
d2 

l00 feet of  pipe,  psi 

C = r o u ~ ~ e s s  factor 

F = flow  rate  in per minute 
d = inside  diameter  of  pipe,  inches 

The  pressure  loss  due  to  fitti  is de te~ined  by Fo 

ill s i g n i ~ c ~ ~ y  reduce pum 
horsepower. ~ummariz~d below  are  some  of  the  options ava~able. 

1. 

2. 

3. 

4. 

5 .  

any  pumps  are  oversized  to  very conse~ative design  pract 
the  pump is oversized,  install  a  smaller  impeller  to  match  the  load. 
h some  instances h e a t ~ g  or cooling  supply flow rates  can  be 
To  save  on  pump ho~epower, either  reduce  motor  speed o 
the  size  of  the  motor  sheave. 
Check  economics o~.~placing corroded  pipe  with a  large  pi 
to  reduce  friction  losses. 

sider  using  variable  speed  pumps  to  better  match  load  conditions. 
or drive  speed  can  be  varied  to  match  pump  flow  rate or head 

re~uiremen~. 
~onsider adding  a  smaller  auxiliary  pump.  During  part  load  situations 
a  larger  pump  can be shut  down  and a  smaller a ~ ~ i a r y  pum 

The  distribution  and  overall  load  that is placed  on 
tation  devices  can  additionally  be  optimized by  using  the 
lines. 

duce  the r e s i s ~ ~  to flow in  ducts  and  piping, 



in ducts or piping. 
fficiency of terminal 

S, etc.) 
or eliminate the oppo~unity for heat transfer 

e.  (Flow veloci~) 
bution. 

emember that improvements in t envelope ef~ciency will 
automatic~ly reduce the dist~bution load. is effect should  always  be 
considered  and o p ~ m i z ~ d  by sizing distribu~on  componen~ accordingly. 

o not  underestimate  the  effects of energy  saving t e c ~ i ~ ~ e s  which 

cant  savings  with 
little or no  initial  cost. 

l .  Set back  the t h e ~ o s ~ t .  Some suggested  guidelines 
the heating season and "IoF during  the  cooling  season. 
reduce t h e ~ o s t a t  in  unoccupied  areas.  This is easily  done 
electric  heat. 

range  in  which  no  action is taken by HVAG sys 
2. Use or adjust ~ e ~ o s t a t s  to  allow for a erature deadband or 

gulate t h e ~ o s t a t  settings. ( de or lock  where  necessa . 
m off  lights in ~ o c c u p i ~ d  areas and  reduce ove 

the re~uired area (tas 
rgy savi~gs is i ~ u s ~ a t e  

e levels of relative  humid 
energy re~uired to  vaporize water for h~mid i~ca t i  
s i ~ i ~ c a n t .  

t  down  ventilation  systems d u ~ n ~  unoccu~ied hours  and  reduce 
ceptable  limit  during occupie~ hours. 

sure  that  ventilation d ~ p e r s  open  an 

8. Filter indoor air to  reduce outdoor air ventilation re 
re  available  to  remove  cigarette  smoke, CO 

and odors, and other  common  air cont~inants.  

conduction and  convection heatin~cooling losses of windows. 
9. Use storm windows or plastic to  reduce in~ltration as well as 



H 

S of sy§t~ms fre 
ms. 

bination of capabilities. 
Single zone systems 
can be factory assem- COIL 

bled  roof-top units or 
built up from individ- 
ual components and may 

Reheat §ystem§ are modifications 
o f  single zone systems. Fixed 

than maximum. The reheat is 
controlled by  thermostats located 
in each conditioned space. 

~ u l t i z o n ~  systems condition 
all air at  the central system 
and mix heated and cooled 
air at  the  unit  to satisfy 
various zone loads as  sensed 
by zone thermostats,  These 
systems may be packaged 
roof-top units or field- SCALLY 1-12 SETS) 

fabricated systems. 



Dual duct systems are similar 
to  multizone systems 
except heated and cooled 
air is ducted to  the condi- 
tioned spaces and mixed as 
required in terminal 
mixing boxes. 

RETURN 
A1 R 

WEATIWG 

TO OTHER BOXES 

A variable air volume system 
delivers a varying amount o f  air as 
required by  the conditioned spaces. 
The volume control may be  by 
fan inlet (vortex) damper, 
discharge damper or fan speed 
control. Terminal sections may be 
single duct variable volume units 
with or without reheat, controlled 
by space thermostats. * 

~ n ~ u c t i o n  ~ y s ~ e m s  

Induction systems generally have units at  the outside 
perimeter o f  conditioned spaces. Conditioned primary 
air is supplied to  the units where it passes through 
nozzles or  jets and by induction draws room air 
through the induction unit coil. Room temperature 
control is accomplished by modulating water flow 
through the unit coil. 

A fan coil unit consists o f  a cabinet with heating and/or cooling coil, 
motor and fan and a filter.  The unit may  be  floor  or ceiling mounted 
and uses 100% return air to condition a space. 



u i l ~ i n ~  System ~ ~ t i m i ~ ~ t i u n  7 

FAN 

A unit ventilator consists of  a cabinet with heating andlor coolin 
coil,  motor and fan,  a  filter and a return air-outside air mixing i , . 

section. The  unit may be floor  or ceiling mounted and uses return 
S i t * (  P, 

and outside air as required by  the space, 

l . .  
, , . ’‘:‘E* sErT loh  

SPACE 
THEHMOS’A’ 

have a fan and heating coil which may be 
electric,  hot water or steam. They  do  not have 
distribution duct work but generally use adjustable 
air distribution vanes. Unit heaters may be mounted 
overhead for hea * areas or enclosed in 
cabinets for heat ors and vestibules. 

Perimeter radiation consists of  electric resistance heaters or  hot 
water radiators usually within an enclosure but without a fan. They 

rally used around the conditioned perimeter of  a building 
nction with other interior systems to overcome heat losses 

through walls and windows. 
n o T  WATEk 

kFTUkN .-. 

A hot water converter is a  heat exchanger that uses steam or 
hot water to  raise the temperature of heating system water. 
Converters consist of  a shell and tubes with to  be 
heated circulated through the  tubes and the earn 
or  hot water circulated in the shell around t 

l 

“e- 

R L T ~ J R Y  
STEAM 



d  or cooled  air  at a  cons 
cated  in  each  zone  or  in 

uce  the  volume  of  air h ~ d l e d  by to  that  point ~ h i c h  is 

water  temperature  an 
with  space re~uirements. 

ower an supply  temperature  to  that  point  which will result  in  the 
ox s e ~ i n g  the  space  with  the  most  extreme  loa 

trols for more ef~ective 

1 s y s t e ~ s  if  none  now 

st c o n s t ~ t  volume  systems  either  are 
y s t e m ~ r  serve  to  provide 
p o ~ ~ ~ i t i e s  for c o n s e ~ i ~  

ne  the mini~um ~ o u n t  of  airflow  which is satis~actory and 
c o n s t ~ t  volume  device accordin~ly. 

y§tem to Variable (step 
adding the necessary 

controls. 

ted or cooled  ma^ air at high  pressure  to induc~on 

induced  air is di 



2. 

3. 

6. 





3. 

va~able  volume t e ~ i n a l s  and  pressure  bypass. 

but will limit the system~s 
heating capa~i l i~es  somewhat. 

3. If close temperature and  humidity control is not required, c o n v e ~  the 
system to variable volume by adding variable volume valves and 
e~minating t e ~ i n a l  heaters. 

The basic  concept of the  economizer cycle is to use  outside  air  as 
e when it is cold  enough. There are  several ~ a r ~ e t e r s  which 
aluated in order to ~ e t e ~ i n e  if an economi~er cycle is 

* c o m ~ a ~ b ~ i t y  of the 
economizer  with other 

ilding * "he cost  of  the e~onom 

Outside air cooling is accom~lished usually at 
a~ditional return air fan, economizer control equipme 



* This varies according to location. 





X 
o ~ ~ r a t i n ~  ~ r s / w ~  x 

50 lo6 Btu 

(L 
A = air h ~ d l i n g  capacity min. 

= present  ventilation  air (96) 

J = cost  of  cooling 

= seasonal  cooling  savings 

F o ~ u l a  7-25 is used  to  calculate  the savin~s resulting ~o~ ent~alpy 

e savings resulting from a dry-bulb economizer. To estimate d ~ - b ~ l ~  
con~o l  of outdoor  air.  The  calculated  savings ~ e n e r ~ y  W 

economizer  savings, m u l ~ ~ l y  the  enthalpy  savings by .93. 



ir- 

*For Heat  Pump Applications, exclude supplemen~al heating. 



of two to three tirn~§ as 
 ut ~ o m p ~ e d  to that  pro 

of much  more than 
e m ~ e r a t u ~ ~  involved. 
ize from 2 to 3 tons 

l and i ~ d u ~ t r i a l  users, 



~ i ~ ~ ~ ~ t  

at r ~ ~ u ~ e ~  when using an air- to-~r  heat pum 

at 
of 

~ ~ m p ~ r a t u r e  O F 

A better  heat source would be  the water  from wells, lakes or rivers 
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which is thought of as a constant heat source. Care should be taken 
to insure that a heat pump connected to such a heat source does not 
violate ecological interests. 

IJ 
Compressor 

Water 

Figure 8-2. Hydronic Heat Pump 

Liquid Chiller 

A liquid chilling unit (mechanical refrigeration compressor) 
cools water, brine, or any other refrigeration liquid, for air-condi- 
tioning or refrigeration purposes. The basic components include a 
compressor, liquid cooler, condenser, the compressor drive, and 
auxiliary components. A simple liquid chiller is illustrated in Figure 
8-3. The type of chiller usually depends on the capacity required. 
For example, small units below 80 tons are usually reciprocating, 
while units above 3 50 tons are usually centrifugal. 

Factors which affect the power usage of liquid chillers are the 
percent load and the temperature of the condensing water. A reduced 
condenser water temperature saves energy. In Figure 8-4, it can be 

1 L 



Condenser Water 

condenser water tern 
n of the chiller is 
t load consumes 1 

*- 

E 
S 

100 

75 

50 

25 

I Water Temperature I 
1 
I 

I l I 1 l 
25 50 75 IO0 

Percent Load 

tion C ~ ~ e  for Cen er 



“ideal” coefficient of performance (COP) is used to relate the ~ e a s u r e  
of cooling effectiveness. ~ p p r o x i ~ a t e l y  0. kW is required per ton  of 
refrigeration (0.8 kW is power consumption at full load, base 
cal rnan~facturer,~ data). 

COP = = 4.4 

ultiple  chillers  are used to i ~ p r o v e  reliabi~ity, offer standby 
capacity, reduce inrush c u ~ e n t s  and decrease power costs at part’ 
loads. Figure 8-5 shows two c o m ~ o n  arran~ements for chiller stagi 
namely, chillers in parallel and chillers in series. 

568 Tons 
380 Kw 

6 l 6 Tons 
480 Kw 

In the parallel chiller a~angement, liquid to be chilled is divided 
among the liquid chillers and the streams are combined after chilli 
Under part load conditions,  one unit must provide colder than 

ned chilled liquid so that when the streams comb in^, i~cludin 
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one from the off chiller, the supply temperature is provided. The 
parallel chillers have a lower first cost than the series chillers counter- 
parts but usually consume more power. 

In the series arrangement, a constant volume of flow of chilled 
water passes through the machines, producing better temperature 
control and better efficiency under part load operation; thus, the up- 
stream chiller requires less kW input per ton output. The waste of 
energy during the mixing aspect of the parallel chiller operation is 
avoided. The series chillers, in general, require higher pumping costs. 
The energy conservation engineer should evaluate the best arrange- 
ment, based on load required and the partial loading conditions. 

The Absorption Refrigeration Unit 

Any refrigeration system uses external energy to “pump” heat 
from a low temperature level to a high temperature. Mechanical re- 
frigeration compressors pump absorbed heat to a higher temperature 
level for heat rejection. Similarly, absorption refrigeration changes 
the energy level of the refrigerant (water) by using lithium bromide 
to alternately absorb it at a low temperature level and reject it at a 
high level by means of a concentration-dilution cycle. 

The single-stage absorption refrigeration unit uses 10 to 12 psig 
steam as the driving force. Whenever users can be found for low 
pressure steam, energy savings will be realized. A second aspect for 
using absorption chillers is that they are compatible for use with 
solar collector systems. Several manufacturers offer absorption re- 
frigeration equipment which uses high temperature water ( 160’- 
200’F) as the driving force. 

A typical schematic for a single-stage absorption unit is 
illustrated in Figure 8-6. The basic components of the system are the 
evaporator, absorber, concentrator and condenser. These compo- 
nents can be grouped in a single or double shell. Figure 8-6 repre- 
sents a single-stage arrangement. 

Evaporator-Refrigerant is sprayed over the top of the tube 
bundle to provide for a high rate of transfer between water in the 
tubes and the refrigerant on the outside of the tubes. 

Absorber-The refrigerant vapor produced in the evaporator 
migrates to the bottom half of the shell where it is absorbed by a 
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Chilled Water A 
1 

+ 

1 

Exchanger P 
gJ . . , 2, '.,' 

- 
Evaporator 
Pump 

Figure 8-6. One-Shell Lithium Bromide Cycle Water Chiller 
(Source: Trane Air Conditioning Manual) 

lithium bromide solution. Lithium bromide is basically a salt solu- 
tion which exerts a strong attractive force on the molecules of refrig- 
erant (water) vapor. The lithium bromide is sprayed into the absorber 
to  speed up the condensing process. The mixture of lithium bromide 
and the refrigerant vapor collects in the bottom of the shell; this 
mixture is referred to as the dilute solution. 

Concentrator-The dilute solution is then pumped through a 
heat exchanger where it is preheated by a hot solution leaving the 
concentrator. The heat exchanger improves the efficiency of the 
cycle by reducing the amount of steam or hot water required to heat 
the dilute solution in the concentrator. The dilute solution enters the 
upper shell containing the concentrator. Steam coils supply heat to 
boil away the refrigerant from the solution. The absorbent left in the 
bottom of the concentrator has a higher percentage of absorbent 
than it does refrigerant; thus it is referred to as concentrated. 

Co ndenser-The refrigerant vapor boiling from the solution in 
the concentrator flows upward to the condenser and is condensed. 
The condensed refrigerant vapor drops to the bottom of the con- 
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n unit is not as efficient as the mechanic 
ased on a v a ~ a b i l i ~  of lo 

or use with solar collect 

ed when 15 psig steam is CO 

o w ~ r  plant. ~ o m m e n t  on using th 

able 15-1 4 for 30 psia steam, hfg is 
tu per  pound of steam is W 
sure steam  cannot be use 
in place of their  electri 

steam is being wasted. Calc 
ortion of the cen 

* placed with single-stage ab 
is re~uired  for  the  pum~in 

bsorption  unit. Energy rate is 
sumes 18.7 Ib of s t e m  per t 

c e n t r i ~ u g ~  chiller system consumes 0.8 k 
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ecause of its enormous potential, it is important to und 
apply co~eneration theory. In the overall context of  Ene 
ment Theory, co~eneration is just  another form of the 

owever,  because  of its pot en ti^ for practica 
to new  or  existing systems, it has carved a niche that m 
to  no  other c o n s e ~ a t i o ~  technology. 

current practice of cogeneration techno1 
blend o d practice, or praxis  of  cogenera 
form the basis  of the most workable conservation tec 
the remainder of the 20th century. 

This chapter is dedicated to development of a s o u ~ d  basis o 

c 4  

~ogeneration is the sequential production of thermal and elec- 
tric energy from a single fuel source. In the cogeneration process, 
heat is  recovered that would normally be lost in the  production of 
one form of energy. That  heat is then used to generate the second 
form of energy. For example, take  a  situation in which an  engine 
drives a  generator that produces  electricity: With cogeneration, heat 
would be recovered from the engine exhaust  and/or  coolant, and 

at would be used to produce,  say,  hot water. 
~ i n g  use of waste heat is what differentiates coge~eration 

facilities from central  station electric power generation. The overall 
fuel u t ~ i ~ a t i o ~  efficiency of cogeneration plants is typically 7 0 - ~ 0 ~  
versus 35-4076 for  utility power plants. 



his means that in cogeneration systems, rather  than using 
r a single function, as typically occurs, the 
aded throu~h at least two  se^^^ cycles, 
pler terms: ~ o g e n e r a t i ~ ~  is a very e f~c ien t  

he basic co~ponents  of any co~eneration plant are 

waste heat r e ~ o v ~ ~  
at  capture exhaust heat 

or e ~ ~ ~ e  ~oolant  heat and ~ o n ~ e r t  that heat to a u s ~ f ~ l  form. The 
at the ~dividual  system com- 



prime mover is the  heart  of  the 
ic types are s t e m  turbines, CO 

internal com~ustion en 
as explained below 

team  turbine  systems consist of a boiler and t 
red by a variety of fuels such as oil,  natu 

ations,  industrial  by-products or muni 
team  turbine  cogeneration  plants  pro 

high-pressure steam that is expanded  through  a  turbin 
mechanical energy which, in turn, drives a device such 

erator, Thermal ener is recovered in several different ways, 
ich are di§cussed in  team  turbine  syst 

have a high fuel utili~ation efficiency. 

ine systems are made  up of  one  or more 
at recovery unit. These systems are fueled 
roleum  products.  The  products  of  c 

 ust ti on drive a  turbine  whic  rates  mechanic^ ene 
mecha~ical ene 

cations, or they can be use 
indirectly,  with  a  heat  excha  roduce process steam or  ho 

variation on  the  omb bust ion gas turbine system is one  that 
ressure s t e m   t o  drive a steam turbine  in  conjunction  with 
ation process. This is referred to as a  combine 

engine systems utilize one  or  more reci- 
procating engines together  with  a  waste  heat recovery device. These 

led by  natural gas or distillate oils. Electric  power is produ 
nerator  which is driven by the engine shaft,  Thermal  ene 

can be recovered from  either  exhaust gases or engine coolant. 
engine exhaust gases can be used for process  heating or  to 
low-pressure steam. Waste heat is recovered from the en 
jacket in the form  of hot  water. 



~ ~ n d b o o k  of ~ n e r g y   ~ n ~ i n e e r i ~ g  

~ogeneration plants  that use the  internal  combustion engine 
generate the greatest amounts  of electricity for the  amount of heat 
produced. Of the  three  types  of prime movers, however, the  fuel 
utilization  efficiency  is  the  lowest, and the maximum  steam pressure 
that can be  produced is limited. 

F 

cussed  in the  introduction, and  as may  be seen from  Fig- 
dard  design practices  make  use of, at  best, 30% of avail- 

from  the raw fuel source (gas, oil, coal). 
remain in^ 70% of the available  energy, appro~imately 

0% o f  the  heat is rejected to the atmosphere  through  a  condenser 
or similar)  process. An additional 30% of the energy is lost  directly 

phere  through the  stack, and finally,  appro~imately 7% 
of the available  energy is radiated to  the atmosphere  because of the 
high relative t e m p e r a ~ r e  of the process  system. 

RADIATED  LOSSES 

ELECTRICAL 
ENERGY  EXHAUST STA 
OUTPUT 

CONDENSER 

,C K 

LL USEFUL  ENERGY 



neration: ~ h e o ~  and ~ r a ~ t i ~ e  

ith  heat recove , however, potential useful application of 
an doubles.  though in a “l 
-related heat may be used, an 

may be recovered, This optimized process is 

Thus, it may  be  seen that effective use of  all  available ene 
may more than  double the “‘worth”  of the raw fuel. ~ys t em 
ciency is increased from 30% to 7 5%. 

energy for various cogeneration cycles. 
her efficiency allows the designer to use low grade 

A co~eneration system vendor recommends the inst 
 megawatt cogeneration system for a college campus 

mate range of useful t ~ e ~ a Z  energy. Use th 

ELECTRI 
ENERGY 
OUTPUT. 

RADIATED  LOSSES 

EXHAUST S TACK 

EXHAUST  STACK 
RECOVERY 

C O ~ D E ~ S E R  
RECOVERY 

USEFUL  ENERGY 

dance ~i~ Heat Recovery 



est, § y § t e ~  will o~erate 365: da 

t worst,  §ystem  will o ~ e r a t ~  
day. 

erform  heat  balance. 

out  'electricity " 'condenser " ~ ~ ~ u l a  (9-~) 

3: ~ a l ~ ~ l a t e  a ~ ~ ~ l a ~ l e  f ~ e ~ ~ l  energy. 

From Figure 9-2, a~ailable energy  equals  conden§er ener~y 
and 40% stack  ener 

ava~able 'condenser " 'stack 

'condenser = *3a 
Esta* = 0.12Q 
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available = 1.272  Electrical 

~ a l c ~ l a t e  available ene r~y  

1 x t = K1 Eavailable x K2 x 

K1 = 3413 ~ t u / ~ W h  
atts per megawatt 

k W  x (1.272 x 20 m e ~ a w a t ~  x 1000 - 
MWatt 

hrs/day = 2600 hrs/yr 

= $~.$2 X IO6 X 8760 = 760.5 X lo9 Btu/p 

he c o g e ~ e ~ ~ ~ o ~   c o ~ t ~ ~ t  may be used as a fast  check on any 
neration installation. Notice from the sample ~roblem W 

ease with which a thermal vs.  electrical compa~son of 



system vendor reco 
the a ~ ~ r o x i m a t e  rate of ~ s e f ~ l  

F o r ~ u l a  (9-8) 
ogeneratio~  s~stem electrical rated c a p a c i ~  

is the cogeneration constant 

or 

2 x 10 x x Therm 

power generation to load, 
S most ~ d v ~ t a g e o u s  that 

ricity , The requi 

Formula 9-1 0 must be satisfied: 

% (for any calen- 



~ogeneration systems can be divided into  “bottoming cycles” 
and “topping cycles.99 

~ o t t o ~ i n ~  ~ y c l e ~  
n  a  bottoming cycle system,  thermal energy is pro 
from the co~bus t ion  of fuel. This energy usually 

form of steam that supplies process heating loads. Waste heat  from 
the process is recovered and used  as an energy source to produce 

or mechanical power. 
ttoming cycle cogeneration  systems are most  commonly 

found  in  industrial  plants that have equipment  with high-tempera- 
ture  heat r e ~ u ~ e m e n t s  such as steel  reheat  furnaces, clay and glass 
kilns and aluminum  remelt  furnaces.  Some  bottoming cycle plants 

ing in Georgia are eorgia Kraft  Company, Brunswick 
per Company and rlington  Industries. 

~ o p p i n ~  Cycles 
Topping cycle cogeneration  systems reverse the  order  of  bottom- 

ing cycle systems:  Electricity or mechanical power is produced  first; 
then  heat is recovered to meet  the  thermal  loads  of the facility. 
Topping cycle systems are generally found  in facilities which do  not 
have extremely high process temperature  requirements. 

Figure 9-3 on  the following page shows  schematic  examples 
of these two cogeneration  operating cycles. 

A sound  understanding  of basic cogeneration principles dictates 
that  the energy manager should be familiar with  two  standard  ther- 
modynamic cycles. These cycles are 

2. Ran~ ine  Cycle 

rayton Cycle is the basic thermo~ynamic cycle for the simple 
gas turbine power  plant. The Rankine  Cycle is the basic cycle for a vapor- 
liquid system typical of steam power 
discussion of these two cycles appears i 



Waste 

 en^^ 
ot   at er) 

(Steam, Hot Water) 

rayton Cycle plant,  ener 
fuel  that is injected into  the combustion  chamber. 
ture drives the  turbine with h ~ h - t e ~ ~ e r a t u r e  ~ a s t e  
the  atmosph~re, (See  Figure 9-4.) 



77 

in 

plied to c o ~ e n ~ r ~ ~ i o n ,  con§i§t§ of 



2   and boo^ of €nergy €ng jne~r in~  

the  ,heat  rate of this arrangement is superior t 
all o angements at full load,  this simple, standard 

ycle merits consideration under all circumstances. Note that  to 
c o ~ p l e t e  the  loop in an efficient ma~ner ,  a deaerator  and ~eedwater 
ump are  added. 

Cycle  is illustra in the simplified process dia- 
9-6. Note that this is standard boiler/steam turbine 
found in many power plants and central ~ a c i l i ~  plants 

throughout  the world. 
The R a n ~ n e  Cycle, or steam turbine, rovides a real-worl~  out- 

let  for waste heat recovered from  any  proce  or generation situation. 
ence, it is the steam turbine which  is generally referred to  as the 

topping cycle. 

tieat in 

Work out 

Heat out 

Work in 

est  and ~ p o ~ a n c e  for  the serious central plant de- 
ned Cycle. This cycle forms a h y ~ r i d  which in- 
ycle on  the “bottoming’’ portion and a s t ~ d a r d  

e “topping”  portion of the  com~ination. A 
andard components is illus~ated i 

cle, then, ~~a~~ approximat~s 
t makes use of a ~ n o ~ l e d ~ e  of 



able. These o~t ions  are as m 
~ u i r e ~ e ~ t s  and conditio~s as 



the boiler pressure range may v 

note to keep in mind is that in 
ry  or secondary turbine may sup 

igerant compressor. As dis 
, a  thorough ~nderstandin 

erally will result in  a final, and best, cogeneration system selection. 

S Turbine Used As ~ o m b u s ~ o ~  Air 

F l 

This section will introduce  the ~ ~ ~ e t ~ r s  affectin 
uation, selection, sizing and ope ratio^ of  a  co~eneratio 
shows a means of eva lu~ t in~  those ~ ~ ~ e t e r s  where it counts-on 
the  bottom line. 

This section will enable you to answer two basic ~ue§tions: 
1. Is cogeneration technically feasible for us, given our situation? 

f it is technic~ly feasible, is it also economica~y feasible, 

'Georgia ~ o g ~ ~ e ~ ~ t i o n  ~ a n ~ ~ o o ~ ,  Governor's Office o f  Energy Resources, August 1988. 



e s t ~ a t e d  costs, ene 
rates and regulato 

ion is not  feasi~ile in our case. 

ave some ~uestions. 
f your conclusion is “no,”  you will have  saved yourself the 

Y 
The first step in. the feasibility ev 

analysis of  utility  data. These data are 
limits  of the t h e m  med at  your facilit . 

cessary for  dele 

~ t e ~ i n e  the  them^ and electric 

factor is defined as the average energy consumption  rate 
y divided by the pe& energy consumption  rate over a 

it is an important  simplification  of e~e rgy  
usually expressed as either  a ~ e ~ i m a l  num- 
late  a load factor you need two pieces of 

data:  the  total energy c o ~ s u m ~ t i o n  for  a given time period an 
demand observed during that time  period. 

In the electric  power  dust^, load factors serve  as a ~ e a s u r e  
of  the ut~ization of  generation e~uipment.  A utility load factor  of 
0.90, or 90%, indicates very good utilization  of  power 
fac~ities, while a load factor  of 0.30 or 30% indicates  poor utiliza- 



lower the load factor,  the  l ensive your 
ent  must  be ~ e r e l  er  demands 

factors  of  your facility 
n fact,  they are 

rid to diversify the variat 
or electrical load factor 

that a  cogeneration  plant  would  be a major  portion of the 
time and therefore would provide a e  return on  your invest- 

situation  exists load factors are 
properly sized co~eneration plant would effici 

utilize most  of its  output. f both  the  thermal and electrical load 
factors are small, you rnay not  be a  practical  candi 
eration. 

the analysis of your electric and thermal energy CO 
ta,  you will calculate the load factors  for  your facility 

evaluation, we  will concentrate on annual load factors. 
to  note, ~ ~ w e v e r ,  that  monthly and daily load factors rnay be im- 

ortant in your final analysis. 

~ l ~ c t ~ i c  Energy ~ o n s u ~ ~ t i o n  Analysis 
n  order to obtain  the necessary energy-use infor~ation,  you 

must refer to  your  monthly electric  utility bills for one complete 
year,  From  those bills, calculate the f o l l o ~ i n ~   i n f o ~ a t i o n :  

led demand may be based on  time of year 
het of the previous year’s peak demand. 



has an accurate steam or 
ta can be  gathered direct1 
ou  do  not have this degree 

for  one complete  year will be require 
to  obtain  the necessary data.  natural gas bills can 
lyzed with  the same met~od  na ly~ing  electrical CO 
tion. If you use fuel  oil,  propane or coal,  make  sure 
measurements  of the reserve supply were taken  at 
and end  of the  year. 

etermine our annual fuel consumption.  Fro 
for  the  type of fuel you 
tu  Input,  multi~ly  the 

annual  fuel  consumption  by  this value. 
ine your boiler’s Fuel-to- 
fuel-to-steam efficiency o 

wel l -m~nta ine~ boiler  plant th 
boilers to  keep  them 
plant  with some le 
boilers that cycle frequently  may 
ciency of 60% or lower. 

etermine  your Ann tu ~ u t p u t  by ~ u l t i p l y i n ~  your 
your Fuel-to- team 

etermine  the  nual Average 



ered steam productio~ 

urn   os sib le output of your boiler  plant. 
oilers that  operate at a p p r o ~ ~ a t e l y  1 
m s  “lbs per hour’’ and “mbh output” 

ctor is not an  accurat 



quired to assess 

tempt  to find an o ~ t ~ u ~  

ic load factors c ~ c u l a t e ~  earlier are 
ity  that  your facility’s demand for 



he use of either of  the  Th 
must be tempered with the know 
mations of the load correlations and  are useful only for  a prel imina~ 

cilities will require a more detaile~ examination of 
c load profiles to  obtain  the number of hours per 
rlap and  can be served with  a cogeneration plant. 

erally, cogeneration opportunities are  good for facilities 

less than  two, it is r e ~ s o n a ~ l  
candidate  for CO 

ertainly be the case if your thermal demand is extremely 
ring the summer months and is only significant durin 

few winter months. 
is small, you may c 

known as  peak  shaving. 
Strategies in this  chapter. 

atio in your facility 
of the co~ene~at ion 

nt prime movers and 

ns  at your  fa~ility, you  must 
plant to match your peak 

aste heat and lower overall 
to match your heat 

with  more expensive pur- 
all for  either therrnal or 

the m i n ~ u m  value of 

ts as a first priority and 
mode of oper~tion is re- 

ferred to as “electric dispatch.” 



operation is the  mplement to  electric dis- 
neration  plant is 

will then purchase  a  power  from the local 
ode  of  Qperation to be 

successful, t h e ~ a l  load requirements  should parallel eac 
the same way required for electric  dispatch. 



to m i n i ~ i ~ e  ope rat^ 

on  plant is sized smaller 

fy the  total  thermal load 

utility. 

CtiO 

e  most  appropriate prime mover for  a CO 
project involves evaluation  of  many  different  criteria,  includin 

ntenance re~uirement§ 

 follow^^ are some general guidelines for evaluatin 
the  different  prime movers with respect to these  criteria. 

rs of ~ ~ e r ~ t i o n  
t co~eneration plants  are designed for  continuous o~erat ion,  

with the  exception of some small reciprocat~g engine packages. 
nts are not economical if they cycle on and off  on an hour- 

ly or even daily basis. 



eneration  equipment is relatively expensive  as  com- 
s of similar thermal  capacity,  the  equipment mu 

ch as  oss sib le to achieve an acceptable return on 

an analysis of your facility shows a low electric load factor, 

ine the potential of peak 
erators. 

~ ~ i ~ t e ~ ~ ~ c e   ~ e ~ ~ i r e ~ ~ ~ t s  
All cogeneration equipment requires *some  type of periodic 

maintenance. The frequency and amount of maintenance varies con- 

s have the h ~ h e s t   m ~ n t e n a n c e  
S, diesel engines require routine 
anges  as often as once  a wee 

engines require more over- 
e  a  shorter life expectancy. 

s are mechanically simpler and req~i re  less 
frequent ma~tenance. They can operate  for longer periods between 
major maintenance in te~als ,  and the  major  maintenance is ~ s u ~ l y  

g inspection and re~lacement. 
equire ev,en less  mechanic^ maintenance than 
y have no combustion equi~ment attached. 

casional bearing inspection and replacement is  generally the 
extent of steam turbine m~ntenance. The cost is a  function of the 
size and numb~r  of turbines. 

~u~~ ~ e ~ ~ i r e ~ e ~  ts 
S are not flexible with respect to their 
ly , you buy either  a diesel e n g ~ e  or a 

n  adaptations can pro~uce  
gines that burn  other fuels, such as  low U gas or heavier oils. 

ines can be ada d to switch between 
an alternate fuel. 

o-energy conversion 
lution regulations may impose greater constrain 

as turbines, usually requiring catalytic eo 
retion limits. 



can be switched from natural 
ge of price ~uctuations and bac 
n,  they can be adjusted for  other 
nally, organic by-~roducts of industrial processes 

es are limited only by  the fuel for  their s t e m  
n to  the above fuels, coal, wood, waste, peanut 

shells, any suitable biomass, and  ciner rated municipal waste can be 

from pulp and paper mills. 

enerate s t e m  for steam turbines. 

~ ~ ~ a ~ i t y  ~ i ~ i t ~  
he three prime movers discusse~ here have separate and  dis- 

tinct capacity ranges. Reciprocating e  ene era tors ran 
from about 40 kW to over 3,O~O k nerally, small el 
m ~ n ~  plmts with still smaller heat re~uirements can  be satisfied 
with reciprocating engines. The ity of the  heat reco 
these engines  can  be a lirnitatio nly about 35% o f t  
able heat is  available  as 12 am;  the rest of it is available 
only as 180°F  hot water. 

steam. The lower limit of gas turbine  e 

steam turbine  plants can produce over 100,000 

Almost  all of the gas turbine heat is recoverable as 125 p 

and the upper limit is over 30,000 ~ombined-cycle gas  and 

Steam turbines are the most limited W espect to power 
eneration. Their practical lower limit is about  1,000 

conversion efficiency for power generation is below  15% 
upper limits of 200 psig of superheated inlet steam and l00 psig of 
saturated  outlet steam are maintained. This efficiency can be im- 
proved by increas~g  the inlet pressure and temperature9 W 
matically increases the cost of the steam production  plant, 
~lternative for improving electric genera tin^ efficiency is to use a 
conden~ng turbine, but this lowers the temperature of the  outlet 
steam to  the point that it cannot be used for much more than low- 
temperature hot water  production. 

Figure 9-10 on  the following  page shows the thermal and  elec- 
y output typically available from several 

eration system conf~urations. 



GAS ~~~ 
LESS THAN 2.000 KW CAPACITY 



o arrwe at an estimate  of the  ene 

is we will assume that  the proposed 
that  l00 percent  of  its  thermal 
will  also  assume that  the  plant 

te  at  or near full output capacity se  as- 
represent  a  “best case” operat  your 

reality, your  plant probably will not  operate 
assumptions are nece§sa~  here for 

ition  to  the above as§umptions, you will n 

he thermal and electric output capacities of 

Ire fuel  ons sump ti on rate  of  the CO 

he  number of hours  per year that you plan to operate  the 
eneration system 
n f o ~ a t i o n  can be obta ine~ from e~uipment  data avail- 

e  manufacturer. You will need to d e t e ~ i ~ e  the annual 
ours based on knowled e of your facility operatin 

ow proposed CO 

tion e~uipment  

ch~acter is t  ics. 

ectric energy produ 
ur facility to offset 

by your boiler  plant and electricity pu 
utility.  The  next  step is to determine the a 

production  of  the proposed 
he an nu^ electric energy p 

he  annual  thermal energy producti 

ours 



ince you have assume that all of the o u t ~ u t  will be use 
ity , you will now c~cula te   the  value of  the CO 
ed on  your  current u t i ~ ~ y  costs. 

consumption dat 

method  to de t e rm~e   your  the 

ulate ~ o n t h l y  fuel  costs  from the bills used to o b t a ~  
the fuel c o ~ s u m ~ t i o n  data earlier. 

c ~ ~ e ~ t  cost  per  thermal 
o this, first multi~ly  the 

tu~unit   vdue from 



oiler's Fuel-to-Steam Efficiency. ivide the result by 
1 ,O~O,~OO to convert to  tu units. 

he  annual energy savings of  your cogeneration 
S the savings from  electric and thermal  ene 

less the cost of operating the  plant. 
S can be determined  from the following e~uat ion:  

nnual - 

he annual  thermal energy savings is iven by  the following: 

tu 

p e r a t ~ g  and maintenance  costs  are, to a large d 
n  plant  operating  hours  and,  therefore,  propor 

or  the  purpose of this  evaluation, m~ntenance  costs 
can be  approximated as 15%  of  fuel  costs  for  reciprocating engines 
and 7% of  fuel  costs  for gas or steam turbines. Use a lower 
steam turbine  maintenance  costs if some boiler maintenance is al- 
ready  included  in your operating  expenses. 

The cost  of the  fuel to operate  your cogeneration  plant can be 
determined using the following equation: 

eneration __ - Cogeneration  Fuel Fu 
Consumption 

ou now have all the  information necessary to determi 
savings from the  operation  of  a  cogeneration  plant. 

calculated as follows: 

Annual-  Annual  Electric + Annual Thermal 
Savings Energy Savings Energy 

- 

Cogeneration - 
Fuel Cost 



his point, it is i ~ ~ o r t a n t  to note  that  the annual savings 
this analysis is o p r e l ~ i n ~  estimate  of the sav- 
at your f a ~ i ~ i t y  is based on. s ~ ~ l i f y ~  

tions  you have made. 

o develop the  total ini cost of the cogeneration  plant you 
gure 9-1 1 below for  approximate 

~ ~ ~ i p ~ e ~ t  cost ranges per of installed co~eneration electric 
c~pacity . 

"" . .~ 

~ecipr~ca~ing ~ n ~ i n e  ~ackages ~ ~ i g ~  ~peed) 
_~". ~~ 

kW packages ....... 
kW packages ....... 
packages. ........ $ 
- 

to 10,000 kW. ........ 
to 4,000 kW ......... 

psig inlet turbines. ....... 
psig inlet turbines. ....... 

"Note initial costs for steam  powered  turbines  are  highly  dependent 
on  the  entering  and  leaving pressures of the  turbine.  The  best effi- 
ciencies  are for 1,000 to ~ ~ 0 0 0  psi  superheated  steam.  The  cost of 
small-scale  steam  boilers in this range  is prohibitive, and the  cost of 
condensing  steam  turbines  is not listed  since  considerable  extra 
equipment  is  required.  The  costs as  given do not include  the  cost of 
heat  recovery  equipment, 



he cost figures in Figure 9-1 1 do  not include the cost  of new 
gs to house the e ~ u i p m e n t ~  nor  do  they include allowances 

ectrical wiring necessary to connect  your facility to  your 
f  additional space must be c o n s t ~ c t e ~   o r  major work is 

re~uired  to connect  the  utilities, these expenses must be 
e e ~ u i ~ m e n t  cost estimates to determine your  total  ini 
so, these  costs were assembled at an earlier time and may need to 

be revalidated for  your  current analysis. 

ecision to build a  cogeneration  plant is usually based 
on investment analysis. efined,  this is an ev~uat ion  of  costs 

neration  include the ~ i t i a l  capital 
of  operating and ~ a i n t a ~  

e ~ u i ~ m e n t ,  costs; fuel costs, finance cha 
other s~s t em costs, that may be specific to 
include offset  electrical  power  costs;  offset  fuel  costs; revenues from 
excess power sales, if any;  tax  benefits; and any other  ap~licable 

that are offset by the cogeneration plant, such as plann~d 

number  of  economic analysis t n i ~ u e s  are a v ~ l a ~ l e  for 
ment  of e~uipment ,  

investment alternatives. The 
ommonly used and the least 

o decision at this S f ~ ro jec t  development (I 
time re~uired  to r the initial i~vestment 

st t h roug~  savings associated with  the  project. 
riod is calculated as follows : 

ive you an indicati~n of the 
facility and will help you 

igure 9-12 is a  summary  of the  i~formation used in this 

It is impo~an t   t o  note  that many  of the variables used in  this 

hether a full-scale feasibility study is warranted. 

evaluation of co~~nera t ion  at  your facility. 

valu~tion are assumed values based on  your knowle 
characteristics of  your facility and the simplify 



tions made for  this ~ r e l i m ~ a ~  analysis, In a full-scale CO 
y,  you will want to evaluate several equip 
njunction  with  different  operating  strate 

system configuration. This type  of evaluation should be ~ e r f o ~ e  
for  you by  an e x p e ~ e n c e ~   ~ o n s u l t i ~ ~  engineer. 
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This chapter will focus on the f o ~ o w i n ~  subjects: 
Introduction 

asic Concepts 
Control Modes 

Two-position Control 
roportional Control 
tegral Control 
oportional~erivative Control 

roportional-inte~r~ Control 
roportion~-integr~-derivative control 

Types of Controllers 
Electric or Electronic Controllers 

Timers 
~ight-setback 
Duty Cycling 

neumatic  ont trollers 
ro~rammable Controllers 

emand Control 
Economizer Control 
Enthalpy Control 
Combustion Air Control 
Temperature Reset 

Computer Control 

Energy  engineers  have  been  and  will continue to make si~nificant 
contrib~tions for  the accom~lis~ment 'of ener~y-efficient processes, 
b u i l d ~ ~ s  and transportation systems. In the hands of the ene 
engineer, control systems are an ~ p o ~ a n t  tool to m 
sys te~s   ener~y   e f~c ien t ;  the  majority of the present 



arily as labor- mater~ls-savin 
costs) rather  than as ene 

practice in the desi n and selection of  heati 

ation  and  selection  of sys~ems and controllers is 
to meet  the required e  ental  conditions  with mini- 

mption.  Ener~y-related characteristics  of the 
d processes have been discussed in Chapters 7 
f the present  chapter is to describ 
y~ff ic ient  desi n and operation of b~i ldin 

y which some ~ u ~ t i t y  of  interest 
anism or other equip nt is m a i n t a ~ e  
with  a desired manner 

rconnected  either in an o ~ e ~ - Z o o ~  

open-loop system is a system in which the  output has no 
lothes  dryer may be consid 
which input is the  status 

electric switch (onloff) and the  output is the dryness  (moisture 
co~ ten t )  of the clothes. When the  dryer is turned on, it runs for a 

re-set time and then  automatical~y  turns  off.  The actual moist~re  
he  clothes has no effect on the on-time. 

yer could be put  in a closed-loop system by in s t~ l in  
probe  which will’ cont in~o~sly  measu~e  the mois- 



ture  content  of  the  clothes being dried and  compare  this 
a desired value, he  difference  between the two values CO 
by a contro~er  t control  the  on/off switch to  the dryer. 

imilarly, if a home t h e ~ o s t a t  were installed outside  the  house, 
utput ( f u ~ a c e  heat) would have no  effect on  the  input  to  the 

thermostat  (in  this case, outdoor  temperature). If we  cl 
ing the  thermostat  indoors,  the output (furn 

would now affect the  input  (indoor  tem~erature). This cl 

reached the desired value (setpoint).  n  this closed-loop control sys- 
tem,  the  output is fed back and compared  with the desired value, and 
the difference  between the  two is  used as an  actuatin 
actuate  the  control device ( as valve) for a gas furnace. 

Thus  a closed-loop ( dback)  control system is a system in 
which the  output has an effect upon  the  input  quantity  to m a ~ t ~ n  
the desired output value. A block diagram of a feedback control 
system showing all basic elements  is  shown in Figure 10-1. 

If Figure 10-1 were to represent  a residential heating system 
using a  natural gas furnace,  different  elements would be as sho 
in Table 1 0-1. 

ostat w o ~ l d  continue to operate  until the indoor t 

ure 10-1 may  be condensed to Figure 10-2. 
idential  heating  system, the manipulated 

flow rate  at any instant  in  time,  could have one of the  two possible 
ely zero or  one, d e ~ e n d ~ g  upon  the t h e ~ o s t a t  status 

e(t) which could be  on  or off. Such a control  action is calk 
or two-position control  mode. 

hus, the two-position control is a type  of  control action in 
which the manip~ated  variable is quickly changed to either  a  maxi- 
mum or minimum value depending  upon  whether the  control~ed 
variable is greater or less than  the  setpoint.  The  minimum  v 
the m a n i ~ u l a t e ~  variable is usually zero  (off). 

The  equations  for  two-position  control are 
when  e > 0 
when  e < 0 
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Table 10-1. Basic Elements of a Residential Heating System 

Element Example in a residential heating system 

Command v 
Reference input element Gv 
Reference input r 
Primary feedback b 
Actuating signal e 
Control elements GI 
Manipulated variable m 

Controlled system G, 
Controlled variable c 
Disturbance d 
Feedback element H 
Indirectly control led 

Indirectly controlled 

Idealized system Gi 

system z 

variable q 

System error 

~~ ~- 

Desire to set the indoor temperature 
Thermostat knob 
Position of thermostatic switch 
Position of bimetallic strip 
On/off status of switch 
Relay -cont ro I led gas valve 
Gas flow rate (on or off) 

Furnace burner, ducts, house, etc. 
Indoor air dry-bulb temperature 
Heat gains, losses, infiltration, etc. 
Bimetallic strip in the thermostat 

Occupant 

Thermal comfort level 
Imaginary system which would result 
in an indoor environment where level 
of occupant's satisfaction is  100 percent. 
Thermal discomfort level 

Where 

MI = maximum value of manipulated variable. 
Mo = minimum value of manipulated variable. 

A differential or dead-band in two-position control causes the 
manipulated variable to maintain its previous value until the con- 
trolled variable has moved beyond the setpoint by a predetermined 
amount. In actual operation, this action may be compared to hyste- 
resis as shown in Figure 10-3. 

A differential may be intentional, as is common in domestic 
thermostats when employed for the purpose of preventing rapid 
operation of switches and solenoid valves and to enhance the life 
of the system. 

Two-position control is simple and inexpensive, but it suffers 
from inherent drifts. Rapid changes of the controlled variable are 
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his type  of  control.  ompared  with  other  types  of 
ntrol actions, t~o-position control can be  more  ener~~-intensive. 

f applications of two-position  control include 
systems and rooftop  units  in commercial 

ontrol is a type of  control  in which there is a  con- 
tion between values of the a c t u a t ~ g  signal and the 
le,  For  purposes of ~ e ~ i b i l i t y ,  an  adjustment  of 
S provided and is termed  proportional sensitivity. 
l  may be de§cribed as 

here 
= p r o ~ ~ r t i o n a l  sensitivity 
= a con~tant 

as defined previously. 

c, is the change of' output variable 

Formula (10-2) may be  termed as the calibra- 
the selection  of  a value for determines the 

signal)  value of the  manipulate^ variable. 
ortional  control  action is illustrated in Figure 

ge of input variable. 

ep change in actuating signal 
CI t < O  

e =   t 2 0  

he chan~e  in  manipulated variable corresponds  exactly to  the 
iation  with  a  d  e of m lification  depend 
f  proportional c. Thus,  a  pro 

controller is simply an amplifier with  adjustable  gain. 



'l 

ro~ortional control is more  sensit~ve to  the er 
two-position control. It is the least expensive o 
con~rols  but is more expensive compar~d  to  the tw 
~ a ~ b r a t i o ~  procedures are more difficult for  proportional  control 
than for the two-position control. ro~ortional control is  used in air 
distribution systems. hydronic systems and in  central systems for 
commercial buildin~s. 



~ntegral action is a type of  control  action  in which the value of 
the  mani~ulated variable m is changed at a  rate pro~ortional  to  the 
actuating signal. Thus, if the  actuat signal is doubled over 
vious value, the final control eleme is moved twice as fast. 
the controlled variable is at  the set point (zero actuatin 

a1 control element r e m ~ ~ s  s t a t i o n a ~ .  

athematic~ly, integral control may be e~pressed as 

& =  l e  
” 

tint 

or, in integ~ated form 

m = 1 j’edt+M[ 
tint 

here 
= constant  of  integration 
= ‘integral  time (defined as the  time of cha 

lated variable caused by a  unit  step  ch 

The operational  form of the  equation is 

and is shown  in Figure 10-5, 

For a  step change of  actuating signal 
e = O   t < O  
e = E  t 2 O  

is a  constant. ~ ~ ~ s t i t u t ~  in  Formula (10-6) an 

m -  = l  Et 
tint 



l 
ral ~ontrol ~ c t i o n  

changes linearly wit 
ting signal frnction 

1 the slope of the line is 

over proportional  control  in 
requires more expensive Cali- 

res. Its maintenance is more ~ i ~ ~ i c u l t .  Som 
cations of integral control i n c l ~ ~ e  control of boilers, solar 
systems and  eat-processin 



3 

eriv~tive ~ ~ n t r ~ ~  
erivative control  action may be defined as a control  action  in 

which the magnitude of the manipulated variable is propo~ional   to  
the  rate of change of  actuating signal. This control  mode  has  many 
synonyms, such as “pre-set,”  “rate,”  “booster”  and  6‘anticipatory 
control”  action. Derivative control response is always used in  con- 
junction  with  the  proportional  mode.  It is not sat isfacto~  to  use 
this response alone because of its  inability to recognize a  steady- 
state  actuating signal. 

athematically,  a  proportional-derivative ( ) control  action 
is defined  by 

ce I + I + ~ o r ~ ~ l ~  ( I  0-1 0)  
[proportional] [derivative] 

where  td = derivative time and other variables as described previous- 
is the simple addition  of  proportional  control and rate  control 

action as shown  by the  operation  Formula 

~0~~~~~ (1 0-1 l) 

roportional-derivative  action is not  ade~uately described by 
tuating signal because the time derivative 

of a  step change is infinite at  the  time  of change. ~ o n s e ~ u e n t l y ,  a 
linear (ramp) change of actuating signal must  be  used: 

here 
E == a  constant 
t = time 

signal  is defined at time t ,  whereas the manipu- 
ariable is defined at (1: + fd). The net  effect is to shift the 



manipulated variable ahead by time td,  the derivative time. 
in Figure 10-6, controller response leads the time 
actuating signal. ivative time is defined as the  amou 
expressed in units of  time,  that  the  control  action is 
words, derivative time is the  time interval by which 
advances the effect  of  proportional  control  action. 

portional-d~rivative  control has the advant 
to the magnitude and to  the  rate of change 
control can become  unstable easily because it has no ~e ro ln  

S with large variations  in  occupancy. 
capability. This control is useful for controllin 



ral control  action is often combined additively with  pro- 
e combination is termed proportional- 
reset control and  is  used to obtain ad- 

roportional-integral control  action is defined by the followin 
~ i f fe re~t ia l  formula: 

e l  de 1 + Kc - 
[integral] dt   proportional] 

- 
tint [integral] [ p r o ~ o ~ i o n a l ]  

where terms are as previously described. These f o ~ u l a s   stra rate 
the simple addition of proportional and integral control actions. In 
operational form : 

where the system function  Kc/(tints) identifies the integral action 
system €unction K, iden~ifies  the  proportiona~ action. 

roportio~al-integral (PI) control  action has two adjustment 
a r ~ e t e r s ,  the proportional sensitivity Kc and integral time tint. 
he propotional sensitivity is defined the same way as for  the propor- 

tional  control  action. With the integral response turned off (t int 7 
m), the ~roportional sensitivity is the number of units change 
manipulated variable  in per-unit change of actuating signal e. 

ula (10-1 6), the p ro~o~ iona l   s ens i t i~ ty  
onal and integral parts of the  action. 

he integral action  adjustment is  achieved through integral 
change of actuating signal e,  the integral time, 
required to add an increme of response equal 
ange of response as shown in ure 10-7. Another 
S type  of  control is reset rat fined as the num- 

ber of times  per  minute that  the proportional  part of response is 



. ”. 

e = O  t < o  
e = E  t > O  



e formula for  a 
spomse, and the 

4 

m =  

[integral] [pro~ortional] [derivative] 
or 

0 

ral]  [proportional] [ 

l-inte~ral-derivative ) control action is i l l~§ t r a t e~  in 
in which the chang anipulated variable is shown for 

a ramp function of the  actuati 

this ramp fum~tiom and its t 



E 

n t e ~ ~ t i ~ ~  the first term 



rential e uatio~s. 

Syste~s.  

~ t r o ~ ~ r s  for an e 
ne of the follow 



ly operated  electric  switches were the a n s ~ e r  for  the 
e i d e n t i f i ~ ~  that  the c o ~ p a ~ y  had  a  policy of leaving all 

, he  ide~tified  that an. exhaust  fan  in  the 
n though  the  shop 

as follows: 

, o u ~ d o o r   t ~ ~ p e r a t u r e  = 35°F 



(0.~77 lbm) ( 
ft3 

(1  Therm) ( 1 ) ( ~0 .60  ) 
= $14,5  18lyear. 

8 hours 2 days 
day week 10 hp i"------ 

(52 weeks) $0.07 
year =z: $ ~ , ~ 8 9 ~ y e a r .  

otal savings from  manually  operated switches were $46, 
year, which covered the starting salary of  the energy e n g ~ e e r ,  which 
was  OO/year. 

e exarnple  lustr rates the usefulness of manually controlled 
switches. 

ither single-pole, single-throw ( T  circuits can be 
interfaced to timers. These timers can range from very s ~ p l e  clocks 
to sophisticated central-the clocks with  multiple-channel ca~ability 

can be  used to  hplement control  strategies  like night 
*ng equipment on different t h e  schedules. 

y cycling and automatic  start-stop  of  equipment. 

Ene r~y  expended to  heat  uno ed bu~dings  up  to comfort 
c o ~ ~ i t i o n s  is w~sted ,  and most bu are i ~ ~ e e d  unoccupie~  at 

h e ,  E ~ e ~ g y  is saved by set ti^^ back the  temperatu~ levels 

ack offers  opportunities  for s i ~ n i f i c ~ t  energy savings 
o capital  expenditure in most  of  the  residential,  insti- 

tut~onal, c o m ~ e r c i ~  and i ~ d u s t r i ~   ~ u ~ d i n g s .  wever, one should be 
careful that  the night setback  does not: 



cess conditions~ e.g., tolerances on  the manufac- 
S 

(ii) Cause the air conditioners to  turn  on  to  meet  the setbac 
temperatures 

d on and off  by a tim 
cycle the operation 

~uipment  with  some possible savi 
because some  experts believe t 

ot  an  economic^ way of achieving  sav 
can cause detriment 
, for  example,  a  company  can 

some ~s t ances ,  the b r e ~ d o w n  of e~uipment  is not accept- 
f  an  unforeseen  problem 
savings could pay for  the 

Ever since the  ene 
Since a~-co~di t ion in  

systems are usually based on  the most  extreme  operating  conditions, 
the basic theory behind duty cycling is that  the mechanical equip- 
ment is oversized during  a large part  of  the opera tin^ life. 

thermostat  has been used to cycle air  conditioners 
rmostats essentially cycle the  air€onditiQni 

on and off to m a ~ t a ~  comfortable environ~ental  c 
nse~uently,   ~echanical  e~uipment controlled by themo- 

stats is designed to tolerate cycli for  normal  operation. 
may be caused by  the  addition  of cycle-timing devices 
to  the  thermostat  controls.  Therefore,  the problem  of accelerated 
deterioratio~ of mechanical e~uipment has been attributed  to  duty 
cyclers. 

The idea that  the age of  the  equipment may be altered  by duty 
cycling has to  be  consi~ered first.  There have been ideas on  both 

ome feel that  the life will be  extended and some feel o t h e ~ ~ e .  
one case, it was reported  that  duty cycling control  towers 



to  the gears or b) a  more s o ~ h i s t i c a t ~ ~  

sion in  the belts. This was ~ i t i a l l y  

he excessive use 



ssor and compressor motor,  this is 

cia1 c a ~ e  ~ h o ~ 1 ~  be taken. 

are either on  or off and run 

there may be very many s ta~-ups  when 

ties of air-condi ~ ~ u i ~ ~ e n t  in the past. 
~ i t i o n e ~  was duty cycle 



(no  stipulations against du 
compre§sor, the  warranty could 

safety equipment  that is included 
at the minimum on and off times sta 

turer must be  followed to protect  the e~uipment 

hile some people consider duty cycli 
uipment , many man~facturers 

to their lines and  will give the buyer   formation on 

m e c h ~ i c ~ l   ~ q u i p m e n t  . 

er r a ~ i n ~ ,  speed, starting frequency, restrictions on  h-rush c - 
, power demand charges and the  extra w ~ d i n ~  stress   posed 

repeated accelerations. A portion of the table outlinh 
r ec~m~enda t ions  is shown in Table 10-2. 

N C 

11.5 2.4 77 11 

10.7 
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he parameters above represent the following: 
A. horsepower ratin 

m number of sta 
product  of A. times load inertia (lb x ft2) 
reset time in seconds (convert to minutes) 

he table lists the m ~ i m u m  off  time and maximum number  of 
at is actually needed is the infor * 

riod (on time plus off time). 
the numbers in  the table,  Item (ma~imum starts  per  ho 

permissible for  a 2-pole, 25-hp mo 
the  motor and load are sized correc 

calculated as follows: 

here for^, the  duty period 
he minimum off  time is 1 15 seconds (approx. 2 minutes). 

o verify the above data, exchange the 14-minute duty perio 
hour  in  the above equation. The number  of 

hich was  specified as the m ~ ~ i m u m  
ur,  the  duty period of l 2  minutes 

the requirements of the 
r the  off time and/or  the 

ill decrease the number 

standards recom~end the minimum on 
per hour and  save wear an on  the mechanical equipment 

also imperative to contact  the 
re~ommendation as a m ~ ~ u m  



S to provide the cyc 

n for the airs 



ve to be  cycled and the dernan 

he S 10 ~ i n ~ t e s  per load. 
S the r e l ~ t i o ~ § h  between the st 



I 





ple disc~ssed did not t 
ostat in the e s t ~ a t e s  of 

S, the thermostatic 
of cooling re~uirem 

the t h e ~ o s t a t  cycle rate were 30%, 
consumption would be  divided by 

ens at in^ duty cycler. It is 

d. off to maintain the set temperature conditions. 

time element must be t&en 

n~umatic controllers a r e   u s u ~ l y   c o m ~ ~ e d  with sensin 
position output  to  obtain a variable air pres- 

trol  mode is u s u ~ l y  proportio~al,  ut other 
~ ~ o n ~ - i n t e ~ r ~  can be used. These controllers 

as non-relay , relay, irect- or reverse~actin 

he ~ ~ ~ - ~ e Z ~ ~  pneumatic controlle uses a  restrictor in the air 
zzle. The sensi element positions an air 

d to  the  control^ 
~ e Z ~ y - ~ y ~ e  ~ n e u ~ a t i c   ~ o ~ t r o l l e r ,  d 

a  restrictor, nozzle and flapper, actuates  a relay device that a~pl i f ies  



the air volume ava~able for control. 

i ~ e c ~ - ~ c ~ i ~ ~  controllers increase the  output si 
t ro l le~  variable  increases. or example, a direct-a 
t ~ e r ~ o s t a t   increase^ out t pressure when the 

e ~ e r ~ e - ~ c ~ i ~ ~  controllers increase the  output 

ustion air ~ o ~ t r o ~  



emand charge is that  portion  of  the electric bill which re 
he ut~ity’s capital  requirements in generating plant, t r a n ~ i s s i o  
ines, t r a n s f o ~ e r s ,  etc., to provide  power to a  facility.  The  deman 

d is the m a x ~ u m  concurrent load to occur  during any 
, and it is me~§ured 

S in  the interest  of the c  r and the  utility to  keep the 
and as low as possible. this  does  not  directly save 

tely saves money.  The fo l low~g  methods can be used 

able controller,  when  the 

(~re§et)  level, it  shuts  off  equipment on a 
to restrict the demand  from passing the c 

enerally amounts to approxima 
bill, savings from  controlling 

economizer cycle is the  adaptation  to  the fresh-air intake 
which permits the use of  outside air for cooling when  temperatures 
are §uf~ciently low. When n i g h t t ~ e  outdoor  temperatures are below 

oor  setpoint  by 5°F or more,  the controller  shuts  off the refriger- 
n system and the  return air dampers and opens  the  outdoor air 

arnpers fully. Using outdoor air for night cooling will  save ene 
in  most areas. 

uring occupied  periods, the  opportunities  outdoor air 
epend on  the  outdoor wet-bulb temperature 

the  outdoor air is bro 
oling load is increased. 

wet-bulb temperature is a measure of the  total energy content 
( e n t h ~ p y )  of  the air. 

n  enthalpy  control,  the  controller is interfaced to 
sensors for  both  the  outdoor as well as the  indoor air. 



he controller is pr med to calculate the enthalpies; if the 
e n t h ~ p y  of the  out r is less than  the enthalpy  of th 
air, 100 percent of the  outdoor air is used for cooling, re 
energy  savings.  (See Chapter ’7 for  Enthalpy  Control Savings  Calcu- 
lations.) 

ntrol  the excess 

exhaust,  the control1 air intake  for 
optimal  combustion efficiency Continuous  control t 
of a programrnable controller allows the air intake 
in accordance with the demand on the  unit. 

ability of the p r o g r ~ m a b l e  controllers can be 
used to reset the setpoints on  the chillers and the boilers. The  con- 
troller can be interfaced to D , wind velocity and solar radi~tion 
sensors. The  arithmetic logic of the  controller can  be  used to calcu- 
late the optimal  setpoints and reset accomplished which can result 
in significant energy  savings  and  can enhance  the  comfort levels  in 
the  build~ngs. 

The control of physical systems with  a digital computer is be- 
corning more and more common. Aircraft autopilots, mass transit 
vehicles, oil refineries, paper-making machines and countless elec- 
tromechanical se~omechanisms are  among the  many existing exam- 

urthermore, many new digital control applications are  being 
simulated by microprocessor technology, including on-l 
controllers in automobiles and household appliances 
a~vantages of digital logic for  control are the  incr~ased ~ e x i ~ i l i t y  
of the  control programs and the decision-m~ing or logic capabilit~ 
of digital systems. 

One desira~le  ch~acteristic of a  control system is to have a 
sat isfacto~ response. ‘~Sat i s fac to~  response” means that  the  out- 

is to be forced to follow or track the reference  put, 
Figure 10-2) despite the presence of disturbance  inputs 



nce rejection and  low sensiti~ity is called ~~~~~~. Use 
ita1  compute^ as controllers can help create rob us^  system^. 

use  10-1 1 shows the use of a digital c o m ~ ~ t e r  as a control 
the n o t ~ t i o ~  on this figure has been chan 

on the i n ~ i c a ~ e d  error  sign^, ê, and applies the n u ~ ~ e r s  to  the 
It is also c o m ~ o n  for  the sensor ou t~u t ,   y ,  to be 

nce  or   command  inputs 
control or a c t u a ~ o r   I n p u t  signal 
controlled or output signal 
instrument  or sensor o u t p u t .  usually  an a p p ~ o x i m a ~ i o ~  to or esttmate 
of J*. (For any  variable, say B ,  the notation B is now  common~y  taken 
from  statisttcs to mean an estlrnate of B ). 
F-; = indicated  error 
r-1' = sysrcrn error 
d l s t u r b a n ~ ~  Input to the  plant 
disturbance  or  noise in the sensol 
a n a i o ~ - t ~ d i F i [ a l  conven~r 
d i F i t a l - l ~ a n a ~ ~ ~  convertcr 
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10-1 1 we identify  the sequence of num~ers  
from the   er iodic § a ~ ~ l ~ n ~  ~ c t i ~ ~  of the 

c ~ n v e r ~ e ~  also 



~a~dbook of ~ ~ e ~ g y  

t 

4 E . Y  

ure 



we can place the systems of interest in 
he nature of the signals present. 

are : 

n discrete s y s t e~ s ,  all  signals  vary at discrete times only. 
the analysis of discrete systems, one  must learn z - t r ~ s f o ~ s  of dis- 
crete signals  and ‘~pulse”-transfer  functions  for linear constant discrete 

f special interest is the characterization 
response of discrete systems. As a special  case of 
we consider discrete * us systems, which is one 
aspect of  the current 

If quantization  effects are ignored, digital filters are discrete 
systems which are designed to process discrete signals in such a 
fashion that  the digital device (a digital computer  pro 
example), can be used to replace a  continuous filter. 

A ~ ~ ~ ~ ~ ~ ~ - d ~ t ~  system has both discrete and continuous 
n these systems, we are concerned with the questio 
tion  to convert discrete signals (as they emerge fro 

com~uter) into  the  conti S signals  necessary for prov 
put to one of the plants. action typically occurs in 

e building systems may be one of the 

or on-site control 
ontrol  or central  control 

C plus s u p e M s o ~  control) 
central  control system provides the energy engin 

he ~uilding and helps 

are unique to  the system. 



facturer’s system  is 
ion is  always tailore 

e tramsmi§siom sys 

associat~d h ~ d ~ a r e  form the  point  at which the op~rator  
~ n t e ~ s  all ~struct ion§ and retrieves all data. 

ams for common a~~ l i ca t ions  

izatiom, etc. are  available from the  major  control sy 



ter will focus on the f o l l o ~ i n ~  ~ ~ ~ j e c t s :  

1 



puters became a ~ ~ l ~ b l e  
, the computational  pow 
illion  times, while t ost, power re~uirements and 

culties have redu d r a m ~ t i c ~ l ~ .  This  has led to 
the use of com 

f computers as control  elements  were 

do  c~culations. 

how simple or complex  they  are,  contain 

n o 9 9 ;  (6 1” or 4 c 0 9 9 ;  





1, 
a. fetches and dec 
b.  performs  arithmetic and logical operations on data as 

c.  determines  intern^ status (flags) resulting from  opera- 
required  by  each  instruction 

tions  with  data 

sections  of the  computer 

the memory and 
f.  provides master S 

. can  transfer  data  to and  from the memory  and 

enerates  and receives h a n d s h ~ e  control S 

c. provides  a  unique  numeric^ identifying  code  for select- 
ing a  particular  memo^ or I/ 

b. bi-directio~al  (data travel in both  dir 
c. provides route  for  data  transfer m o  

b. stores  data to be 
c, may be physicall 
d. generally perfo 

a, provides the interface  between the environment  and the 

b.  transmits  data  and/or  commands to  the  comput~r peri- 

a from  the  pe~pherals and m 

rest of  the  computer 

pherals 

d.  can alert the C when data is available 
e, generall~ p e r f o ~ s  under C 

6.  he ~ u n t ~ o l  ~ i n e s  

puter sections 
S to synchroni~e  the  va~ou§ corn- 



e  path  for  handsh 
e  a mean§ of inte 

d. individual lines generally uni-directional 

A s  a result of the rapid  increa§e in the use of computer§  by the 
, a large number of computer programs have a 
in most cases, are available to users other 

rally, these p r o g r ~ s  are available in  one of the 

a. 

b. 

C. 

he p r o ~ r ~  is  not propr ie ta~  and the source CO 
urcha§ed for in-house ~ p ~ e m e n t a t i o n .  

is considered p ropr i e t a~  and can be used on 
t ~ e - s h a ~ n g  basis or by l e a s e ~ ~ b j e c t  language codes. 

an be used only by s~bmi t -  
developer. 

to meet the specific  nee 
uld be accomplished either  b 
by developing in-house ~acilitie 

The computer  p hich are available to an ene 
ineer  for com~utation Id be divided into  the 

well suited to  com~uter analysis due to the large number of rela- 
tively  le  calculation^ involved, the amount of data  manipula~ion 

the fact that these calculations are routinely performe 
1 building projects. as, therefore,  one of the earliest 
of ,  the computer t 

~ e n t l y  exist which vary in th 
S can be cla§si~ed as eith 



’*) or as hour-by-ho~r load c ions, which are usually 
energy analysis pro m s ,  as is the case with the 

7 9  

alysis ~ ~ o ~ r ~ ~ s  
rams meant to estimate the energy consum~tion of 

ined in this class.  analysis programs can 
be classi~ied according to the  method  by which they  treat  the annual 
weather data necessary to perform the estimation. The d 
method  proportions  a design heati load over a heat 

n the number of de ee days in the heating season. The bin 
is based on  the n ber of hours  per year that  the outside 

t ~ m ~ e r a t u r e  falls within specified temperature ranges, 
calculations consider each hour of a  typical year’s weat 

simulation portion, 

ntain m economic analysis section which 
energy required and makes various econom- 

n progrms are used to assist in the areas of duct 

calculate heat losses or gains from ductwork and 
S accordingly. The analysis of fan noise attenua- 

.” The sizing programs will normally size 

ee Table 11-1 for details on these programs. 



system. 

developed that n 
ods  for  the basic d 
that also simplify 

1 systems  display  a dr 
and provi~e  a  means of  cons 

CS, section  crosshatchin 
e-~efined elements can 

lion. Elements can be added 



other  data can 

have a certain chara~teristic by 
S in the  data files and then m 



antity and size i n f o ~ ~ t i o n  of 

election of a suitable c o ~ p ~ t e r  program for  a spec i~c  
r  re uires a careful a  proach  for evalu- 

nerally , answer to the followin 

m s  a v ~ l a ~ l e  which would s ~ t i s f ~  the 

be best for  the 
~ i t ~ a t i o n ?  



of proper size is  elect 

there ~va i l~b le  

how is it c o ~ s t ~ c t e ~  (for e x ~ ~ l e ,  by h o ~ r l y  values all year, or by 



mean weekly or  month~y)? 

for the  appro~imate time i n t e ~ a l  (days, weeks or  mont~s)? 
le ~alcula t i~ns  

he frequency at which calcu- 
lations are performed sh (for e~ample,   hour-by-ho~~ 
calculations of every day e year, representativ~ days 

tive days from every month). 

W are load profiles for comrno 
use, hot  water, eq~ipment,  occupancy consid 

criteria are used for 
internal  comfort in terms of ternperature,  humidity,  e 

n what basis  filtration and air chan 
heating season (infiltration) and CO 

availa~ility of inforrna~ion lists for that program sho 

en to  bui~ding  the 
~nvironrnent, corn 

diatiQn ~rans~ i s s iQn  ~ ~ r ~ u ~ ~    lass and 
 f ability of the  pro~rarn  to cope with: 
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12 

Thermal Storage 

This chapter discusses the following: 

Advantages of Thennal Storage 
Basic Definitions 
Status of Energy Storage Technology 

Water Tanks 
Ice Storage 
Phase Change Materials 
Rock Beds 
Ground Coupled Storage 

INTRODUCTION 
Thermal storage can be defined as the temporary storage of 

energy at high or low temperature for use when it is needed. Most 
of the energy waste occurs because, in many situations, there is a 
time gap between energy availability and energy use. For example, 
in large buildings with interior zones that require year-round cooling, 
the energy typically exhausted to the atmosphere through cooling 
towers in the winter could be stored in water for heating during the 
nighttime and unoccupied periods. Similarly, solar energy could be 
stored during the daytime for night heating. 

Unfortunately, the words “heat storage” for storage of energy 
at high temperature and “cool storage” for storage at low tempera- 
ture have become common usage. This practice is contradictory to  
the concepts stressed in thermodynamics, where “heat” is used for 
energy in transition and not in storage. Similarly, “hot/cold” terms 
refer to  temperature and not to heat. 

349 



nergy a ~ ~ l a ~ ~ i t y  

becomes feasible ; 

in. the first cost of the e ~ u i ~ m e n . t  are ~ o s ~ i ~ l e  
e  permits  the  insta~lation of small~r-si~e heat- 



(installation of storage may el 
oling e~uipment addition); 

and so on. 

S an example of the possible benefits from the 

hiller  capacity 500 Tons 
her~a l  storage  capacity 1 ~~~ Ton  hrs 
irst  cost of chiller 

First  cost of storage 
Total  cost 

vi ngs 

example clearly demonstrates how th 
e can reduce the first cost of the CO 

the designer chooses a c h ~ e r  of 

the utility . 
It may  also be observed in the above example that, if the  dura- 

tions of the cooling re~uirements for  either load are  likely to ~ c r e ~ s e  
in the  future, a  ton chiller will not serve the p u ~ o s e  even 



t h e ~ a l  storage. In  that  situation, Choice No. 2 may be the only 
alternative available, as long as a  5QQ-ton chiller can meet  the  stor 
cooling requirements  during  the  on-occupied periods. 

Thermal storage could be a plished through sensi~le heat 
stopa~e or as latent heat ~ t o r a ~ e  nsible heat  storage, storage is 

mplished by rais e  temperature  of the 
um like water, ds, ceramic bricks, c 

latent  heat storage, storage is accomplished by 
a1 state  of  the storage medium,  with or  without 

in its temperature. Change of  state may be  from so 
vice versa. Examples  of the phase change materials 
energy storage are ice (water), salt hydrates and sorn 

ase change materials  can  store larger amounts  of energy per 
ss compared to the sensible heat storage media and hence 

result in smaller and lighter storage devices with lower storage losses 
and higher storage efficiencies. 

~ t o r a ~ e   ~ f ~ ~ i e ~ c y  is defined as the energy deliver 
e system divi~ed by  the energy delivered to  the  stor 

orage efficiencies on  the  order  of 90 percent have be 
for well-strati fie^ water tanks which are having daily duty cycling. 

Thermal storage systems may be  classified as full  stora~e systems 
or ~ a p t ~ l  stora~e systems. In full storage systems, the equivalent of 
the  entire  cooling or heating load energy for the design day is stored 
in  the storage off-pe& and used during the following peak  period. 
n  partial storage systems,  only  a portion of the daily loa 

ated  during the preceding off-peak period and stored. 
storage, the load is satisfied by s ~ u l t a n e o u s  operation  of the cool' 

equipment and ~i thdrawal  from  storage  during the pe 
period. 

Y 
urrently , the following m e t h o ~ s  are used for ~cco~p l i sh ing  



e )   ~ r o u n d ~ o u p l e d  storage 
brief description  of  each  one  of the  methods is  given below, 

are the most  commonly used method of thermal 
tandard  94.3-1986  has  been develope~ which 

ribes the procedures  for measuring p  formance  of  water  tanks. 
er  has the highest specific heat  of all mmon materials, namely 

), which  makes  it  a very suitable 
1  storage.  Thermal stor 

has the following advantages: 
terfacing the thermal  storage with  the 

stratification,  uniform discharge temperature is 

S may  be  located above ground or unde 
trol  techniques can be used. 
ost is very reasonable. 

ater  tanks may be  made of steel  for above-ground installati 

e  cylindrical or rectangular. 
ratification  of  the  stored  water  has  attracted  considerable 

attention by researchers  because it has  a s i ~ n i ~ c a n t  effect on the 
thermal  performance  of  water  tanks, especially when  they  are used 
for storing chilled water.  Some  methods used to  reduce  mixin 
stored  and  returned  water are as follows: 

or  concrete  for burial in  the  ground.  Geometrical  shape  for  the t 

(i) ~ e ~ ~ e r a t u r e   ~ t ~ ~ t i f i ~ a t i o n ,  in  which  water  stored in tanks 
is  stratified  thermally with  the lighter,  warmer  water on  top. 

ever, in chilled water  storage  where  water in most cases 
S between  41°F (5°C) and 59°F (15"C), the  density 
ence is too small to use this  method. 

(ii) ~ ~ ~ t y  ~~n~ thod uses two  tanks, and the  return  water 
is  pumped  into a  second tank. If more  than  two  tanks are 



used, the equivalent ofone  tank should be empty all the time. 
In  situations where hot and chilled water are to  be stored 
s~ultaneously,   the equivalent o f  two  tanks should be  empty 
all the  time. 

(iii) ~~~~~~~t~ ~ e t ~ o ~ ,  developed by   ~apanese   des i~~ers ,  moves 
water  through interconnect in^ cubicles, as shown in 
12-1 * 



is still another  method  of tern 
tratification, which i available under  a license from 

coated  fabric is attached at  the middle of the  tank and floats 

tank varies. 

oronto.  In  this  method, a she 

olurne of  stored and return water in 

city C of  water tanks in  tu’s can be  calculate 
the relation 

water tank required for  thermal 
3 of Example 12.i .  

equired t h e ~ a l  storage =E l 

ssumin 
ula (12-1) 

= 0.6 X lo6 lbm of water 

Volume of  water  stored = 
Density 

_. 0.6 X lo6 (lbrn) 
62.5 (lbrn/ft3) 

.__ 

= ~ , ~ O O  Et3 

~ ~ o i ~ ~  No. 3 
equired  thermal  stora  e = 3500 Ton  hours 



and taking  cp = 1 

1 (~tu/lbm'F) 20 ('R) 

lo6 lbm of  water 

olume  of  water  stored = 

62.5 (lbm/ft3) 

= 3 ~ , 6 0 0   f t 3  

Ice storage is based on  the use of  latent  heat  st 
to the use of sensible heat storage in  water  tanks. 
one of  the highest latent  heats  of  fusion, namely l 

has  the following advantages: 
ce storage has smaller standby losses. 
ce storage needs smaller volume. 

(iii) Ice storage  can  be easily interfaced  with the existing refriger- 

ce storage  has  lower  refrigeration efficiencies compared with 
water  storage because lower evaporator  temperatures are needed to 
make ice than to chill water.  In a  direct  expansion coil making ice, 
evaporator  temperature  may go  as low as 10°F. This severely impacts 

cient of performance of the system. 
e storage could be accomplished using the following techniques: 

rect ~ ~ ~ ~ ~ s i o ~  Coils. In  this  method, a  direct  expansion 
coil is fitted inside a storage tank filled with  water. Ice layers 
about 3  inches  thick  are  formed  around the coil.  Stirrers 
could be used to aid uniform  buildup  of ice. Cool storage is 
utilized by circulating return water in the  tank, which melts 
the ice and uses its  latent  heat  of fusion  for cooling. Commer- 

ation  units, 



cia1 units having a capacity as large as 100,000~1bm  of ice  are 
available. 

rine Coils. In  this  method,  a  direct expansion coil is  used to 
cool a brine solution  (for example, a  solution of ethylene gly- 

in turn is circulated through  a coil in the 
has the advantage of lower r 

q~ant i ty  requirements. Thickness of ice formed is 
lower in brine coils compared with the direct expm 

ken. In this  method,  the evaporators are 
are fitted above a  water/ice storage tan 

from the  tank is pumped over these plates. 
has been cooled to 32"F, it starts making thin films of ice 
on  the plates. These layers of ice are discharged to  the stor- 
age tank by circulating hot gas  in the plates. 

r  operation  at 32"F, the capacity of ice stora 
tullbm.  For  operation at higher temperatures, 

storage capacity is increased by the sensible heat bet 
32°F; i.e., capacity is (144 + 1 .O X [45-323 ) = 1 
fraction of the  tank is ice, a  correction must be applied accordingly. 

ater is not  the only medium which is  used for  latent heat 
storage. Several other materials, known as phase change materials 

ave  been  used where heat of fusion between solid and 
ses has been used for  thermal storage with the same advmt- 

ages which were mentioned  for ice storage, PCM are more appropriate 
com~ared with ice when the storage temperature desired is other  than 
32°F. For example, solar energy storage systems operate in the range 
of 80°F -124'F, and storage systems for off-peak electricity use can 
operate  at  temperatures well  above 1000°F. Salt hyd 
ma te r i~s  and clathrates are the most frequently use 
12.2 lists some important  properties  of such materials. 

Salt hydrates are compounds of salt and water. So 
drates have heats  of fusion which are comparable to ice 
these materials are non-toxic, non-flammable and not very expensive. 
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Salt hydrates have one  major disadvantage, namely they melt  incon- 
ruently or  semi-cong~antly . They melt to a  saturate^ a~ueous  

phase and a solid phase, which is the anhydrous salt or a  lower  hy- 
of  the same salt. 
ixtures of two  or  more materials, mixed in a  controlled  ratio 

so that a  minimum  melti point is obtained, are called 
These materials  melt corn tely at  the melting point, and 

~omposi~ ion  in the liquid and solid phases. 
ic materials, such as paraffin, have characteristics like low 

cond~ctivity , low density and con~raction of v 
. Lower densities result in larger storage volumes. 

they have  few problems of thermal  stratification,  incongruent  melt- 
ing or subcooling. 

entity is bonded inside the  st or example, some 
commonly used refri~erants ( use water mole- 
cules for  ond ding to form  clathra thrates melt in the 

tandard 94.. 1-1985 may be referenced for the proce- 

s lath rates materials are those  compounds  in which one chemic 

dures  for  testing  the  performance  of PCM storage systems. 

pacity  of  rocks or pebbles can be used to store energy. 
These materials are packed in a  container  which  contains  some wire- 
screen to support  the bed of  the material.  The  container is provided 
with air plenums for inlet and outlet  of  the  fluid, which i 
air. Air flows through the bed in one direction  during the 
heat to  the bed and in the  opposite  direction  during  transfer  of  heat 

ajor use of  rock beds is for  the storage of solar energy. 

ral thermal  storage. Earth c 
~ n c t i o n  as a  heat 

coupled systems, namely 
mp systems. In  direct 
, energy is stored  in  a 1 

of  earth and transferred back when needed 

in s u ~ m e r  and transferred  from the  earth in winter  for  heatin 
n ea~h-coupled heat  pump systems, heat is trans 



~oupl ing  is accomplished by burying  a large, closed-loop heat 
exchanger,  either  in  a vertical or in a  horizontal  format.  The  medium 
used to transfer energy to  or from the  earth is a  solution  of  ethylene 
glycol or  calcium chloride in water. 

C Systems and Applications Handbook. ASHRAE. Atlanta, GA, 

eigy ~ a n a g e ~ e n t  Principles. Pergamon Press, 1981. 
3Tran, N., et al. “Field Measurement of Chilled Water Storage Therrnal 

formance.” ASHRAE Trans. 95( l), 1989 
4Sohn, C.W.; and  Tomlinson, J.J. “”Diurnal Ice Storage Cooling Systems in Army 

Facilities.” ASHRAE Trans. 95( l), 1989 
5Wildin, M.W.; and Truman, C.R. “Performance of Stratified  Vertical Cylindrical 
T ~ e ~ ~  Storage Tanks,  Part 1 : Scale E Truns. 95(1),  1989 
Lane, G.A.  congruent-Melting Phase-Change Heat Storage Mater~ls .”ASHRA~ 
~rans. 88(2), 1982. 

71.,ane, G.A, ‘ ~ ~ C ~  Science and  Technology: The Essential Connection.” ASH- 

8Lorsch, Harold G. “Thermal Energy Storage for Solar Heating.” A S H M E  
E Tr~ns.  91(2),  1985. 

~ o u ~ a l ~  Nov. 1975. 



systems use natural, nonmechani 
, and breezes-to help heat a 
ctrical  controls, pumps, or 

be  assumed that passive  solar b 
measures  are less effective or  that their applicat’ * 

than  the active  measures. In fact  there are few, 
would not benefit in comfort and  energy cost saving 
one or more pmsive  measures. 

eating systems 
o absorb and store the sun’s 

mass includes materials such as r 
e ~uantities  of heat as they absorb t 
accompanied by a moderate rise in te 

ater  the energy sto 
stored heat is rele 

ase change” materials 
New  passive  buildings  are 

Their design takes advantage of 
cool  the building by natural means. For  exa 
~ l a n t e ~  on the n o ~ h  side for winter protec 

side to  hei~hten winter sun a 
at  insulat~ the buil~in 

Source: Residential  Conservation  Service Auditor Training  Manual. 



irect gain glazing systems 

irect ~ a i n  systems, the b ~ i l ~ i n ~  itself is a solar collector. 
n in its simplest form is probably the easiest way to  apply 



simply involves lettin 
~ i n d o ~ s ,  thereby  he 

t ~ntering a room is i 

xcess heat (such as a concr 
sure to  the sunlight or in 
ials can store  heat, 
S the  heat capacities 
S. Of the materials 

Air(95'F). 
Clay .................................. 
Sand .................................. 
Gypsum ................................ 
Limestone ............................... 
Wood,oak. .............................. 
Glass .................................. 

rick .................................. 
Concrete. ............................... 
Asphalt ................................ 
Aluminum. .............................. 
Marble ................................. 
Copper. ................................ 
Iron .................................. 
Water ................................. 

20.3 
22.4 
26.8 
27.9 

.6 

51.2 
55 
62.5 

To reduce heat loss.. and thus increase overa 
mance, insulation may be placed next to  the gla 
inside or  outside. ~ u r i n g  the heating season, sou 

Vertical glass admits almost as much heat 
tilted glass (s~ylights) and is much easier to insulat 





amounts of thermal mass are re~uired  to decrease temperatur 
Thermal mass  can  be expensive, unless it serves a s t r u c ~ r a l  
Interior daily temperature swings of 15 to 20 degrees are commo~ 
even with thermal mass. 

S 

ertical window placed high  in  wall near eaves; use 
and ventilation. 

o ~ ~ Z e  Glazed-A frame with two panes of trans 
with space ~ e ~ e e ~  the panes. 

~ e ~ e s t r a t i o ~ - T h e  arrangement, proportionin 
ows or  doors in a b ~ i l ~ i n g .  
GZazi~~-Transparent  or transl~cent material, e 

~ e ~ d e r - A  horizontal  structural member over a 

Lite-A  single pane o 
~ o v a ~ ~ e  ~ ~ s ~ ~ a t i o ~  n (such as shutters, panels, cur- 

tains, or reflective foil d at can be moved manually or by 
mechanical means. 

plastic, used to  cover a  ind do^ open in^ in a buildi 

to  s~pport   the load above the opening. 

~ ~ a ~ i ~ ~  ~ o e f ~ c i e ~ ~ - T h e  ratio of the solar heat gain 
total solar heat gain throu 

at has been specially 

T ~ e ~ ~ Z  ~ ~ s s - ~ n y  material used to  store  the sun’s heat  or  the 
ater, c o n c ~ ~ t e ,  and rock are commo~ choices for 
inter, t ~ e r ~ a l  mass stores solar energy c o ~ e c t e ~  

effective. 



An  passive heating system at uses some interme 
at collection andlor storage 
place of use can be called 

m “in~irect gain systems99 means 
ss, fiberglass or  other  transparent S 

rays onto specially constructe~ 
containers of water  or other flui 

The  Trombe wall  uses a heat  stor 
the space to  be heated. 

T r o m ~ e  wall makes the best use of the 
in the material i at,  the t e m ~ e r a ~ r e  v~riation i 
ce is small. See re 13-1 for some f e a ~ r e s  of 

Trombe wall. 

e water wall uses the sa rinciple as the T r o ~ b e  
lacing the existing 

that hold water. The  water ma 
releases the  heat as needed. 

nce to  active flat-pla 
TAP system has on 

s t r u c ~ r ~  features o 

ater walls and t h e r m o ~ ~  
h system requir~s sout 

with solar access. 



Gla 

5-6 Layers 
Expanded 
Metal  Lath 

7 



T r o ~ ~ e  and water w a ~ ~ s  have  several a 
adation of fabrics are not 

re swings  in the living space are lower than with 

n of solar radiant en- 

the space provides warmth. in  the evening. 

and water walls hav 
e o south w ~ l s  (a lazed w ~ l  and a mass  wall) are needed. 
e ssive  walls are t often  found in residential cons 

tion (although thermal  stor ge  walls may be the least ex- 
ensive  way to achieve the equired thermal storage since 
ey are compactly  located behind the glass). 

e cold climates, considerable heat is lost to 
e warm  wall  rough the 

is insulated at ni 
T ~ e ~ o s y ~ ~ o ~  Air ~ a ~ e ~ s  ( T A ~ )  systems have t 

lare and ~ltraviolet   de~adation of fabrics are not pro 

rovide one of the least expensive ways to collect 

o provide a small fraction of eating needs of a build- 
solar heat. 

he~mal   s tora~e is not need 
S are easily incor~orated  onto south facades. 
S are readily adaptable to 

ss skill for resident insta~atio 
ecause the collector can b 

b u i l ~ i ~ g  interior, night heat losses are lower than  for  any 
other uninsulated passive system. 

ystems have the following disadvantages: 
e collector is an obvious add-on device. 
th careful e ~ ~ i n e e r i ~ ~  and construction are required to 



e
 

e
 



ht is a b s o r ~ e ~  

~ i n d o ~ s  between  interior space and the sunspace 
loudy  days may also be necessary. 

for a  mobile  home. 

irect  solar ~ransmission 
irect air exchange 



7 

Attached "' - 
Pit Greenhouse 

S an e ~ a m ~ l e  of thermal 
rage methods are ofte 

nhouse to the build in^, fo 
) can also be used. 

and additiona~ livin 
tables ~uring most 

a suns~ace is a ood  do- 



Horizontal 
Metal Roller Shade 

80-Gal. Hot Water 
Storage Tank 

Attached 
Greenhouse l 

Insulated 
Enclosure 

12”-01a 

“Cool Tube’ 
- Clay 

Crank Mechanfsm 
for Sun Control Shade 

Rlgfd  lnsulatlon 

Warm 

Mobile Home 

Cooling I 

Mobile Home 

Heating 

011 Drums 
Ftlled 
wfth Walar 

\ 

Insulated  Wall 



most cases for  retention of winter  heat gain. 

e  most effective method of reducing 
t mat~rial§,  and, ideally, a shadin 

allow §unli~ht in durin the  wint~r.  The term “wi 
retardant§” S mechani§ms that §ignificantly reduce 
heat gain th  south-facin~ windows (3.45” of true  sout 
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ment ~ r o ~ r a m  is m 
es every area of a 

rough the establishment 
m~ntenance ~ a n a ~ e ~ e n t  

Tables 14-1 and 14-2 illustrate  the 

 d detected and r e s ~ ~ t  

337 



Normal 45 105 17.0 - 
Dirty Condenser 45 115 15.6 8. 
Dirty  Evaporator 35 105 13.8 18. 

35 115 12.7  25.4  1.29  39 

(2) Condensing  Temp, OF 
(3)  Tons of refr~ger~nt 

~ormal 44 85 520 I_ 

Dirty Cond~nser 4 90 457  12 
Dirty ~va~orator 0 85 468  10 
Dirty Condens~r 
and  Evaporator 0 90  396  23.8 



ne column for “sched~led” and on 
s c ~ ~ t i o n  of m a ~ t e n a ~ c e  to be  done 

signed to  do  the work 

~s~ of ~ r ~ v ~ ~ ~ i v ~  
of the week, the supervisor of ~ a i n t e n ~ n c e  will 

rk,  the m e c h a ~ c  will note this on the 



chedule will be remove 
to be sure that all ~ Q r  

pervisor of m ~ n t e n ~ c e  or a mechanic is responsib~e for 
ent h e a ~ §  in the trai 

e use of e ~ u i ~ m e n t  
an active part  in cor 

All too  often e~uipment is re laced 
esently installed. E~cellent ener 

line motQr to  replace §tandard m o t ~ r s  
model burners to   re~lace obsolete burners 

S- 



7 

1 I1 6" 14 
118" 56 

311 6" 126 
114" 224 

33 
132 
297 
528 

20 4 
80 180 

180 405 
320 720 

lnswla~ion 
Thickness 

Inches 

1% 
2 
2% 
1% 
2 
2% 
1% 
2 
2% 

U ~ i n s w l a ~ d  

300 
800 

1 500 

425 
1300 
2000 
550 

1 500 
2750 

lnswla~d 

70 
120 
150 

5 
~ 180 

195 

115 
200 
250 

76.7 
85 .O 

of insulation required. ~bviously, 
materials with ~ i f f e r e ~ t  properties and at  di 

ce return on capital. 
ation,  but  most  manufacturers have cata- 

loged data indicating  various  benefits and savings that can  be achieved 
with  their  particular  product. 

of removin~ sate is th rou~h steam tr 
plants will h ctive ~ r a p p ~ ~  systems. 

may have problems with both  the  type of traps and the  effective~ess 
of the system. 





A. 

B. 

C. 

D. 

E, 

F. 

Inform line supervisors of: 

cted of them: 

conservation  action  and  report on progress 



1. Overall energy reduction  goals 
(a) Reduce  yearly electrical bills by %. 
(b) Reduce steam usage by %. 
(c) Reduce natural gas usage by %. 
(dl  Reduce fuel oil usage by %. 
(e) Reduce  compressed air usage by  %. 

(a) ~ i n i ~ u m  rate of return on investment before  taxes is 
(b) ~ i n i m u m  payout  period is 

(c) ~ i n i m u m  ratio of 

(dl ~ i n i m u m  rate of return on investment after taxes is 

2. Return on investment goals  for  individual projects 

~tu/year savings 

capital cost is ~ 

am s h o u l ~  have a contin- 
e risk  associate^ with each 

here 
c =  

P =  
c1 = 

c ~ s t  as a result of emer 
r in effect. 

ability or likelihoo 
in dollars as a rem 

is in  effect. 



st also re vie^ ~overnment re 

Cost At Estimated Cost Energy 
Fuel Present Escalation Per Year Equivalent 

1. Energy e ~ u i v a l e ~ t s  and  costs for plant utiliti~s. 
Natural  gas $ /l000 ft3 $ /l000 ft3 
Fuel oil $ /gal $ /gal 
Coal $-/ton $ /ton 
Electric power $ /Kwh $ /Kwh 
S team 

psig $ /l000 lb $ / 1000 lb 
psig $ /l000 lb $ / 1000 Ib 
psig $ /l000 lb $ / 1000 lb 

Compressed  air $ /l000 ft3 $ /l000 ft3 
Water $ /l000 Ib $ /l000 lb 

Btu/ft3 
Btu/gal 
Btu/lb 

tu/lOOO lb 
Btu/lOOO lb 
B tu/ 1 000 lb 
Btu/lOOO ft3 

tu/lOOO  Ib . 
Boiler make- 

up water $ /l000 lb $-.“--/l000 lb Btu/lOOO lb 

2 .  Life  Cycle  Costing ~quivalents 
After tax computations required 
~epreciation method 
Income tax bracket 
~ i n i m u m  rate of return 
Economic life 
Tax credit 
 eth hod of life cycle costing 
(annual cost method, payout period, etc.) 

e energy ~ a n a ~ e r  before 



ent normally  begins  with a solid technical back  round 
-preferably in mechanical, electrical or plant en 
need a good  grasp of both design theory and the 
conse~at ion   progr~s .  This includes a thorough  un 
company’s processes, products, maintenance ~rocedures and facilities. 

In the course of a single week, energy  managers  might find themselves 
with  lawyers,  engineers, accountants, financial planne~s, public 

S specialists, g o v e r ~ m e ~ ~  officials, and even jou~al is ts  and  legis- 
lators. A good  energy mana~er has to be able to  commu~icate clearly and 

sively  with  all of these people-in ~~e~~ langu  Above all, energy 
ers  must  be able to sell the benefits of  their 

ageme~t. 

To enlist the support of  top ~ a n a g e m ~ n t ,  energy  managers  will  have 
to develop  and present their p r o g r ~ s  as invest~en~s,  with predic~able 
r e ~ r n s ,  instead of as unrecoverable costs, They will  have to  demons~ate 
what  kind of remrns-in both energy  and cost savi~~s-can be expected 

“The Skills of the Energy Manager,” Energy ~ c # ~ # ~ ~ c s ,  Policy and ~ a ~ a g e ~ e n ~ ,  Vol. 2,  
No. 2 ,  1982. 
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from each project,  and over what period of time.  This mea 
developing some credible way to measure returns-a method  that will be 
understood  and accepted by  the financial  officers of the  company. 

A basic part of energy mana~ement is forecasting future  ene 
plies and  costs with  reasonable  accuracy.  This  means  coming to  grips with 
the complexities of worldwide supply,  market  trends,  demand projections, 
and  the  international political  climate. There is no way, of course, t o  pre- 
dict all  of these  things  with certainty,  but every business-es ecially 
energy-intensive ones-will need some kind of reliable forecasti 
now on. 



Energy managers have some responsibility to go outside their com- 
panies to share  their ideas and experience  with  a variety of publics. 
and rofessional associations can  become clearing houses for new ideas. 

tors  and government agencies need, and  often welcome, expert  he 
in setting  standards  and policies. And the public  needs help in understan 
ing what is at  stake in learning to use limited supplies of energy wisely and 
efficiently. 

Energy management  can be an  exciting, challenging and rewarding job 

Energy ~ a n a g e r s  are  a special breed of people who have unlim- 
tunities if we develop the skills and implement the p r o g r a ~ s  

that will  prove the profitability of our respective businesses. 
and  must influence public policy decision by using our technical knowl- 
edge in a const~ct ive and objective way. 

our skills to work, 

1. 
2. 
3. 

4. 

6 .  
7. 

8. 

9. 

10. 

e aggressive. Learn how to say no in a  diplomatic way. 
nergy is not a soft sell. Stick your neck out. 
e  sure you  anticipate questions  before  you  request approval on 

gy expenditures. Prepare factual data-think ahead. 
reative. Identify needs. Prioritize your action plan tasks. 
a positive person-one with  perpetual motion-a c a t ~ y s t  for 

action. 
Establish a  free-thinking  environment. Be a  good listener. 
Develop a five-year plan.  Update yearly. Include  a  strategy for 
implementation-action plans. 
~stablish credibility  through  an  accurate energy accountabili~ 
sys tern. 
Efficient use of energy is an  evolutionary process. 
demanding. Follow through on commitments. 
Give individual recognition for achievements. 

Energy managers can turn  the problems of a changing energy situation 
into opportunities. At  the same time, we can grow to become better cor- 
porate citizens of our society. 
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pressed  air  is  often  referred  to  as  the  fourth  utility,  alo 
oil/gas,  and  water.  The  cost of compressed  air  like  all 

is  not free and  must  be  managed.  Industry  sources  have  estimated  that 
the  total connecte~ horsepower of factory  compressed  air  systems  in  the 
U.S. exceeds 17 million,  This re~resents a worthy  target  for  the  appli- 
cation of  energy  efficient  technologies  because  many ener~y-conscious 
engineers exposed  to  factory environ~ents believe  that  from 10% to 
35% of this  could  be  saved.  Using a national  energy  cost  per  kilowatt- 
hour of 8 cents,  this  translates to  illi ions of dollars in operati 

the  manufacturers. nderstanding of the str 
the  compressed  ai is  very  important  for 

engineers. 

Compressed  air  systems  consist of a supply side, which  includes 
com~ressors and  air treatme~t~ and a demand  side,  which  includes dis- 
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tribution  and  storage  systems  and  enduse e~uipment, A properly  man- 
aged  supply  side will result in clean,  dry,  stable  air  being  delivered  at  the 
appropriate  pressure in a dependable,  cost-effective  manner. A properly 
managed  demand  side  minimizes  wasted  air  and  uses  compressed air for 
appropriate  applications.  Improving  and  maintaining  peak  compressed 
air  system  performance  requires  addressing  both  the  supply  and  demand 
sides of the  system and  how the  two  interact. 

A typical  modern  industrial  Compressed  air  system is composed  of 
several  major  subsystems  and many sub-components.  Major  subsystems 
include  the  compressor,  prime  mover,  controls,  treatment e~uipment and 
accessories,  and  the  distribution  system.  The  compressor  is  the  mechani- 
cal  device  that  takes in ambient  air  and  increases  its  pressure. The prime 
mover  powers  the  compressor.  Controls  serve  to  regulate  the  amount of 
compressed  air  being  produced.  The  treatment e ~ u i ~ m e n t  removes  con- 
taminants from the  compressed air and accessories keep the system 
operating  properly. ~istribution systems  are  analogous  to wirin~ in the 
electrical world-they  transport  compressed  air  to  where  it  is  needed. 
 omp pressed air  storage  can  also  serve  to  improve  system  performance 
and  efficiency.  Figure  15.1  shows a representative  industrial  compressed 
air  system  and  its  components. 

Several  types of air  compressors  are  available in  the  market  today. 
Each  type  is  specially  designed  to  best  operate  under  some  pre-set  op- 
erati~g conditions. As shown  in  Figure 15.2, there  are  two  basic  com- 
pressor  types: ~ositive-displacement and ~ynamic. In  the  positive-dis- 
placement  type, a given  quantity of air  or  gas  is  trapped in a compres- 
sion  chamber  and  the  volume  which  it  occupies  is mech~ically reduced, 
causing a co~es~onding  rise  in  pressure  prior  to  disch 
compressors  impart  velocity  energy  to co~tinuously flo 
by means  of  impellers  rotating  at  very  high  speeds, The velocity  energy 
is  changed  into  pressure  energy  both by the  impellers  and  the  discharge 
volutes  or  diffusers. 

The two  main  types of compressors  that are commonly  used  are  the 
reciprocating  and  the  screw  compressors.  0th of these  compressors are 
classi~ied as positive  displacement  compressors. 



. 





The reciprocating compressors compress air with the use of * 

ton/cylinder assembly. ~onsecutive  ~uantities of air  are t 
cylinder. The piston (driven by the electric motor) reduc 
of the air causing its pressure to rise. When the pressure 
value, it  is automatically discharged out of the cylinder 

any types of reciprocati 
could be classified as 

multiple port, single or uble acting, or an 

th screw air compressors, t 
is the two port two stage compressor, 

intermeshing helical lobes and the rotor 
end. Screw compres 
rocating compressors are characterize 
hile in operation. Th 

movement of the pistons. Screw compre 
noise they produce. 

ost air compressors are co~trolled in a similar manner. 
demand for compressed air is high, the compressor would op 
loaded state where it cons~mes power closely matching its rate 
plate horsepower. When the demand for c 
pressor stops pumping air and it  would  th 
that case, the compressor would consume 
its rated power as is the case with screw 

as it is usually the case fo 
iprocating compressors are best 
sure delivery (above 140 psig), 
ir varies significantly through0 

mon sizes are under 30 hp. Screw compressors are selected for a low 
pressure re~uirement (U 

mand for air is needed. sizes start at 25 hp. 
Some manufacturers classify air corn 
ciency, which is the efficiency of the c 

compressors, the average isentropic efficiency is estimated to b 
ut 75%. For screw compressors, the isentropic efficiency is estimate 

to be about 82%. In addition to the is 
of the electric motor driving the com 
our study, we should also consider the operating efficiency, which is 
based on the selection of  an air compressor to fit certain opera tin^ con- 



cating  compressors  are  selected 
ompressed  air  while  t 
ions  when  a  constan 

e, only  a  small  fraction of the work input  is 
e  balance  is conve~ed into  heat. ~ n d  thus, 

ressed  air  need to be cooled  down to ac- 
le, a l00 hp screw air compressor 
tulhr of heat.  Cooling  could  be  done 

the  use of a liquid  to  liquid  heat 
oling  fluid,  usually  city  water,  is 

l  ventilation,  compressed  air  mi 
r (rese~bles the r 

the  use of a fan. The 
a  separate  motor. The 

parated  in  the oil separator. In this case, 
red  and  utilized  for  space  heating  pur- 

, city  water  runs  through  a  liquid  to 
ther  liquid  is  the  compressor’s oil. The 
om  the  air  in the oil s~parator. In  some 

a  cooling  tower.  For  either  of  these 
is  needed  to  reduce  the  consumption 

atmosph~ric air.  The  composition of 
en,  and l 96 other  gases.  In 

rities  and  solid pa~icle  
umidity  and 75°F carries  approxi- 

a  compressor  with  a  capacity of 
water  is  not  collected ~roperly, 



it  would  be  carried  with  the  air in the  lines  causing ma~f~nction of the 
or  example, in a painting  application,  water in the  lines 

could  cause  rejects in the  paint  leading  to  rework,  loss of time,  and 
increased  energy  consumption. 
The six  main  levels  of  compressed  air  quality  are  listed  below: 

er.  Removes  liquids;  99% of 
water droplets, 40% of oil  aerosol.  Recommended  to  be  used as the 
primary  stage  for  all  compressed  air  treatment  levels. 

and  all  solid  particles  one  micron  and  larger. Recommende~ for  air  tools, 
sand  lasting, and ~neumatic control  systems. 

Removes  moisture  and  all  water  content.  Removes  99.99% of oil  aero- 
sols and  solid  particles 0.025 microns  and  larger.  Recommended, for 
paint  spraying,  powder  coating, and pac~aging machines. 

oil vapor,  oil  smell  and  taste.  Recommended for food  industries,  labora- 
tories,  chemical,  and  pharmaceutical  industry. 

es moisture  producing a -40 to - 150'F pressure  dew  point. 
99.99% of oil aerosols  and  solid  particles 0 , ~ ~ ~  ~ i c r o n s  

in~ustries. 

pressed  air  contaminants  and  will 
omme~ded for breathing  air. 



A cornpressed  air  system  audit  can  highlight  the  true costs of com- 
pressed  air  and  identify  simple oppo~unities to  improve  efficiency  and 
productivity. 

 omp pressed air  system  users  should  consider  using  an  independent 
auditor  to  assess  their  compressed  air  system.  everal f ims  exist  that 
specialize in compressed  air  system assess~ents. Audits  are  also  per- 
formed by electric  utilities, e~uipment distributors and manufact~rers, 
energy  service  companies,  engineering  firms,  and  industrial  assessment 
centers. An informed consu~er  should  be  aware  that  the  quality  and 
co~prehensiveness of audits  can  vary. 

A comprehensive  compressed  air  system  audit  should  include an 
exa~ination of  both air  supply  and  usage  and  the  interaction  between 
the  supply  and  demand.  Auditors  typically  measure  the  output of a corn- 
pressed  air  system,  calculate  energy  consumption  in  kilowatt-hours9  and 
d e t e ~ i n e  the  annual  cost of operating  the  system.  The  auditor may also 
measure  total  air  losses  due  to  leaks  and  locate  those  that are significant. 
All  components of the  compressed  air  system  are  inspected  individually 
and  problem  areas  are  identified.  Losses  and  poor pe~ormance due to 
system  leaks,  inappropriate  uses,  demand  events,  poor  system  design, 
system  misuse,  and  total  system  dynamics  are  calculated,  and a written 
report  with a recommended  course of action  is  provided, 

ata  sheet of the  type  shown  in  re 15.3 should  be  completed 
for  each  one of the  compressors in a y during  the  audit  visit.  As 
shown  in  the  figure,  data  collection  includes  obtaining  the  compressor’s 
power  draw  and  cycling  time. The compressor9s power  draw  is  best 
measured  using a true  rms  wattmeter.  Such a meter  would  compensate 
for  power  factor  and  load  factor  influences as well as the  compressor’s 
motor  efficiency.  Hence,  results  obtained  correspond  directly  to  utility 
meter data. The power  draw  should  be ~easured during  the  loaded  and 
unloaded  cycles. 

The cycling  time of the  compressor  ca  be  obtained by timing  the 
compressor, in seconds  for  instance,  durin  the  loaded  and  unloaded 
cycles. The loaded  and  unloaded cycles can  be  identified by simply 
hearing  the  compressor  changing  cycles  (when  loaded  the  compressor 
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erates at a higher  noise  level  than  when  it  is  unloaded). If that  can  not 
e done by simple  hearing,  observing  the  wattmeter  should  lead  to  the 

results (when the compressor is loaded the wattmeter reads a 
r power  draw  than  when  it  is not), 

imes of the  compressor  should  be  done  at differe~t time 
the  working  day. As an example, a set of five data  points 

can  be  obtained  once in  the m o ~ i n ~ ,  once  before  lunch  break,  once after 
h,  once  after  second  shift  starts,  and  once  before  second  shift ends. 
would  give a total of five  sets of five  data  oints (a total of 25 data 

oints)  taken throu~hout the  entire  working  day.  he  data  points  are  then 
averaged  out  to  obtain a fraction  for  the  compressor  when it is  loaded 
and  one  when  its  unloaded.  The  more  data  points  collected  during dif- 
ferent  time  periods,  the  better  the  results  would  be. 

The prime  mover  is  the  main  power  source  providing  energy  to 
drive the  compressor.  The  prime  mover  must  provide  enough  power  to 
start  the  compressor,  accelerate it  to full speed,  and  keep  the  unit  oper- 
ating  under  various  design  conditions.  This  power  can  be  provided by 
any  one  of the  following  sources:  electric  motors,  diesel  or  natural gas 
~ngines, or  steam  engines  or  turbines.  Electric  motors  are by far  the  most 
c o m ~ o n  type of prime  mover.  Thus,  to  calculate  the  energy  consump- 
tion of  an air  compressor,  one  should  calculate  the  energy  consumption 
of the driving motor.  In  some cases, the  compressor  is  cooled by a 

fan  that  could  be  pow.ered by a different  motor. The energy  used 
by that  motor  should  also  be  considered. 

enerally, an  assessment  of  the  compressed  air  systems  can 
one  or  more of the  following  assessment recom~endations (A 
save  energy  and  to  reduce  the  operating  costs. 

an air  compressor  should be 



run to the outside of the , preferably on t 
coolest side. Since the av age outdoor temperature 
low that in the compressor room, it is possible to 
requirement for compression by increasin 

igher is the density, lower is the work r 
the air  to a desired pressure. 

If air actuated e~uipment in 
and it is deter~ined that the air c 
lowered a certain amount withou 
the energy re~uired for compression can 
at a lower pressure, air compressors take 
pressure. Thus savings would  be 
fraction of time and consequently, 

ome reciprocating app~ications. 
survey or a test should be conducte 

drop in the compresse~ air lines. The press 
added  to  the mini mu^ pressure  require 
equipment properly in order to d 
cases you could simply set the compressor 

above the ~aximum  re~ui red  on the line. 

e 
For new compressors, it is always reco 

lubricants and grease to lubricate bearings, 
motor drives, and other contact points that 
compressors such a recommendation is limited by the condition of t 
compressor. 

The  use of synthetic oils has  been dem 
h reduced friction and by p 

of about four times that of premium mot 
energy savings of four to eight percent when  sy 
conventional lubricants. A six-percent energy S 
be on the conservative side. The savings woul 
in the power draw by the motor  while loade 



e air  requirements  are met  and  the 
its  set  limit, an intake  valve  closes i 

ssor. The  power  draw by the 
constant  (fluctuates by a ma 
sually  equals to the  nameplate horse~ower. 
ed in  plants  where a steady  and consta~t 
curs.  This  operation  is  considered  efficient 

air is very close to the co~pressor’s ca- 

n the d~mand for 

he  two  operations  described  above  are  the  most  common  ones. 
controller,  which  modulates 
ase, co~pressor would  run 

preset  schedule  and  not .based on  the 

sts should  be  performed  before select in^ a a ~ i c ~ l a r  type of 
ration. The test  should  first  show  that  all air driven e ~ u i ~ m e n t  woul 
with  no  deficiencies.  Also,  the  test  should  include an an~lysis t 

e t e ~ i ~ e  the  annual opera tin^ cost  (mainly  electrical  cost) of the  com- 
he results  can be  used  to  select 

ands  for  compressed  air,  sorne a~plications 
~ n n i n ~  different  size  air  compressors  at 

ent  times. It is  recommended  to run a smaller  air com~ressor to 
closely  match  the  air re~uirements during ~eriods of low  corn- 

aller com~ressor during  these  periods  will 
ssociated  costs  since  the  smaller  compres- 
rall effic~ency than the la 

is  measure  are  due to the  fact  that  corn- 



pressors  that  operate in a  loaded-unloaded  fashion  operate  more  effi- 
ciently  when  runnin  loaded  for  a  large  percentage of t 
posed to ~ n n i n g  U aded  for  much  of  the  time. 

selection of a  suitable  size  air  compressor  can  be  done  after  estim - 
the  total  cfrn  needed.  The  cfm  can  be  estirnated  after  identifyi 

what  machine^ is going  to  e  used  during  the  low-load  periods. 
imate  the  cfm  needed  from  the  operation of 

average  required  cfm  could  be  calculated  based on 
the  capacity  and  on  the  average  loaded  period of the  current  compressor. 
If the  compressor  delivers,  let us  say, 500 cfrn  under  the c u ~ e n t  oper- 

air  needs  are 50 cfm  only, 
conditions  and o erates  loaded  for  about 10% of the  time,  avera 

In  most  compressed  air  applications,  the  heat  generated b the 
cornpressor  and in  some  cases, by the  air  dryer  can  be  captured  an 
for  space  heating. If the  compressor  is  located in a  separate  room, It IS 
always  recornmended  to  install  ductwork  and controls to 
waste  heat  generated by the  compressor for space  heatin 
work  should  be  designed so that  the  waste  heat  can  be e ~ h a u s t e ~  to  the 
o~tside  ~uring the  summer, As an alte~ative, com~ressor’s waste  heat 
could  be  used  to  preheat rnbustio~ intake  air  or  for d ~ i n g  p 

~sually,  space  heati  is  done by natural  gas  fired  heater 
energy  savings in such  a  case  would be a  reduction  in  the  natural  gas 
~nergy usage ~ t h e r ~ s ) .  If  the  plant  is  heated  electrically,  the S 

ciple and  formula  can  be  used to calculate  the  energy  savings 
addition,  a  complete  study  should be cond~cted to  estimate  the  dernan 
reduction  associated  with  this  recommendation. 

ress 
Some  air co~pressors use  water  for  cooling.  Usually,  in  such  a 

case,  the co~pressor uses  city  water  which  would run through  coolin 
coils inside  the  compressor  and  the  intercooler  and  then  it  would  be 
disc~arged into  the  sewer  system.  When  water  is  not  recycled  or  reuse 
for  other  processes,  it  is recom~ended that  a  closed  loop  cooling s y s t e ~  
should  be  installed  to  eliminate  the  need  for  city  water  for  coolin 
to  recover  the  waste  heat  generated by the  compressor. 

The closed  loop  cooling  system  contains  a  liquid  to  air  heat  ex- 



nger  that  eliminates  the  use of water  and  may  be  used for space 
ting. A typical  system  consists of  an elevated  heat  exchanger, a cool- 

rculation  pump.  The  system  is  directly  connected  to  the 
system.  Usually a fluid  made  up of a mixture of 50% 
water  is  used  to  transfer  heat. 

metimes  it may  be  more economical  to  install  water  flow  con- 
tall a closed  loop  cooling  system.  This  will  be  true if 

electric costs to  operate  the  cooling  fans  and  the  circulating  pumps are 
much  higher  than  the  cost  savings  from  water  conservation  and  heat 
recovery. 

ource of  wasted en~rgy in  an industrial 
0-30% of a compressor’s 
aintained  will  likely  have 

leak  rate  equal  to 20% of total  compressed  air  production  capacity. 
e other  hand,  proactive  leak  detection  and  repair  can  reduce  leak 

addition  to  being a source of  wasted ene y, leaks can also 
eaks  cause a drop in system  pres- 

sure, which  can  make  air  tools  function  less  efficiently,  adversely  affect- 
In  addition, by forcing  the  equipment  to cycle more 
shorten  the  life of almost  all  system equi~ment (includ- 
or package  itself). In~reased time  can  also  lead 

~it ional  ~aintenance requirements and increased unscheduled 
downtime. Finally,  leaks  can  lead  to add in^ unnecessary compressor 
capa 

ile leakage  can  come  from any  part of the  system,  the  most 
common  problem  areas  are: 

S, hoses,  tubes,  and  fittings, 
ressure  regulators, 
pen  condensate  traps  and  §hut-off  valves,  and 
ipe joints, disconnects,  and  thread seala~ts. 



A summary of the  mathematical  models  to  calculate  en 
sumption,  energy  savings,  and  cost  savings  for  several  assess 
ommendations (AIR'S) described  above  iven  in  this  section.  Appli- 
cations of these  models  for  the  various  are  illustrated  in  the  next 
section  with  the  help of numerical  examples, 
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REN = 
DF = 

E 
EF = 
EFF = 

conversion  constant,  0.746  kWlhp 
conversion  constant, 12 mon t~yr  
conv~rsion constant, 60 minlhr 
conversion  constant, I 44 in2/ft2 
conversion  constant,  3.03 X lom5 hp - minlft-lb 
isentropic  sonic vol~metric flow  constant, 49.02 ftlsec O 

conversion  constant, 60 seclmin 
coefficient of discharge  for  square  edged  orifice,  0.6  no  units 
Pythagorean  constant,  3.1416,  no  units 
specific  heat of air,  0.24 X IOm6 
cost  savings,  $lyr 
leak  diameter,  inches  estimated from  observation) 
density of  water,  8.342 lbslgal 
demand  factor,  estimated fra~tion of compressor  power  seen 
as monthly  demand by the  utility  company,  no  units 
 ema and increase in  the  utility  bill  due  to  compressor  oper 
tion, k r 
annual  demand  reduction, k ~ ~ y r  
effectiveness of the  heat  exchanger,  no  units 
efficiency of driving  motor,  no  units 
efficiency of space  heating  system,  no  units 
increase in  energy,  kWyr 
energy  savings,  expressed in kWh/yr for electrical relate 

tulyr  for  natural  gas  related 
tion  of leaks eli~inated, 

estimated  fraction of the  time c ~ ~ e n t  compress0 
no  units 



k 

estimated  fraction of the  t 
loaded, no units 

calculated ratio of proposed PO consumption to c u ~ e n t  
power consumption based  on ssure, no units 
estimated fractional en 
fraction of operatin 
fraction of operatin 
estimated fraction of the time c u ~ e ~ t  compressor is un- 
loaded, no units 
estimated fraction of the time proposed com 
loaded, 
hours per year of compressor operati 
fraction of the heat that can be  uti1 
annual hours durin 
beating, hrslyr 
horsepower draw by the current compressor while loaded, 

horsepower  draw by the  proposed  compres§or  while 
loaded, hp 
horsepower of drivin 
current average horsepower draw by the co~pressor, hp 
actual horsepower draw  while loaded, hp 
actual horsepower draw while unloaded, 
heat transfer from compressor to water, 
horsepower draw by the ~urrent compressor while un- 
loaded, hp 
horsepower draw by the proposed compressor while un- 
loaded, hp 
ratio of specific heats, (for air, k = 1,4), no units 
power loss due to loads, hp 
Estimated fraction of rated  load  at  which the e~uipment 
will operate, no units 
number of months considered, ~onths/yr  
monthly  peak demand due to current compre§sor opera- 
tion, kWrn/yr 
mo~thly peak  demand due to  proposed compressor opera- 
tion, k ~ ~ y r  
number of stages. no units 

hp 



n u m ~ e r  of leaks, no units 

exhaust air t e ~ ~ e r a t u r e ,  

volumetric flow rate of free air, cfm 
water flow rate, gaVhr 
waste heat that could be recovered, Btu/yr 
reduction in com~ressor work due to u t i l i z i ~ ~  cooler intake 



W 

where 

a 

where 

X FTU)] X C, X 

X C, X DF X C, (if  the  comPressor  is  always  loaded 
more  than 30 ~ i n u t e s  at a time) 

or 

P"" x C x DF x C, = (if  the  comPressor is never 
loaded  more  than 30 ~ n u t e s  
at a time) 



~ ~ m p r e s s e ~  Air ~ys tem ~ p t i ~ i ~ a t i ~ n  

and 

or 

m 

(if proposed co~pre§sor is 
expected  to  run  loaded  more  than 
30 minutes  at a time) 

(if  proposed  compressor is 
expected  to run loaded  less 
than 30 minutes  at a t i ~ e )  

S 



an 

= NL x (Ti + 460) X 

p screw  air  compressor  that 
d 60 hp  while  unloaded.  After  tim- 

1ng the  compressor  it  was  determined  that  the  compressor  runs  approxi- 
ely  80% of the  time  loaded  and  20% of the  time  unloaded. 
n measurements,  the  temperature  at  the  intake of the  compress 

estimated to be  98°F  throughout  the  year,  The  year  round  outdoor air 
ated, based  from  weather data, to be 5 

compressor runs approximately 6,240 hours  per  year. Thus 
found to be: 

= (98-5~)/(98 + 
= 0.0824 

implies  that if outside  air  is  used  ntake  air,  the  energy 
by the co~pressor would drop by  4% from  the  current 

e energy  savings, , for the 150 hp  air  compressor are 
estimated  to  be: 

= [(l45 X 0.80) + (60 X 0.20)] X 
(0.746) x (6,240) x (0.0824) 



I 7  

The demand  reduction, 

R = [(l45 X 0.80) + (60 X 0.20)] X 
(0.74  1 BO) x 12 x (0.824) 

= 94.4 

Estimating  that  each kwh costs  about  $0.035  and  each kVVm costs 
about $1 1 DO, the  total  cost  savings  can  be  estimated  to be $2,7 

The most  common  material  used for ducting outside air 
S is  plastic (PV~) pipe.  One  end of the  pipe  is  attached 
ntake  and  the  other  end  is  routed  through  the  wall  or 

ceiling to  the  outside.  For a 150  hp  compressor a five-inch  diameter 
VC pipe  is  needed,  The  length of the  pipe  varies depen~ing o 

ocation of the  compressor. Ass~ming that a total  of $500 is  need 
the imple~entation, thus,  the  payback  period  is  about 0.18 years. 

ess 
p air compressor  gwen in the pr~vious 

example. The compressor  draws  about  143  hp  while  loaded  and 60 h 
while  unloaded.  Overall,  it  runs  approximately 80% of the  time  loade 
and  20%  of the  time  unloaded,  Assume  that  the  compressor  is  operated 
at a pressure of 140  psig ( 154.7  psia)  and  the  maximum  pressure  needed 
for the  machinery  is  about 85 psig.  After  estimating  the 
ating  pressure,  let  us say to  be 100 psig  (114.7  psia),  F 
lated to be: 

FR = 0.832~ 

Thus,  the  current  energy  consumed by the  compressor at the  cur- 
rent  operating  pressure  c n be  reduced by about  16.73%  (1-0.8327) at 
the  proposed  pressure.  The  annual  energy  savings, ES, can  be  estimate 
to  be: 

ES = [(l45 X 0.8) + (60 X 0.2)] X 
6,240 X 0.746 X (1 - 0.~327) 



= 99,685  kWh/yr 

he  demand  reduction, D , can  be  estimated as: 

= [(l45 X 0.8) + (60 X 0.2)] X 

= 191.7 kWdyr 
0.746 X 1.00 X 12 X (1 - 0.8327) 

the  cost of electric  energy  is  about $O.035~Wh9 and  the  cost  of 
is $1 1 .OO, thus  the  total  cost  savings,  ECS,  are  then  estimated 

e implementation  cost of such a recommendation  is  estimated  to 
gible since  it  takes  about 10 minutes  to  adjust  the  pressure  set- 

to be about  $5,598/yr. 

ting  on a cornpressor. 

Considering  the  150 hp  cornpressor  discussed  in  the  previous  ex- 
amples,  the  energy  savings,  ES,  due  to  the  use of synthetic  oils  instead 
of p re~ ium oils can  be  calculated as follows: 

= [(l45 X 0.80) + (60 X 0.20)] X 

= 35,751  kWh/yr 
0.746 x 6,240 x 0.06 

demand  reduction, R, for  the  compressor  is  estimated  to  be: 
= [(l45 X 0.80) (60 x 0.20)] x 0.746 x 1.0 x 12 x 0.06 
= 68.8 kWdyr 

Thus,  the  cost  savings  can be  found  to  be  about  $2,008  per  year 
(considering $O.O35/kWh  and  $1  1.001 

ased  on  manufacturers’ info~at ion,  the  cost of synthetic  oil  is 
approximately  three  times  that of conventional oil. Considering  that  the 
synthetic oil has a rated  life  four  times  longer  than  that of conventional 
oil, the  differential  cost  between  synthetic  oil  and  conventional  oil  is 
insignificant. In fact, this  represents a reduction in  used oil disposal 
costs. 

The implementation  cost  considered  for  this  recommendation  is 
considered  to  be  the  cost  associated with  the  drainage of the  current 
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conventional oil and  the  clean  up  of the  interior of the  gearboxes of  the 
compressor.  It  is  estimated  that  the  total  implementation  cost  is  about 
$250.  Thus,  the  savings of $2,008/yr  will  pay  for  the  implementation 
cost of $250 within  about  0.12  years. 

e 
Assume  that  the  compressor of the  previous  examples  was  oper- 

ated in a continuously  loaded  manner  and  that  it  draws  about  150 hp 
constantly  when  operated.  After  conducting  several  tests  to  investigate 
the  feasibility of opera tin^ the  compressor  under  the  loaded-unloaded 
mode, it was  determined  that  all  the  air  lines  would  have  adequate  pres- 
sure.  Assuming  that  the  same  operating  conditions  discussed earlier exist 
for  this  case  (loaded  145 hp  and 80%;  unloaded 60 hp  and  20%),  thus, 
the  energy  savings, ES, can  be  calculated  to  be: 

ES = [l50 X 0.746 X 6,2403 - 
[(l45 x 0.8) + (60 x 02)J x 0.746 x 6,240 

ES = (698,256) - (595,845) 
ES = 102,4 1 1 kWh/yr 

as sum in^ that  the  demand  factor, DF, for  the  compressor  is  100% 
and  it  remains  at  the  same  value  after  the  change in operation,  the  de- 
mand  reduction, DR, can  be  found  to  be: 

= (150 X 0.746 X 1.00 X 12) - 
[(l45 x 0.8) + (60 x 0.2)] x 0.746 x 
1.00 x 121 

= (1,3431 - 1,146) 
= 197  kWm/yr 

 ons side ring the energy savings and demand reduction found 
above,  the  cost  savings  are  estimated  to  be  approximately  $5,751  per 
year. 

In  most  cases,  the imple~entation cost for such a measure  is esti- 
mated to be negligible, It  is  estimated  to  be  the  cost of 20 minutes 
needed  to  reprogram  the  compressor.  In  other  cases, if the  compressor 
has  no  controls  to  allow  the  recommended  programming,  the  installation 
cost of the  controls  should be  included.  Different  compressor  models 
and  sizes  require  different  controls and  thus,  the imple~entation cost 



operates  loaded  approximately 7% and  unloaded for about 93% of the 
time.  From  the c u ~ e n t  compressor’s  catalogue,  it  was  found  that  the 

elivers approximately 507 cfm at the current operating 
us,  based  on  this  data,  it  is  estimated  that  approximately 
are needed  during  the  third  shift  (2,080  hours 
sed  unit is selected  based  on  cfm  requi 

everal  options  are  available  but a 15 
iprocating unit  is selected. At  maximu 
ivers approximately 50 cfm  at  140  psig. 

loaded  for approxim~tely 7 1 % of th 
servative,  it  is  estimated  that .the unit  will  operate  at 
tion. 

The energy  savings, ES, can  be  calculated  to  be: 

= [(l40 X 0.07)+(60 X 

= ~ ~ , 2 6 5  kWh/yr 
0.93)-( 15 X 0.71)-(0 X 0.29)] X 0.746 X 2,080 

In this  example,  it  is  assumed  that  there  will be  no demand  reduc- 
tion  since  no  demand  charges  occur  during  the  third  shift.  Thus,  the  cost 
savings are estimated  to  be  about ~2,984/yr. 

It  is  estimated  that  the  maintenance  cost  associated  with  the  opera- 
tion of the  proposed  unit  is  comparable  with  the  operating  cost of the 

unit  as if  it  would  remain  in  operation  during  the  third  shift. 
e implementation  cost  for  this  measure  is esti~ated to  be the 

cost to purchase  and  install a 15 hp  reciprocating  air CO 
cost  varies  from a compressor  distributor  to  another  but  on  the  average 
such a unit  would  cost appro~imately $2,500 install~d. Thus,  the  pay- 
back  period  for 

The same 

this  example is  about  0.84  years. 



coil was  measured  to  be  approximately 7,O 
ed  into  the  compressor  room  at  a  temper 
an  ambient  pressure  of  14.7  psig, the dens' 
alculated  to  be  about  0.067$4 lbm/ft3, The 

ture of the  area  to  be  heated is set  at 65°F during  the  heati 
ctober throu~h April),  that  period,  the  compresso 
ut 3 , ~ 4 0  hours  per  year. 

It  is  estimated  that by ducting  the  exhausted  air  from  the  compres- 
located  outside  the 
e  environment th 

savin~s, ES, that  can  be  realized by recover in^ th 
erated by the  air  compressor  are  estimate^ to  be: 

= 0.06784 X 7,000 X 60 X 

= 17,922 t h e ~ s / y r  
4 X los6 X (125 .. 65) X 3,640 X 0.90/0.75 

Considering an 0 .35 / the~ ,  the  cost  savin 
then  calculate^ to  be 

The im~le~entation cost  for  such  a  measure  depends 
tion of the co~pressor, the  size of the  compressor,  the  areas 
nd  on the  type of controls  (dampers  and the~ostats)  n 

costs can  be  estimated after identifying  the  materials  n 
implementation  and  after  consulting an  HVAC contract0 
ample,  the  implementation  cost is estimated  to  be  about 
the  payback  period is about 0.32 years. 

sor.  The  water  flow  rate  through  the 
compressor  was  found to be  approximately 30 gallons  per  minute (1, 
gallhr). 

The inlet  and  outlet  water t e ~ p e r a ~ r e s  wee  measured to be  about 
respectively.  Thus,  the  heat  transfer, 
ater  can  be  estimated to be: 

T  1,800 X 8,342 X 1 .O X (90-64) 



T = " 390,406 

The water  savings, S, for  installing a closed  loo 

= 1,800 X 6,240 
= 11,232,000 gaVyr 

The water  cost  savings  are  then  calculated  to  be  about $ ~ 2 , 4 ~ / y r  
that  the  effective  water  cost,  including  sere  c 

e  waste  heat, W , that  could  be  recovered  is 

= 390,406 X 3,640 X 0.90/0.75 
= 1,705  tu/yr 

Thus, at $0.35/therm ($351 tu) the cost savings are then 

Assuming  that  the  cooling  unit  has a capacity of 500,000 
$5,968/yr. 

thus,  the  estimated  load  fraction u n ~ e r  which  the  unit w o u ~ ~  operate at, 
is  about  78%. A unit of this  size  would  contain  three  cooling  fans of I 
hp  each  and  one I hp  water  pump  with  an  overall  motor  efficiency  of 
go%, then  the  annual  energy  increase, El, and  the  annual  demand  in- 

I, from  the  operation of the  new system is estimated as follows: 

El = 4 X 0.78 X 0.746 X 6,24010.8 
El = 18,155 kWh/yr 

An 
I = 4 X 0.78 X 0,746 X 1.00 X 1~/0.$ 
I = 34.9 kWm 

Thus,  the  total  operating  cost  is  estimated  to  be  about  $1,109/yr.  There- 
fore, the  net  cost  savings, CS, associated  with  this  measure  are  estimated 
to  be: 

CS = $22,464/yr + $5,968/yr - $1,109/yr 
CS = $27,413/yr 



The implementation of this measure is estimated to be about 
~20,000. Thus, thg payback  period  is  about  0.73  years. 

S 
meter  leak,  at  line  pres- 

sure of 139.7  psia  and  ne  temperature of  70°F. The  same  one 
stage compressor with intake  temperature  as  98°F  operating  at  154.7 
pia.  The compressor  motor  efficiency  is 94%  and its isentro~ic effi- 
ciency  is  82%. 

Therefore, Vf could be calculated  to  be: 

Vf = (1)(98 + 460)(139.7/14.7)(49.02) 
(60)(0.6)(0.06252/~)(3.1416) 
/[( 144)(70 + 46O)Oe5] 

Vf 8.66 cfm 

ower  loss, L, due  to  the  1/16  inch  leak  is  calculate^ as 
follows: 

)(8.66)(1.4/0.4)( 1)(3.03 x 1O-j) 
*7)O*4[('.4)(')1 -1]/~(0*82)(0.94)] 

Thus, the  estimated  savings, S, for  the  leak  considered  can  be  calcu- 
lated  as  follows: 

The annual  demand re~uction, , can  be  estimated by the  followin 

.42)(0.746)( 1 .OO)( 12) 

Thus the  annual  cost  savings  are  estimated  to  be  $7 13/yr. 
~ssuming that  this  leak  is  due  to a broken  seal on a pressure re 



cost  to  repair  such a le  is  conservatively  estimated  to  be 
0. Thus,  the  payback  is  about 0.14 years. 

It has  been  attempted  here  in  this  chapter  to  discuss  the  basics of 
a com~ressed air  system  including  its  components  and  various ty 
com~ressors as used  in  the  manufacturin  sector.  Several  energy 

related to com~ressed air  systems  have  been ~resented. It is 
t the  material  presented  in  this  chapter  will  be  found to be 

seful by the  energy  engineers  when  they  are  attempting  to  audit  and 
he o~eration of the  compressed  air s y s t e ~ s  in their ~lants.  

ehta,  “Air Is Not  Free  For  Agile 
ceedings of the International Confere~ce 
Lafayette, LA, F e b ~ ~ y  23-25, 1997, 

“Improving  Compressed  Air  Syste 
for  Industry.” ~ o t o r   ~ h a l l e n ~ e ,  

tt and  Richard K. iller. Industrial. ~ n e u ~ a t i c  Sys- 

ontrol and Ene ~ o n s e ~ a t i o n .  The Fairmont 

red L. Eargle, Applied ~ n e u ~ a t i c s  ndbook. University of 
~arolina at  Raleigh,  1964. 
S ~. Gibbs. Co~pressed Air and Gas Datu. Second  edi- 

tion.  Ingersoll-Rand,  197 1. 
John  Rollins. C ~ ~ p r e s s e d  Air and Gas ~ d b o o ~ .  Fourth edition. 
Compressed  Air and  Gas Instit~te, 1973. 

O’Neil. ~ o ~ p r e s s e d  Air Data, Fifth  edition. 

. Air ~ o ~ p r e s s i o n  and Trans~ission. 

ecipro~atin~ and Rotary ~ o ~ p r e s s o r s .  

. Shapiro, The D y n a ~ i c ~  and The dynu~ics  of ~ o ~ p r e s s -  
F l ~ i ~  Flow, Vol. 1. Ronald  Pres 



ent by an o r g a n ~ a ~ o n  without havin 
efficiency  measures means lost savin 
ance contract~g is a sophisticated solution to 
y  sophisticated  system, there are elements of com- 

ed. Therefore, comm~ication, knowledge and expe- 
rience are essential  €or  successful  project  completion. 

For the purposes of this  chapter, it is assumed that the energy ser- 
vices company (ESGO) is providing the energy con§ervatio~  mea§~res 

S) such as audit, design,  installation, monitorin and maintenance 
for the customer and that a separate third party, such as a bank or  invest- 
ment company,  is providing the  capital  for the project.  Often, energy 
services  companies  market  themselves  to  customers as p r o v i d ~ g  financ- 

. In many cases, there is an ~ d e p e ~ d e n t  financing  source involved in 
background. Alternatively, an ESGO can be a utility subsid 

which uses the utility’s shareholder money to finance projects. 
si~plicity’s sake, we will treat the ulthate source of capital for  projects 
as a separate lender -with its own guidelines. 

There  is a variety of options for  financing energy conservatio~ 
projects.  Some of the  most  common  are: 



le to m~icipalities, these bonds are 

complicated, but interest  rates  are  low. 

applicable to m~icipal i t ie~,  state entities and local  en- 
earns tax-exempt  credit and the borrowing entity pays 

low  interest  rates. 

is  is a loan to  the  customer  from a conv 
ets and credit  quality. 

conservation  proje 

xa ase 

are a number of leasing  vehicles with a variety of n 
as: operating lease,  capital  lease,  guideline  lease, t ~ - o ~ e n t e d  lease, and 
non-tax-oriented  lease. The  tax  ramifications of leasing  are  often not 
understood. Figure 16-1 will  help  clarify  some of those ~istinctions. 

will  show  the  dynamics of the  parties  involved. 
s important to  note that in all of the c~tegories listed  above, the 

customer  is  directly  ated  to  make paym the in 
~ ~ ~ ~ ~ L E S ~  OF CE of 

e equipment or the ESCO. The  customer  may  well  have  recourse under 
a separate contract  to  the  service  provider  or equipment manufac~rer, 
but will  still  owe under the  financing i n s t r ~ e n t .  e  interest rate and 
any additional loan  terms are based  almost  exclusively on the  cre 
worthiness of the  customer. 

any companies and g o ~ e ~ e n t  entities are 
cutbacks.  When  these  entities are approached 
ally no up-front  investment and a ~uaranteed amount of sav- 

ings, new possibilities  are  created  for  energy  projects  to  be developed 



I 

Compliance  with  all of the IRS guidelines  including  those  listed  below  is 
required: 

The total lease term (including extensions and renewals at a predetermined, 
fixed  rate)  must  not exceed 80% of the estimated useful life of the equipment 
at  the start of the lease, Le.,  at the  end of the lease the equipment must have 
an estimated remaining  useful  life  equal to at  least 20% of its originally 
estimated useful  life. Also, this  remaining  useful life must  not be less than 
one year thereby limiting the  maximum  term of the lease. 
The equipment’s estimated residual value at  the expiration of the lease term 
must equal at least 20% of its value at  the start of the  lease. This requirement 
limits the maximum lease term  and  the  type of equipment to be leased. 
No bargain purchase option. 
The lessee cannot make any investment in  the equipment. 
The equipment must  not be ”limited use” property. Equipment is ”limited 
use’’ property if no one other than  the lessee or a related party has a use for 
it at the  end of the lease. 
Tax-oriented leasing is 100% financing. Guideline leases (tax-oriented leases) 
may be either a capital lease or an operating lease for reporting purposes 
under Financial Accounting Standards Board  Rule #13. 

I lease 
ita1  lease  is  one  that  fulfills  any ONE of the  following  criteria: 

(a) The lease transfers ownership of the property to the lessee by the end of the 

(b) The lease contains a bargain purchase option (less than fair market value). 
(c) The lease term is equal to 75% or more of the estimated economic life of the 

(d) The present value of the minimum lease payments equals or exceeds 90% of 

e  capital  lease  shows up on  the lessee’s  balance  sheet as an asset and 

lease term. 

leased property. 

the fair value of the  leased  property. 

a l i a~ i l i t~ .  

se does not meet A N Y  of the  above  criteria  for a capital 
lease. 
h operating lease  is  not  booked  on  the  lessee’s  balance  sheet but is 
recorded as a periodic  expense on the  income  statement. 

rces 
Accounting For Leases, Financial  Accounting  Standards  Board 
Leasing and Tax Reform:  A  Guide Th~ough The Maze, General Electric  Credit  Corporation 
~ a n ~ ~ o o ~  of Leasing, General  Electric  Credit  Corporation 



ebt\\ 

E~uipment Lease 
or  Direct  Loan 

Service 

d  completed. If structured  properly, p e r f o ~ ~ c e  contract ~ i n ~ c i n  
has  the  benefits  to  the  customer of an operating  lease, i.e., off-balance- 
sheet  treatment/  with  the  added  benefit of being n.on-r~course to the 

c ~ s t o ~ e r  can  retain  the  use of avail  credit  for e x ~ ~ n s i o n ,  research 
y mainta~ing this  financ 

d d~velopment, additional  inventory  or  business e~ergencies. 

Perform~ce contract f i n ~ c i n g  from a lender's perspective is a 
c~allengin~  comb~ation of  business  credit  analysis d project  evalua- 
tion.  The  project  financing  is  structured as follows: 

e ESGO contracts  with  the  customer  to  provide  energy  con 
ion. meas~res  lighti in^, variable  speed  drives,  etc.) as well as 



ing services  which  may  include  warranties, handling and disposal 
of wastes,  operation and maintenance of installed  equipment,  re- 
pair and replacement of measures, and measurement, moni ' 
and verification of savings.  The  Energy  Services  Agreement 
is the foundational document  which  a lender will  rely  to 
c o n f ~  that the  customer and 
all  aspects of the ECMs bein 
payment from  the  customer 
finance  the  project as well as paying  the ESCQ for 
provided. (A sample ESA is included in Figure  16-3. 
a guideline only. Be sure to  have  y 
document before  you authorize it.) 

e lender lends directly  to  the ESCQ.  The  ESCO uses  the funds to 
recoup its project  development  expenses and purchase and  stall 
the equipm~nt. Repayment  to  the lender is made by  the ESC 
of the funds paid to it by  the  customer.  Qne variation is  to  create 
a single-purpose  entity  exclusively  to  hold  the  assets of the project 
f ~ a n c ~ g .  Because the  loan  is tec~ically made to  this  entity, it has 
the added benefit of keeping  the  transaction off the  balance  sheet of 
the ESCQ as well as the  customer  (see  Figure  16-4). In addition, the 
lender can lend up to 95% of the  project amount. 

e lender will  analyze a proposed  project  with  these questions in 
mind: 

Will the  revenues  generated  by  the  energy  savings,  utility  rebates 
and customer  payments  be  sufficient  to  cover debt service? 

Can the ESCO perform  as  required under its contract with the cus- 
tomer and/or the  utility  for  the term contract? 

Are  the  risk all~ations among  all parties fair  from both ~ ~ s ~ e s s  
and legal  perspectives? 



e  customer and/or the  utility  be  able to meet its payment 
ons  for  the  term of the  financing? 

lender will want to  see  three  years of audited financial state- 
lance  sheet,  income  statement and cash  flow statement with 

explanatory notes  from  the  customer.  These  will  be used to  make trend 
and financial ratio analyses,  The ESGOs financial statements are also 
important and will  receive a similar  review. 

With  utility  payments and/or customer  payments  based  on  actual 
savings,  the lender needs to  make a thorough analysis of the  projected 
savings of the energy  conservation  measures  installed.  The  project  fig- 
ures (simple  payback,  types of equipment,  maintenance  savings, if any, 
construction period) will  be  carefully  reviewed  to determine how the 

S will  cover  the  loan  payments and to determine the  effects of 
factors  such as energy  price  fluctuations and inflation. 

Any  information  which  the  parties  can provide early  on in the pro- 
posal negotiation  to  make  the  lender  feel  more  comfortable with these 
issues will  save a tremendous amount of time,  money and effort  to all 
parties. 

e  key  point  here  is  that if an event of default occurs in the ESA 
the ESCO and the  customer  which  gives  the  customer the right 

to  reduce  or  cease its payment  obligation, it is  the lender which is most 
at risk of suffering a loss.  The  lender must either  be  comfortable that the 

will cure the default or be  confident  that it can hire another ESGO 
to cure the  project default and force  the  customer  to  resume payments. 
The lender is also at risk of the  energy  savings  not  being estimated or 
measured properly.  Despite  all of this,  good  projects are bein 
and customers  are  extremely  satisfied with the  resulting  benefits. 



ure 1 

Note: ~onsult  your  legal c ~ ~ n s e l  ~ e ~ o r e  au~~orizing any  legal a g r e e ~ e n ~ .  

e  Agreement  is  the  evaluation, eng 
procurement, installation,  financing and monitoring by 
Conservation Measures  (“ECMs”) at  ust tom er's f a c ~ i ~ ( i e s )  id en ti fie^ in 
Appendix A attached hereto (“Premises”). 

er (the ”Parties”) agree  to the following terms pursu- 
ant  to which  this  Agreement shall be  performed: 

1. EXECUTION  DATE: 

2. T E ~  OF A~REEMENT: 

(years after  ECM  Commencement  Date) 

3. L ~ A T I O N  

. O ~ N E ~ H I P  OF P R E ~ I S E ~ :  

Preliminary  Final In s t a l~e~  
Estimates  Figures 

5. o PERCENTAGE 
OF ENERGY  SAVINGS: 

6. PROJECT  TOTAL  CAPITAL 
COST ($ 000): 

7. ECM COMMENCE ME^ DATE: 

8. VALUE  OF  FIRST  YEAR 
ENERGY SAVINGS ($): 



9. 

Please Initial: 

CUSTOWR 

ESCo 

in  the  right-hand  column  above shall 
e  completed in accordance  with  Section V and  the  Parties  shall  then  re- 

execute  the  Agreement  below  and  enter  their  initials  above. 

As  indicated  in term #l1 above,  upon  completion of any  determi- 
nations  required by Section V, ~~~t~ er shall  have  the  option  to  fix its 

SCo, as required  under 

e  Final  Installed  Figure 
ne Hundred  and  Percent (1 YO) of 

aying  such  product  to  each  year in twelve 

shall indicate its exercise  of such  option  by  initialing  the  appropri- 
as set  forth  in  ,this A~reement, such  monthly  pay- 

ments shall be due  and  payable  each  month of this ~greement from  and 
after  the  month  in  which  the C o ~ e n c e m e n t  Date  occurs  and shall be 
made by w i ~ o u t  regard  to  the  amount 
any such  year, Any excess of Energy S 
 estimate^ Value of First  Year  Energy ~avings sh 

er’s Fixed ~ o n t h l y  Paynnent shall  not be revised  except as 
ally required in accordance  with  the  terms of this  Agree- 

ment. 



0: 

(business  organization)  (business o ~ g ~ i z a t i o n )  

(entity) (entity) 

(name) (name) 

Its: 
Its: 

(title) (title) 

(business  organization)  (business org~ization) 

By: 
"J 

(entity) (entity) 

"J + 

(name) (name) 

Its: 
(title) (title) 



CC 

(please initial) 

~greement, the  followin terns shall  have  the  mean- 

.l is ~greement between  and 

on to  fix  monthly  payments  set 
ith  Section VI and  Sec- 

l  energy  use  and/or $/kW of elec- 
y  company  in  the c ~ ~ e n t   m o ~ t h l ~  

encement  Date shall be 
~ u b s t ~ t i a l l y  complete. 

alysis  performed by of 
at  the  Premises,  and  the  potential  for 

des,  without l~ i ta t ion ,  the 

l1 as attached  hereto  and 



Premises,  or as repaired  or  r 
purpose of  proving the  efficiency of electric  consumption,  or other- 
wise to reduce  the  electric  utility  costs of the  Premises. 

S: Electric  energy  reduction  (expressed in kilovvatt- 
of electric  energy and/or kilowatts of electric demand and mea- 

sured in accordance  with  the  Measurement  Plan)  achieved throu 
more  efficient  utilization of electricity  resulting  from  the  installation of 
the ECMs agreed  to  by  the  Parties under this  Agreement. 

e  plan  for  measuring  Energy  Savings under 
this Agreement,  which  shall  be  in  accordance  with  the  requirem 
the Utility  Agreement and shall  be a part of the  Energy Audit 
attached as Appendix E hereto. 

: A span of time  covering approx~ately 30 days per 
month, corresponding to  period  from its electric  util- 
ity. 

ies means ~ ~ s t o  

ises: The  buildings,  facilities and equipment used by 
as identified in Section I and as more  fully  described in 
Appendix A, where  shall  implement  the  Project under this 

Agreement. 

2.1 e  complete  range of services provided by 
ta reement, ~c luding  evaluation,  engineering,  procurement, m- 
stallation, ~ ~ a n c i n  and monitoring of ECMs at the  Premises. 

ees: Arty event  or  condition 
material adverse effect  on  the  rights, duties or obligations of 
materially  adversely  affecting  the  Project, if such  event  or  condition  is 
beyond  the  reasonable  control, and not the  result of wi 
action  or  omission or a lack of reasonable  diligence, of 
however, that the  contesting  by 
condition constibting a Change 



strued as a willful  or  negligent  action,  or a l of reasonable dil 
uch events or conditions  may  include, but l1 not be l ~ i t e d  

cumstances of the  following  kind: 

a. An  act of God,  epidemic,  landslide, l i g h ~ i n  
earthquake, fire,  explosion,  storm,  flood  or  similar  occurre 
ment failure  or  outage, an i n t e r ~ ~ t i o n  in supply, an act  or  omission by 
persons or entities other than a Party, an act of war,  effects of nuclear 
radiation, blockade,  insurrection,  riot,  civil disturbance or  similar  occur- 
re~ces, or  damage, interr~ption or interference to the Project  caused by 
hazardous waste stored on  or  existing at the  Project  site; 

b.  strikes,  lockouts,  work  slowdowns or stoppages, or similar 
labor  difficulties,  affecting  or  impacting  the perfor~ance of 
contractors and suppliers; 

c. a change in law  or  regulation  or an act  by a gove 
ency  or  judicial authority. 

r e ~ ~ e n ~  The agreement e~tered into by 

equired to  install  certain ECMs at ~acilities such as 
a-." public  utility  company  ("Utility"), pursuant to  which 

Premises and in  accordance  with  the  terms of which 
into this  Agreement. 

The term of this  Agreement  shall  commence as of the date on which this 
A~reement is  executed and shall  continue,  unless  sooner terminated in 
accordance with the  terms  hereof,  for  the  period of years  after  the EC 
~ o ~ e n c e m e n t  Date  set  forth  in  Section I. 

U on  receipt of the  Notice of S 
Commencement  Date, Cus 

5) days,  any  comments an 
l1 make  all co~mercially reasonable  efforts  to respond to such 
and requests  within thirty (30) days of the ECM ~ommence- 

ment Date,  which  shall  occur  on  the  identified  date. 
Upon  the  expiration  or t e~ ina t ion  of this Agre~ment the  provi- 

sions of this Agreement that may  reasonably  be interpreted or construed 
as surviving the expiration or termination of this  Agreement  shall sur- 
vive the expiration  or  termination  for  such  eriod as may  be  necessary 
to  effect  the intent of this  A 



t  the  end of the  te 

ees  to  extend  its  funds  and  install  such 
reem~nt to ~ e r f o ~  h e r e ~ d e r  and  in 

Parties  agree  to  revise 
revisions to this 
rs or dates, as the 

case  may be, entered  in  the  column  entitled, " E n ~ ~ e e r i n g  
ap~earing in  lines 5  rough 11 of  Section I, the  Parties  shall, 

ciated  revision  and  enter  in  the  column  en- 
ures"  the  agreed-to  numbers and/or dat 

Parties  shall  then Ute Section I upon  the  entry of such  n 
shall  revise  the Te~inat ion  Values  in A 
ix D and  the  Final  Installed  Project To 



ost then appearing in  line 6 of Section  I  above. 
All such revisions  shall  be  voluntary and the  Parties shall not be 

required, absent mutual consent,  to  revise  the ECMs listed in the EAR 
after  the  execution  hereof; provided, however, o shall not be re- 
quired to  install ECMs affected  by  Uncontrollab  rcumstances,  Such 

S shall be deleted  from  the  Project  unless the Parties  agree  to  all 
~ e c e s s ~ r y  changes  to  the  Project numbers and/or dates required to ad- 
just to  such  circumstances.  Changes  to  Project numb 
co~ec t ion  with ~ncontrolla~le  C~cumstances shall 
in the colum entitled, “Final  Installed  Figures,” in l 

vise the Te~ina t ion  Values  set  forth in Appendi 
ection I.  The Parties  shall  then  re-execute  Section I md 

the  Final  stalled Project  Total 

M  Commencement  Date,  except as provided in 

e  applicable Current Market 
uant to  Appendix C. 

ay, a monthly  invoice  calculated p u r s u ~ t  to  Section VI1 below. 

in a m o ~ t s   d e t e r m ~ e d  

does not exercise  such  option,  monthly pay~ents  shall be  es- 
set forth in this  Section VII and paid on such  estimate^ basis, 

su~ject to reconci~ation as provided  erei in after. onthly invoices  shall 
be paid within thirty (30) calendar days following  receipt. Reconciliatio~ 

ents,  or  refunds, as the  case  may  be,  shall  be due within thirty (30) 
calendar days of receipt of a reconciliation  invoice. 

S~bject to  reconciliation,  invoice a m o ~ t s  shall be e s t ~ a t e d  €or 
each  year  following  the ECM Commencement  Date.  In the first such 



reconciled  and a 
difference  betw 

iven by either  Party  to  the  other 
or mailed by registered or certified 

re~uested, or sent by a courier  service  which  renders a rece 
delivery addre§sed as set  forth  above  in  Section 
as either Party may herein 
tices are  deemed  delivered 
if mailed as aforesaid  and up 
the  addresses set forth in Section 1. 

* 

This ~ ~ r e e m e n t  and  the co~§tr~ction and  enforceability  thereof 
inter~reted under  the  laws  of  the  state of 



, and  tend^^ to be  legally bound, 
mes to this ~ ~ t ~ m e n t   ~ e r e ~ a ~ o v ~  in Section 

f the date of execution.  first written above. 

Section 6 .  

~ection 8. 
Section 8.1. 
Section 8.2. 

Section 11.1. 
Section 11 2. 
Section 11.3. 

~ ~ e r a t i n g  the Premises and maintain in^ the Use of the ECMs. 
E ~ u i ~ m e n t  Location and Access. 
Constru~tion. 
Ownership of  ECMs, 
Condition of ECMs, 
Transfer of the ECMs. 
Material Shortfall in Energy  Savings. 
Customer Purchase Option. 
Purchase Upon Customer Default. 
Ex~iration of the Term. 
Transfer ~ i t h o u t  Encumbrance. 
Re~uireme~ts  of Utility A~reement. 
Insurance. 
Insurance on the Premises and the ECMs. 
Risk of Loss of the ECMs. 
ESCo’s Insurance ~e~uirements .  
Hazardous Materials and ~ctivities. 
Events of Default. 
Events of Default by Customer. 
Events of Default by ESCo. 
Remedies Upon Default. 
Remedies Upon Default by Customer. 
Remedies Upon Default  by ESCo. 
Limitation of Remedies, 



ction 12. 
Section 13. 

ction 14. 
ction 15. 
ction 16, 
ction 17. 
ction 18. 

Section 19. 

Representations and ~arrant ies  of Both Parties. 
Co~pliance With Law and Standard Practices. 

Taxes. 
§evera~ility. 
Effect of Waiver, 
Usage of Customer’s  Records. 
Air  Emission  Rights, Credits or  Allowances. 

”A’’ ’Descri~~on and Address of Customer’s ~aci l i~( ies) .  
“B” Energy A u ~ i t  Report and List of ECMs. 
“C” Method of Savings  Calculation. 
“’D” Termination  Values, 
“E” Requirements of Utility  Agreement. 

Construction( 

~ i n a n c ~ g  

E n e r ~ y  \ y a t e   ~ a y m e n t  
Component 
Based on Savings 

Debt  Sclrvice 
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Period 
n 

1 
2 
J 
4 
5 

0 
7 
8 
9 

10 

11 
12 
13 

15 
14 

10 
17 
18 
l9 
20 

21 
22 
23 

25 
24 

20 
27 
28 
29 
30 

35 
40 
45 
50 
55 

60 
65 
70 
75 
Bo 

86 
90 
95 

Single- 

compound- 
amount 
@/P) 

Future value 

(1 + i t m  

l .  100 
I .  210 
1.331 
1.464 
1.611 

1.772 

2.144 
1 .Q49 

2.358 
2.594 

2.853 
3.138 
3.452 
3 1 797 
4.177 

4.595 
5.054 
5.560 
6.116 
6.727 

7.400 
8.140 
8 .  954 
9. 850 

10.835 

11.918 
13.110 
14.421 
15.863 
17.449 

28.102 
45.259 
72.890 

189.059 
117.391 

304.482 
490.371 
789.747 

2O48.400 
1271.895 

3298.969 
5313.023 
8656.676 

0.9091 
0.8264 
0.7513 
0.6830 
0.6209 

0.5645 
0.5132 
0.4665 
0.4241 
0.3855 

0.3505 
0.3186 
0.2897 
0.2633 
0.2394 

0.2176 
0.1978 
0.1799 
0.1635 
0.1486 

0.1351 
0.1228 
0.1117 
0.1015 
0.0923 

0.0839 
0.0763 
0.0693 
0.0630 
0.0573 

0.0356 
0.0221 
0.0137 

0.0053 
0.0085 

0.0033 
0.0020 
0.0013 

0. m 2  
0 .  0001 

Uniform 
series 

compound- 
amount 
@/A) 

Future value 
of uniform 

(1 + i). - 1 
1 

1. 

3.310 
2.100 

4.641 
6.105 

7.716 

11.436 
9.487 

13.579 
15.937 

18.531 
21.384 
24.523 

31.772 
27.975 

35. 950 
40.545 
45.599 
51.159 
57.275 

64.002 
71 '403 
79.543 
88.497 
98.347 

109.182 
121 f 100 
134.210 
148.631 
164.494 

271.024 
442.593 
718.905 

1163.909 
1880.591 

20474.002 

32979,690 
53120.226 

556.760 

Uniform 
seriee 

whom future 

a 

:l -C i)" - 1 

1. 
0.47619 
0.30211 
0.21547 
0.16380 

0.12961 

0.08744 
0.10541 

0.07364 
0.06275 

0.05396 
0.04676 
0.04078 
0.03575 
0.03147 

O.On82 
0.02466 
0.02193 
0.01955 
0.01746 

0. 01  562 

0.01257 
0.01401 

0.01130 
0.01017 

0.00916 
0. ~ 8 2 6  
0.00745 

0.00369 
0.00226 
0.00139 

0.00053 
0. W 8 6  

0.00033 
0.00020 
0.00013 

Capital 
recovery 
@/P 

Uniform 

i(l + i)* 

(1 f i)* - 1 

0.57619 
1.1Oooo 

0.40211 
0.31547 
0.20380 

0.2054 l 
0.22961 

0.18744 
0.17364 
0.16275 

0.15396 
0.14678 
0.14078 

0.13147 
0.13575 

0.12782 
0.12466 
0.12193 
0.11955 
0.1l.346 

0.11582 

0.11257 
0.11401 

0.11130 
0.11017 

0.10916 
0.10826 

0.10673 
0.10745 

0.10608 

0.10369 
0.10226 
0.10139 

0 * 10053 
0.10086 

0.10033 
0.10020 
0. x0013 
.o .l 
0.10005 

0.10003 
0.1oo02 
0.1W1 

Uniform 
series 

present 
-worth 
@/A) 

Present  value 
of uniform 

(l .+ i). - l 
i( l  + i)* 

0. 
l. 736 
2.487 

3.791 
3.170 

4.355 
4.868 
5.335 

6.144 
5.759. 

6.495 
6.814 
7.103 

7 606 
7.367 

7.824 
8.022 
8.201 

9.077 

9.161 
9.237 
9.307 
Q .  370 
9. 121 

9.644 
9.779 
9.803 

9. 947 
9.915 

9. 992 
9. Q95 

437 



Period 
n 

1 
2 
8 
4 
5 

6 
7 
8 
9 

10 

11 
12 
13 
14 
l 5  

l@ 
17 
18 
19 
20 

21 
22 
23 
24 
25 

26 
27 
28 
29 
30 

36 
40 
45 
M) 
56 

60 
68 
70 
78 

~ 

Single- 
P a P n t  

compound- 
amount 
@/P) 

Future value 

1 ,120 
1.254 
1.405 
1.574 
1.762 

1.974 
2.211 
2.476 
2.773 
3.106 

3.479 
3.  896 
4.363 
4.887 
5.474 

6.  130 

9.646 

10. 
12. 
13. 
15. 
17. 

19.040 
21.325 
23. 
26. 
29.960 

Single- 
P a P n t  
present- 
worth 
@/F) 

Present value 

(1 c i)" 

0.8929 
0.7972 
0.7118 
0.6355 
0.5674 

0 I 5066 
0.4523 
0.4039 
0.3606 
0.3220 

0.2875 
0.2567 
0.2292 
0.2046 
0.1827 

0.1631 
0.14 
0.13 
0.11 
0.1037 

0.0926 
0.0826 
0.0738 
0.0659 
0 . o w  
0.0625 
0.0469 
0.0419 
0.0374 
0.0334 

0.0180 
0.0107 
0.0061 
0.0035 
0.0020 

0. 
0. 
0 .  
0 .  
0. 

Unifom 
series 

compound- 
amount 
@/A) 

Future value 
of uniform 

a 

l .Mx )  
2.120 
3.374 
4.779 
6.353 

8.115 
IO. 089 
12.300 
14.776 
17, W9 

20.655 
24,133 
28.029 
32,393 
37,280 

42.753 
48.884 
55.750 
63.440 
72.052 

81.699 
92.503 

104.603 
118.155 
133.334 

150.334 
169.374 
190.699 
214.583 
241.333 

431.663 
767.091 

l3li8.230 
2400,018 
4236.005 

7471.641 
13173.937 
23223.832 
40933.7 
72148.6 

S i n ~ n g - ~ n d  
P a P n t  
&/F) 

Uniform 
series 

whose future 

;1 + i)" - 1 

1 . ~  
0.47170 
0.29635 
0.20923 
0.15741 

0.12323 
0.09912 
0 08130 
0.06768 
0.05698 

0.04842 
0.04144 
0.03568 
0.03087 
0.02682 

0,02339 
0.02046 

0.01576 
0.01388 

0.01224 
0.01081 
0.00956 
0.00846 
0.00750 

0.00665 
0 .00590 
0,00524 
0.00486 
0.00414 

0 .  W232 
0.00130 

1 0.01794 

0 . ~ 4  

Capital 
recovery 
&/P 

" 

Uniform 
series 

with present 
value of $1 
i(l + i)" 

(1 + i). - 1 

1 , 1 2 m  
0.59170 
0.41635 
0,32923 
0.2774 1 

0.24323 
0.21912 
0.20130 
0.18768 
0.17698 

0,16842 
0.16 144 
0.15568 
0.15087 
0.14682 

0.14339 
0.14046 
0.13794 
0.13576 
0.13388 

0.13224 
0.13081 
0.12956 
0.12846 
0.12750 

0.12665 
0.12590 
0.12524 
0.12466 
0.12414 

0.12232 
0.12130 
0.12074 
0.12042 
0.12024 

0.12013 
0.12008 
0.12 
0.12 
0.12001 

Uniform- 
series 

present 
-worth 
@/A) 

(1 + i)" - 1 
i(l + 6)" 

0 893 
1.090 
2.402 
3.037 
3 . (io5 

4.111 
4,564 
4.968 
5.338 
5 .  A50 

5.938 
6.194 
6.424 
6.628 
6.811 

6,971 
? ,120 
7.250 
7.366 
7.469 

7.562 
7.645 
7.718 
7 784 
7 .S43 

7.896 
7.943 
7 .9  
8.022 
8.055 

8.178 
8.244 
8.283 
8.304 
8.317 

8.324 
8.328 
8.330 
8.332 
8.332 



Period 
n 

l 

2 
3 

4 

5 

6 

7 
8 

9 

10 

l1 

12 
13 

14 

15 

16 

17 

18 

19 

20 

21 
22 

23 

24 

25 

26 

27 

28 

2 

30 

35 
40 

45 

50 

55 

60 

65 

Single- 
P a F n t  

compound- 
amount 
@/P) 

Future value 

(1 + i)" 

1.150 

1.322 

1,521 

1.749 

2 '01 l 

2.313 

2. G60 
3.059 

3.518 

4.046 

4.652 

5.350 
6.153 

7.076 

8.137 

9.358 

10.761 

12.375 

14.232 

16.367 

18.822 

21 .B45 
24.891 

28.  625 

32,919 

37 * 857 

43.535 

50.000 

57.575 

66.212 

133.176 

267.864 

538.769 

l083 ~ 657 

2179.622 

4383.999 

8817.787 

Single- 
P a P n t  
present- 
worth 
@/F) 

1 

(l + i)" 

0.8696 

0.7561 

0. G575 
0.5718 

0.4972 

0.4323 

0.3759 

0.3269 

0.2843 

0.2472 

0.2149 

0.1869 

0.1625 

0.1413 

0.1229 

0.1069 

0.0929 

0.080% 
0.0703 

0.0611 

0.0531 
0.0462 

0.0402 

0.0349 

0.0304 

0.0264 

0.0230 

0.0200 

0.0174 

0.0151 

0.0075 

0.0037 

0.0005 

0.0002 

0 . ~ 1  

Uniform- 
series 

compound- 
amount 
@/A) 

Future value 
of uniform 

(1 f i)" - 1 
i 

1 ,000 
2.150 

3.472 

4.993 

6.742 

8.754 

11.067 

13.727 

16.786 

20.304 

24.349 

29.002 

34,352 

40.505 

47.580 

55.717 

65.075 

75.836 

88.212 

102.444 

118.810 
137.632 

159.276 

184.1G8 

212.793 

245.712 

283.569 
327.104 

377.170 

434.745 

881.170 

1779.090 

3585.128 

7217.716 
14524.148 

292~9.992 

58778,583 

S i n ~ n g - ~ n d  
P a v n t  
@/F) 

Uniform 
aerie3 

whost. future 

i 

(1 + i)" - 1 

1 .ooooo 
0.46512 

0.28798 
0.20027 

0.14832 

0.11424 

0,09036 

0.07285 
0.05957 

0.04925 

0.04  107 

0.03448 

0.02911 

0.02469 

0.02102 

0.01795 

0.01537 

0.01319 

0.01 134 

0. 00976 

0. W842 
0.00727 
0. 00628 

0.00543 

0.00470 

0.00407 

0.00353 

0.00306 
0.00266 

0.00230 

0.00113 

0. 00056 
0. ~ 2 8  

0 . ~ ~ 4  

0 . ~ 7  

0 . ~ 3  

0 . ~ 2  

Capital 
recovery 
@/P 

Uniform 
aeriea 

with preaent 

i(l + i)" 
(l + i)" - 1 

1.15OOO 

0.61512 

0.43798 

0.35027 

0.29832 

0.26424 

0.24030 

0,22285 

0.20957 

0.19925 

0.19107 

0,18448 

0.17911 

0.17469 

0.17102 

0.16795 

0.16537 

0.16319 

0.16134 

0.15976 

0,15842 

0.15727 
0.15628 

0. X5543 
0.15470 

0.15407 

0.15353 

0. X 5306 
0.15265 

0. I5230 

0.15113 

0.15056 
0.15028 

0.15014 

0.15007 

0.15003 

0.15002 

Uniform 
series 

present 
-worth 
61 A) 

?recent value 
of uniform 

(I + i)" - 1 
i(l f i)" 

0.870 

l.  G26 
2.283 

2.855 

3.352 

3.7 

4.1 

4.487 

4.772 

5.019 

5.234 

5.421 

6.259 

6.312 
0.359 

6.399 

6  .434 

6.464 

6.491 

6.514 

6.534 

6.551 

6.566 

6.617 

6.  642 

6.654 
6.66 

6.66 

6. 665 

6.666 



Period 
n 

1 
L 
1 
4 
5 

c; 
7 
8 
9 

10 

11 
12 
13 
14 
15 

tc i  
17 
18 
l9 
20 

21 
22 
23 
24 
25 

26 
27 
28 
29 
30 

35 
40 
45 
50 
P 

Single- 
payment 

compound- 
amount 

@/P) 

Future value 

(1 + i)* 

1 ,200 
1.440 
1 ,728 
2.074 
2.488 

2.986 
3.583 
4 ,300  
.i ,160 
ti 192 

7 430 
8.916 

IO. G99 
12.839 
1.5.40: 

18.488 
22.186 
26. ti23 
31.948 
38.338 

46,005 
55.206 
66.247 
79.497 
95.396 

114.475 
137.371 
164.845 
197.814 
237.376 

590.668 

3657.262 
9100.438 

i469.  772 

Single- 
P a F n t  
present- 
worth 
@/F) 

'resent value 
of $1 

1 
(1 + i)* 

0.8333 
0.6944 
0.5787 
0.4823 
0.40lI) 

0.3349 
0.2791 
0.2326 
0.1938 
0.1615 

0,1346 
0.1122 
0.0935 
0.0779 
0.W149 

0.0541 
0.0451 
0.0376 
0.0319 
0.0261 

0.0217 

0.0151 
0.0126 
0.0105 

0.0087 
0.0073 

0.0051 
0.0042 

0.0017 
O.OOO7 
0.0003 
0.0M)l 

o a 0181 

0.*1 

Uniform- 
series 

compound- 
amount 
@/A) 

Future r a l ~ l c  
of uniform 
series of $1 

( 1  + i)" - 1 - - 
l 

1 . m 0  
2.200 
3.640 
5.31% 
7,442 

9.930 
12.916 
10,499 
20.799 
25.9.59 

32.150 
39.581 
48.497 
59.196 
72.035 

87.442 
105.931 
128.117 
154.740 
186.688 

225.026 
271.031 
326.237 
392.484 
471  .Q81 

567.377 
681.853 
819.223 

2948.341 
7343.858 
18281.310 
45497.101 

5inking-fund 
P a P n t  
@/F) 

Uniform 
series 

,dtose future 
value i8 81 

8 
" 

1 +i)" - 1 

1 .ow00 
0.45455 
0.27473 
0.18C29 
0.13438 

0. IO071 
0,07742 
0.06OGl 
0.04808 
0. W852 

0.031 10 
0.02526 
0.02062 
0.01689 
0.01388 

0.01144 
0.00944 

0,00646 
0.00536 

0.00444 
0.60369 
0.00307 
0.00255 
0.00212 

0.00176 
0.  00147 
0.00122 
0.00102 
0. 00085 

0.00034 
0.00014 
0.00005 
0.00002 

o.oo781 

Capital 
recovery 
@/P 

Uniform 
seriea 

with present 

:1 + i). - 1 

1.2 
0.6 
0.47473 
0.38629 
0.33438 

0.30071 
0,27742 
0.26061 
0.24808 
0.23852 

0.23110 
0.22526 
0.22062 
0.21689 
0.21388 

0.21 144 
0.20944 
0.20781 
0.20646 
0.20536 

0.20444 
0.20369 
0.20307 
0.20255 
0.20212 

0.20170 
0.20147 
0.20122 
0.20102 
0.200 

0.20034 
0,20014 
0,20005 
0.20002 

Uniform- 
series 

@ / A )  

'remnt value 
of tinifor 
series of 

(1  + 6)" - 1 
i(l + i ) l  

0.833 
1.528 
2.100 
2.589 
2.091 

3,326 
3.605 
3  '837 
4.031 
4.192 

4.327 
4.439 
4.533 
4.611 
4.675 

4,730 
4.775 
4.812 
4.843 
4.870 

4.891 
4  .Q09 
4.925 
4  I937 
4 f 948 

4.956 
4.964 
4.970 
4.975 
4.979 

4. 992 
4.997 
4 .g99 
4.999 



7 

P 

Period 
n 

1 
2 
3 
4 
5 

6 
7 
8 
9 

10 

l1 
12 
13 
14 
15 

16 
17 
18 
19 
20 

21 
22 
23 
24 
25 

26 
27 
28 
29 
30 

35 
40 

Single- 
P a P n t  

compound- 
amount 
@/P) 

Future value 

(1 + 4" 

1 .250 
1.582 
1 ,953 
2.441 
3.052 

3.815 
4.768 
5.960 
7.451 
9.313 

11.642 
14.552 
18,190 
22.737 
28.422 

35.527 
44.409 
55.511 
69.389 
86.736 

108.420 
135.525 
169.407 
211.758 
264.698 

330.872 
413.590 
516.988 
646.235 
807.794 

2465.100 
7523.164 

Single- 
P a P n t  
present- 
worth 
@/F) 

?resent vdue 

1 
(1 + i)" 

0.8000 
0.6400 
0.5120 
0.4096 
0.3277 

0.2621 

0.1678 
0.1342 
0.1074 

0.0859 
0.0687 
0.0550 
0.0440 
0.0352 

0.0281 
0.0225 
0.0180 
0.0144 
0.0115 

0.0002 
0.0074 
0.0059 
0.0047 
0.0038 

0.0030 
0.0024 
0.0019 
0.0015 
0.0012 

O.OOO4 
0.0001 

0.2097 I 

Uniform- 
series 

compound- 
amount 
@/A) 

Future  value 
of uniform 

[l + i)" - l 
i 

1 .000 
2.250 
3.812 
5.766 
8.207 

11.259 
15.073 
19.842 
25.802 
33.253 

42.566 
54.208 
68.760 
86.949 

109.687 

138.109 
173.636 
218.045 
273.566 
342.945 

429.681 
538.101 
673.626 
843.033 

1054.791 

1319.489 
1650.361 
2063.952 
2580.939 
3227.174 

0856.76 l 
30088.655 

Sinking-fund 
P a P n t  
@/F) 

Uniform 
series 

whose future 

(1 + $1" - 1 

1. 
0.44444 
0.26230 
0.17344 
0.12185 

0.08882 
0.06634 
0.05040 
0.03876 
0 .03W 

0.02349 
0.01845 
0.01454 
0.01150 
0.00912 

0 .  W 2 4  
0.00576 
0.00459 
0.00366 
0.00292 

0.00233 
0.00186 
0.00148 
0.00119 
0.00095 

0.00076 
0 . m 1  
0.00048 
0.00039 
0.00031 

0. 00010 
0. oooO3 

Capital 
recovery 
@/P 

Uniform 
series 

with  present 

i(1 + i)* 

(l + i)" - 1 

1.25000 
0.69444 
0.51230 
0.42344 
0.37185 

0.33882 
0.3 1634 
0.30040 
0.28876 
0.28007 

0.27340 
0.26845 
0.26454 
0.26150 
0.25912 

0.25724 
0.25576 
0.25459 
0.25366 
0.25202 

0.25233 
0.25186 
0.25148 
0.25119 
0.25095 

0.25076 
0.25061 
0.25048 
0.25039 
0.25031 

0.25010 
0,25003 

Uniform 
series 

present 
-Worth 
@/A) 

Fresent  value 
of  uniform 

( l  + i)" - l 
i(1 + i)" 

0. 
l .  
1.952 
2.362 
2.689 

2.051 
3.161 
3.329 
3.463 
3.571 

3.656 
3.725 
3.780 
3.824 
3.859 

3.954 

3.963 
3.070 
3.976 
3.9 
3.9 

3.9 
3.990 
3.992 
3.994 
3.995 

3.998 
3 . ~ 9  



iod 
?a 

1 
2 
3 

5 

10 

11 
12 
1 
1 
1 

16 

25 

26 

Single- 
P a F n t  

compound- 
ammnt 
@/P) 

" 

Futuro value 

(1 4- a)" 

1.300 
1.690 
2.197 
2.856 
3.713 

4  827 
6.275 
8. 157 
10.604 
13.786 

17.922 
23.2 
30.2 
39.3 
51.186 

66. 
86. 
112.456 
146.192 
190.050 

247.065 
321,184 
417.539 
542.801 
705.64 1 

917  .333 
1192.533 
1550.293 
2015.381 
2619,996 

Single- 
P a P n t  
present- 
worth 
@/F) 

" 

'resent value 

(1 + i)" 

0.7692 
0.5917 
0.4552 
0.3501 
0.2693 

0.2072 
0.1594 
0.1226 
0.0943 
0.0725 

0.0558 
0.0429 
0.0330 
0.0254 
0.0195 

0.0150 
0.0116 
0.0089 
0.0068 
0.0053 

0.0040 
0.0031 
0,0024 
0.0018 
0.0014 

0.0011 
0.0008 
0.0006 

0.0001 

Uniform- 
series 

compound- 
amount 
@/A) 

Future value 
of uniform 

:l + i)" - 1 
i 

1 .000 
2.300 
3.990 
6.187 
9.043 

12.756 
17.583 
23.858 
32.015 
42.619 

56.405 
74.327 
97.625 
127  913 
167.286 

218.472 
285.014 
371.518 
483.073 
630.165 

820.215 
1067.280 
1388.464 
1806.003 
2348.803 

3054.444 
397  1.778 
5164.31 1 

S ~ k ~ g - ~ n d  
Payment 
@/F) 

Uniform 

(1 + i)" - 1 

1 .m 
0.43478 
0.25063 
0.16163 
0.11058 

0.07839 
0.05687 
0.04192 
0.03124 
0.02346 

0.01773 
0.01345 

0.00458 
0.00351 
0,00269 
0.00207 
0.00159 

0.00122 
0.00094 
0.00072 
0.00055 
0.00043 

0. ~ 3 3  
0 .OOO25 
0.00019 
0. 00015 
o.oO011 

0. 

Capital 
recovery 
&/P 

Uniform 
series 

with present 

i(1 + i)" 
[l + i)" - 1 

1.3oooO 
0.73478 
0.55063 
0.46163 
0.4'1058 

0.37839 
0.35687 
0.34192 
0.33124 
0.32346 

0.31773 
0.31345 
0.31024 
0.30782 
0.30598 

0.30458 
0.30351 
0.30269 
0.30207 
-0.30159 

0.30122 
0.30094 

* 0.30072 
0.30055 
0.30043 

0.30033 
0.30025 
0.30019 
0.30015 
0.30011 

0 . 3 ~  

Uniform 
series 

@/A)  

'rr?sent value 
o f  uniform 

:l 4" i)" - 1 
i(1 + i)" " 

0.769 
1.361 
1.816 
2.166 
2.438 

2.643 
2.802 
2.925 
3.019 
3.092 

3.147 
3.190 
3.223 
3.249 
3.268 

3.283 
3.295 
3.304 
3.311 
3.316 

3.. 320 
3.323 
3.325 
3.327 
3.329 

3.330 
3.331 
3.331 
3.332 
3.332 

3.333 



4 

Period 
n 

1 
2 
3 
4 
5 

6 
7 
8 
9 
10 

l1 
12 
13 
14 
15 

16 
17 
18 
19 
20 

21 
22 
23 
24 
26 

Single- 
paym?nt 

compound- 
amount 
@/P) 

'uture  value 

1.400 
1.960 
2.744 
3 '842 
5.378 

7.530 
10.541 
14.758 
20.661 
28.925 

40.496 
56.694 
79.371 
111.120 
155.568 

217.795 

836.683 

1171  ,356 
1639.898 
2295. M7 
32  14 . 
4499. 

6~9.831 
8819.764 

Single- 
P a F n t  
present- 
worth 
6/F) 

'reaent value 

(1 + i)" 

0.7143 
0.5102 
0.3644 
0.2603 
O.la59 

0.1328 
0.0949 
0.0678 
0.04 
0.0346 

0.0247 
0.0176 
0.0126 
0.0090 
0.0064 

0.0046 
0.0033 
0.6023 
0.0017 
0 * 0012 

0 . ~  
0. 
0. 
0.0003 
0.0002 

0.0002 
0.0001 

Uniform- 
series 

compound- 
amount 
@/A) 

?uture  value 
of uniform 

i 

" 

1.000 
2.400 
4.360 
7.104 
10.946 

16.324 
23.853 
34.395 
49.153 
69.814 

98.739 
139.285 
195.929 
275.300 
386.420 

1064.697 
1491.576 
2089.206 

4097.245 
5737.142 
8032.999 
11247.199 

15747.079 
22046.910 

sinking-fund 
P a F n t  
@/F) 

Uniform 
series 

vhose future 

i 
1 + i ) n  - 1 

1. 
0.41667 
0.22936 
0.14077 
0.09136 

0.06126 
0.04192 
0.02907 
0.02034 
0.01432 

0.01013 
0.60718 
O.Oo510 
0.00363 
0.00259 

0.001% 
0.00132 
0 . W ~  
0. W 6 7  
0 . ~ 8  

0.00034 
0.00024 
0. W 1 7  
0.00012 
0. 60009 

0. 
0. 

Capital 
recovery 
@%/P 

Uniform- 
series 

present 
-worth 
@/A) 

i 

0.81667 
0.62936 
0.54077 
0.49136 

0.46126 
0.44192 
0.42907 
0.42034 
0.41432 

0.41013 
0.40718 
0.40510 
0.40363 
0.40259 

0 '401~ 
0.40132 

0.46017 

1 .4oooO 0.714 

l. 589 

2.168 
2 .a63 
2.331 
2.379 
2.414 

2 '43 
2.45 
2.469 

2.498 
2.499 
2 I) 499 
2.4~9 

2. 
2. 



Period 
n 

1 
2 
3 
4 
5 

6 
7 

10 

1 1  
12 
13 
14 
15 

16 
1 
l 
19 
20 

21 
22 

Single- 

(1 + i)" 

1.500 
2.250 
3.375 
5.062 
7.594 

11.391 
l7  .'086 
25.629 
38.443 
57.665 

86.498 
129.746 
194.620 
291.929 
437.894 

656.841 
985.261 

1477.892 
2216.838 
3325.257 

4987.885 
7481  .828 

Single- 
P a F n t  
present- 
worth 
@/F) 

Present valut 

1 
" 

(1 + 4" 

0.6667 
0.4444 
0.2963 
0.1975 
0.1317 

0.0878 
0.0585 
0.0390 
0.0260 
0.0173 

0.0116 
0.0077 
0.0051 
0,0034 
0.0023 

0.0015 
0.0010 
0.0007 
0.0005 
0.0003 

0.0002 
0.0001' 

Uniform- 
series 

compound- 
amount 
@/A) 

Future value 
of  uniform 

(1 + if" - 1 
i 

l . 000 
2.500 
4.750 
8.125 

13.188 

20.781 
32.172 
49.258 
74.887 

113.330 

170.995 
257.493 
387.239 
581.869 
873.788 

1311.682 
1968.523 
2953.784 
4431.676 
6648.513 

9973.770 
14961.655 

S inkin~-~nd 
P a F n t  
v\/F) 

Uniform 
series 

whose future 

( 1  + i)" - 1 

1 . ~ 0 0  
0 . 4 ~  
0.21053 
0.12308 
0.07583 

0.04812 
0.03108 
0.02030 
0.01335 
0. 00882 

0.00585 

0.00258 

0. 00076 
0.00051 
0.00034 
0.00023 
0.00015 

0.00010 
0 . ~ 7  

Capital 
recovery 

cA/P 

Uniform 
series 

with  present 

(1 + i)" - l 
~- - 

1.50000 
0. ~0000 
0.71053 
0.6'2308 
0.57583 

0.54812 
0.53108 
0.52030 
0.51335 
0.50882 

0.50585 
0.503 
0.50258 
0.50172 
0.50114 

0.50076 
0.50051 
0.50034 
0.50023 
0.50015 

0.50010 
0.5000? 

U n i ~ o r ~  
Wries 

present 
-worth 
@/A) 

Present  value 
of uniform 

i(l + i)* 

0.667 
1.111 
1.407 
1.605 
1.737 

1.824 
1 .S83 
l .  922 
1.948 
1.965 

1 .Q 
1 .9  
1.990 
l .  993 
1.995 

1.997 
l .  998 
l .  999 
1.999 
l .  999 

2.000 
2 .000 



~ayments  Compoun~ 
  actors for n = 5 Years 

nnual Escalation Rate 
 isc count 

ate 0.10  0.12  0.14  0.16  0.18 

0.10 
0.1 1 
0.1 2 
0.1 3 
0.14 
0.15 
0.16 
0.17 
0.1 8 
0.19 
0.20 

0.22 
0.23 
0.24 

5.000000 
4.866  86 2 

4.615647 
4.497670 

.3  84494 
,275647 
. 1 7 1 ~ 2  

4.0704 3  2 
3.973684 
3.880510 
3.790801 

5.279234 
5.136200 
5 *000000 
4.869164 
4.742953 
4.622149 
4.505953 
~,394428 
4.287089 

3.9$9001 
3.896891 
3.808179 

3 " 1 ~ 7 3 ~ 7  

3,914281 

5.133876 
5.000000 
.871228 
.747390 
.628438 

4.513947 
.403996 
.298207 

4.196400 
4.098287 
4.003835 
3.912807 
3.825008 
3.940376 
3 . 6 5 $ 7 ~  
3.579870 
3,503722 
3.430201 
3.359143 

3,224015 
3.159770 

5.880105 
5.717603 
5.561868 
5 . 4 1 2 4 ~  
5.26920$ 
5.131703 
5.000000 
4.873699 
4.951566 
4.634350 

,521178 
4.413341 
4.308947 
4.208479 
4.111612 
4.018249 
3.928286 
3.841442 

3,523171 

6.202627 
6.029313 
5~$~3289  
5.704137 

4.640260 

3.694328 
3.616936 



esent Worth of a  Series of Escalating Payments  omp pounded Annually 
~ i s c o u n t - E s c ~ t i o n  Factors for n = 10 Years 

Annual Escalation Rate 

0.10 0.12 0.14 0.16 0.18 0.20 

0.10 
0.1 1 
0.1 2 
0.1 3 
0.1 
0.15 
0.16 
0.17 
0.1 
0.1 
0.2 
0.21 
0.22 
0.2 
0.2 
0.25 
0.26 
0.27 
0.28 
0.29 
0.30 

0.3 3 
0.34 

10.000000 
9.5 18405 
9.068870 
8.650280 
8.259741 
7.895187 
7.554141 
7.234974 
6.935890 
6.655455 
6.392080 
6.144593 
5.911755 
5.692557 
5.485921 
5.290990 
5.106956 
4.933045 
4.768518 

.612762 

.46 5 205 
,325286 
.l92478 

4.066339 
3.946452 

11.056250 
10.508020 
10.000000 
9.526666 
9.084209 
8.672058 
8.286779 
7.926184 
7.589595 
7.273785 
6.977461 
6.699373 
6.437922 
6.192047 
5.960481 
5. 74 2294 
5.536463 
5.342146 
5.158489 
4.984826 
4.820429 
4.664669 * 

4.517015 
4.376884 
4.243845 

12.234870 
11.613440 
11.036530 
10.498990 
10.000000 
9.534301 
9.099380 
8.693 1 5 1 
8.312960 
7.957330 
7.624072 
7.311519 
7.017915 
6.742093 
6.482632 
6.~38276 
6.008083 
5.790929 
5.585917 
5.392166 
5.209000 
5.0356 15 
4.871346 
4.715648 
4.567942 

13.548650 
12.844310 
12.190470 
11 382430 
11.017130 
10.490510 
10.000000 
9.542653 
9.113885 
8.713262 
8.338518 
7.987156 
7.657542 

7.057347 
6.783767 
6.526298 
6.~83557 
6.054608 
5.838531 
5.634354 
5.441257 
5.258512 
5.085461 
4.921409 

15.013550 
14.215140 
13.474590 
12.786980 
12.147890 
11.552670 
10.998720 
10.481740 
10.000000 
9.549790 
9.1281 22 
8.733109 
8.363208 
8.015993 
7.690163 
7.383800 
7,095769 
6.824442 
6.568835 

6.100123 
5.885058 
5.681746 
5.489304 
5.307107 

6 . 3 2 7 ~ 8 ~ .  

16,646080 
15.741560 
14.903510 
14.125780 
13.403480 
12.731900 
12.106600 
11.5~4400 
10.9$0620 
10.472990 
10"000000 
9.557141 
9.141752 
8.752133 
8.387045 
8.044 173 
7.721807 

7.133100 
6.864109 
6,610435 
6.370867 
6.144601 
5.930659 
5.728189 



7 

esent ~ o r t h  of a  Series of E s c a ~ t i n ~  Payments  compound^ Annu 
~ i s ~ o u n t - E s ~ a t i o n  Factors for n = 15 years 

nt 
0.10  0.12  0.14  0.16  0.18  0.20 

0.10 
0.1 1 
0.1  2 
0.1  3 
0.14 
0.1  5 
0.16 
0.1  7 
0.1 
0.19 
0.20 
0.21 
0.22 
0.23 
0.24 
0.25 
0.26 
0.27 
0.28 
0.29 
0.30 
0.3 1 
0.3  2 
0.3  3 
0.34 

15.000000 
13.964150 
13,026090 
12.177030 
11.406510 
10.706220 
10.068030 
9.485654 
8.953083 
8.465335 
8.017635 
7,606115 
7.227109 
6.877548 
6.554501 
6.255518 
5.978393 
5.721101 
5.481814 
5,258970 
5.051153 
4.857052 
4.675478 
4.505413 
4.345926 

17.377880 
16.126230 
15.000000 
13.981710 
13.057790 
12.220570 
11.459170 
10.766  180 
10.133630 
9.555676 
9.026333 
8.540965 
8.094845 
7.684317 
7.305762 
6.956243 
6.632936 
6.333429 
6.055485 
5.797236 
5.556882 
5.332839 
5.123753 
4.928297 
4.745399 

20.1997  80 
18.690120 
17.332040 
16.105770 
15.000000 
13.998120 
13.088900 
12.262790 
11.510270 
10.824310 
10.197550 
9.623969 
9.097863 
8.614813 
8.1  704  23 
7.760848 
7.382943 
7.033547 
6.710042 
6.410005 
6.131433 
5.872303 
5.630905 
5.405771 
5.195502 

23.54~540 
21.727370 
20.090360 
18.616160 
17.287320 
16.08650~ 
15.000000 
14.015480 
13.118840 
12.303300 
11.560150 
10,881  130 
10.259820 
9.690559 
9.167798 
8.6  87  104 
8,244519 
7.836080 
7.458700 
7.109541 
6.785917 
6.485500 
6.206250 
5,946343 
5.704048 

27.529640 
25.328490 
23.355070 
21.581750 
19.985530 
18.545150 
17.244580 
16.066830 
15.000000 
14.030830 
13.148090 
12.343120 
11.608480 
10.936240 
10.320590 
9.755424 
9.236152 
8.757889 
8.316982 
7.909701 
7.533113 
7,184156 
6.860492 
6.559743 
6.280019 

32.259620 
29.601330 
27.221890 
25.087260 
23.169060 
21.442230 
19.884420 

17.203010 
16.047480 
15.000000 

13.176250 
12.381480 
11.655310 
10.990130 

9.302823 
8.827153 
8.388091 
7.982019 
7.60612 
7.2575~ 
6.933897 



resent  Worth of a  Series  of E ~ a ~ t ~ ~  ~aym~nts   ~ompounde~  
tion  Factors  for n = 20 Years 

an nu^ E ~ ~ a ~ o n  Rate 

0.10 0.12 0.14 0.16 0.1 8 0.20 
t 

0.10 
0.1 1 
0.1 2 
0.13 
0.14 
0.1 5 
0.16 
0.1 7 
0.1 8 
0.19 

0.21 
0.22 
0.23 
0.24 
0.25 
0.26 
0.27 

0.30 
0.3 1 
0.3 2 
0.3 
0.3 

20~000000 
18.213210 

15.259850 
14.038630 
1 2 . 9 5 7 ~ 0  

10.373120 
9.686791 
9.069737 
8.513605 
8.010912 
7.555427 
7.141531 
6.764528 
6.420316 
6.105252 
5.816151 
5.550301 
5.3053 12 
5.079039 
4.869585 
4.675331 
4.494838 
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22.002090 
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16.694830 
15.329770 
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7.657278 
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6.515563 
6.198027 
5 . 9 ~ 4 4 0  
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24.210030 
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5.475180 

36.592170 
32.799710 
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26.6 34490 
24.127100 

18.300390 
16.795710 
15.463070 

13,224610 
12.282120 
11.438060 
10.679810 
9.997057 
9.380883 
8 . 8 2 3 ~ 3  
8.316995 
7.856833 

7.054007 
6.702967 
6.380829 
6.084525 

45.308970 

36.181 240 
32.502270 
29.298170 
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15.527270 

13.309280 
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11.533310 
10.778020 
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8.416060 
7.954518 

6.795200 

56.383330 
50.067940 
44,614710 
39.891400 
35.789680 

20~000000 

16.890730 



Table 15-13. ~ a ~ r a t e ~  Steam Tem~rature  

Steam:  Pressure Table 

Table 15-15. ~ ~ ~ e r ~ e a t e ~  Steam 
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' .-- - 
Specific Vol~me Enthatpy Entropy 

Wbs Press. Temp Sat. Sat. Sat. Sat. Sat. Sat. Abs Press. 
Lb/Sq in. Fahr Liquid Evap Vapor Liquid Evap Vapor Liquid Evap Vapor Lb/Sq In. 

P t " t  " fg h f  P 

1250.0 

456.28 
467.01 
476.94 
486.20 
494.89 
503.08 

510.84 
518.21 
525.24 
531.95 
538.39 
544.58 
550.53 
556.28 
561.82 
567.19 

572.38 
577.42 
582.32 
587.07 
591.70 
596.20 
600.59' 
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1.5261 1.5612 1.5918 1.6192 1.6680 1.7116 1.7516 1.7890 1.8243 1.8579 1.8899 1.9706 1.9500 
23.82 73.82 123.82 173.82 273.82 373.82 473.82 573.82 673.82 773.82 873.82 973.82 1073.82 

1.4684 1.5915 1.7050 1.8125 2.0168 2.2132 2.4054 2.5950 2.7828 2.9692 3,1545 3.3389 3.5227 
1720.9 1254.0 1284.4 1313.0 1367.3 1420.0 1472.5 1525.3 1578.7 1632.7 1687.5 1742.9 1799.2 
1.5213 1.5568 1.5876 1.6153 1.6643 1.7079 1.7480 1.7855 1.8208 1.8544 1.8864 1.9171 1.9466 
31.01 71.01 121.01 171.01 271.01 371.01 471.01 571.01 571.01 771.01 871.01 971.01 ~ 0 7 ~ . 0 i  

1.4191 1.5399 1.6511 1.7561 1.9552 2.1463 2.3333 2.5175 2 . 7 ~ ~  2.8811 3.0611 3.7402 3.4186 
1219.2 1252.8 1283.4 1312.2 1366.7 1419.6 1472.2 1525.0 1578:4 1632.5 1687.3 1742.8 1799.0 
1.5165 1.5525 1.5836 1.6114 1.6606 1.7044 1.7445 1.7820 1.8174 1.8510 1.8831 1.9138 1.9432 
18.27 68.27 118.27 168.27 268.27 368.27 468.27 568.27 668.27 768.27 868.27 968.27 1068.27 

1.3725 1.4913 1.6002 1.7028 1.8970 2.0832 2.2652 2.4445 2.6219 2.7980 2.9730 3.1471 3.3205 
1217.5 1251.5 1282.4 1311.4 1366.2 1419.2 1471.8 1524.7 1578.2 1632.3 1687.1 1742.6 1798.9 
1.3119 1.5483 1.5797 1.6077 l.6S71 1.7009 1.7411 1.7787 I.gI4I 13477 1.8798 1,9105 1.9400 
15.59 65.59 I I.C.59 165.59 265.59 365.59 465.59 565.59 665.59 765.59 865.59 965.59 1065.59 

1.3285 3.4454 1.5511 1,6525 I.842t 2.0237 2.20‘9 2.3755 2.5482 2.7196 2.8898 3.0592 3.2279 
1215.8 1750.3 1281.5 1310.6 1365.5 1418.7 1471.5 1524.4 1577.9 1632.1 I#%9 17423 1798.8 
J.5073 f.5441 1.5738 I.6040 1.5536 t.6976 3.7375, 1.7754 1 . ~ ~ ~  1.8445 1.8766 1.9073 1.9358 
tO.39 hO..;Y I10.29 160.39 260.39 360.39 560.3Y 560.39 6m.39 760.39 860.39 960.39 1 ~ ~ . ~ 9  

1.1472 l.3M I.4635 1.55Y8 1.7410 1.9139 1.0825 2.2484 2.4l14 2.57?0 2.7366 2.8973 3.0571 
1212.4 1747.7 1279.5 1309.0 1364.5 1417.9 1470.8 1523.8 1577.4 1631.6 1686.5 1752.2 1798.5 
1.4982 1.52M) I.5683 1.5969 1.6470 I.6911 1.7315 1.7691 t.X(W7 1.8384 1.8705 1.W12 1.9307 
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Table 15-15. Continued 

Abs. Temperature ("Ff 
Press. 
I psi f 
Gar. sat. Sat. 
Temp,) Water Steam 750 8 15 

1 ~~Q 

€ 1500 

1 

13500 

I 

it t' 

f 

L' 
h 
S 

h V 

S 

v 
h 
S 

h I' 

F 

V 

h 
7 

h 1' 

ir v 

s 

7 

v 
It 
S 

1' 

k 

0.0245 0.0267 0.0296 0.0335 0.0386 0.0443 0.0503 0.0562 0 . ~ 2 0  0 . ~ 7 6  0.0727 0.0776 0.0868 0.0952 
779.5 846.9 917.5 S2.1 1069.9 1146.3 1215.9 1280.2 1339.7 1394.4 1444.6 1491.5 1578.7 1660.6 

0.9196 0.9742 1.0292 1.0851 1.1412 1.1945 1.2414 1.2833 1.3209 1.3544 1.3842 1.3tI2 1.4595 1.5023 
0.0243 0.0263 0.0290 0.0325 0.0370 0.0423 0.0478 0.0534 0.0588 0.0631 0.0691 0.0739 0.0827 0.0909 
777.7 843.8 912.4 984.5 1059.8 1134.9 1204.3 1268.7 1328.8 1383.4 1435.5 1483.2 1571.8 1654.7 

0.9163 0.9698 1.0232 1.0772 1.1316 1.1840 1.2308 1.2727 1.3107 1.3446 1.3750 1.4025 1.4515 1.4949 
0.0241 0.0260 0.0284 0.0317 0.0357 0.0405 0.0456 0.0508 0 . 0 5 ~  0.0610 0.0659 0.0704 0.0790 0.0869 
776.1 841.0 907.9 977.8 1050.9 4124.5 1193.7 1258.0 1318.5 1374.7 1426.6 1475.1 1564.9 1648.8 

0.9131 0.9657 1.0177 1.0701 1.1229 1.1742 1.2209 1.2627 1.3010 1.3353 1.3662 1.3941 1.4438 1.4877 
0.0238 0.0256 0.0279 0.0309 0.0346 0 . 0 3 ~  0.Q437 0 . ~ 6  0.0535 0.0583 0.0629 0.0673 0.0756 0.0832 
774.7 838.6 903.9 973.9 1043.1 1115.2 lIM.1 1247.9 1308.8 1365.4 1418.0 1467.2 1358.2 1643.1 

0.9101 0.9618 t.0127 1.0637 I . I t 5 I  i.t653 1.2117 1.2534 1.2918 1.3264 1.3576 1,3860 1.4363 1.4808 
0.0236 0.0253 0.0275 0.0302 0.0336 0.0376 0.0420 0 . 0 4 ~  0.0512 0.0558 0.0602 0.0645 0.0725 0.0799 
773.5 836.3 m . 4  966.8 1036.2 1106.7 1174.8 1238.5 1299.6 1356.5 1409.6 1459.4 1551.6 1637.4 

0.9073 0.9582 1.0080 1.0578 1.1079 1.t57I 1.2030 1.2445 1.2831 1.3179 1.3494 1.3783 1.4291 1.4741 
0.0235 0.0251 0.0271 0.0297 0.0328 0.0364 0:0405 0.0448 0.0492 0.0535 0.0577 0.0619 0.0696 0.0768 
772.3 834.4 897.2 962.2 1030.0 1099.1 1166.3 1229.7 1291.0 1348.1 1401.5 1451.8 1545.2 1631.9 

0.9045 0.9548 1.0037 1.0524 l.IO14 1.1495 1.1948 1.2361 1.1749 i.3098 1.3415 1.3705 1.4221 1.4675 
0.0233 0.0248 0.0267 0.0291 0.0320 0.0354 0.0392 0.0432 0.0474 0.0515 0.0555 0.0595 0 . ~ ~ 0  0.0740 
771.3 832.6 894.3 958.0 1024.5 1092.3 1158.5 1221.4 1283.0 1340.2 1393.8 1444.4 1538.8 1626.5 

0.9019 0.9515 0 . W  1.0473 1.0953 1.1426 1.1872 1.2282 1.2671 I.302t 1.3339 1.3631 1.4153 1.4612 
0.0231 0.0246 0.0264 0.0287 0.0314 0.0345 0.0380 0.0418 0.0458 0.0496 0.6534 0.0573 0.0646 0.0714 
770.4 831.0 891.7 954.3 1019.6 1086.2 1151.4 1213.8 1275.4 1332.9 t386.4 1437.3 1532.6 1621.1 

0.8994 0.9483 0.9957 1.0426 1.0897 I.  1362 1.1801 1.2208 1.2597 1.2949 f.3266 1.3560 1.4087 1.4551 
0.0730 0.0244 0.0261 0.0282 0.0308 0.0337 0.0369 0 . ~ 5  0.0443 0.0479 0.0516 0.0552 0.0624 0.0690 
769.6 829.5 889.3 950.9 1015.1 1080.6 1144.9 1206.8 1268.1 1326.0 1379.4 1430.3 1526.4 1615.9 

0.~970 0.9455 0.W20 1.0382 1.0846 1.1302 1.1735 1.2139 1.2525 1.2880 1.3197 1.3391 1.4022 1.4491 
0.0128 0.0242 0.0258 0.0278 0.0302 0.0329 0.0360 0.0393 0.0429 0.0464 0.0499 0.05% 0 . ~ 3  0.0668 
768.9 828.2 887.2 947.8 I0ii.I 1075.7 1139.0 1200.3 1261.1 1319.6 1372.8 1423.6 1520.4 1610.8 

7 0.8946 0.9427 0.9886 1.0340 1.0797 1.1247 1.1674 1.2073 1.2437 1.2815 1.3131 1.3424 1.3959 1.4433 2. 
* Sh-superhea~. O F ;  v specific volume. fl'k k enrhalpy, Btullb: s entropy. BtuPF . Ib. 
Source: ~ o p y r j ~ h t  1967 ASM E ( A b ~ ~ ~ e ~ ) :  reprinted by permission. 
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g Manual. The Trane Company, LaCrosse VVI. 



Absorption  Refrigeration  255 
Affinity Laws of  Pump  235 
Air Change  Method  221 
Air Changes Per  Hour  213 
Air Compressors  392 
Air Cooled Air Compressor  403 
Air Line Filter 397 
Air Preheaters 147’ 
Air to Air Heat  Pump  250 
Ammeter 54 
Anemometer 60 
ASHWE 90.1-1999,  4 
ASHRAE  90.2-1993,  5 

Billing  Demand 69 
Body  Heat  222 
Boiler Efficiency  Improvement 

Boiler Test Kit 59 
Boiler Tune-up  Test  Procedures 

Boilers 187 
Bottoming Cycles 269 
Brayton Cycle 269,  270 
Breathing  Air  System  397 

CAD for HVAC Systems  337 
Calculations for  Energy  Con- 

sumption  and  Savings  405 
Carnot Cycle 159 
Centrifugal Fans  229 
Chemical Energy in Fuel 176 
Chillers 254 
C~lorofluorocarbons (CFCs) 11 

195 

200 

Clean  Air  Act  Amendment  12 
Climate  Change  Action  Plan 19 
Climate  Change  Action  Plan 19 
Coaxial  Cable 121 
Codes,  Standards &E Legislation  5 
Codes,  Standards  and  Legislation 

Coefficient of Performance  249 
Coefficient of Utilization 95 
Cogeneration 261 
Cogeneration  and  Independent 

Combined  Cycles  273 
Combustion  Air  Control  325 
Combustion  Analyzers  59 
Combustion  Control  Systems 192, 

Combustion Gas Turbines 263 
Combustion  Tester  58 
Comercial Loan 420 
Compressed Air 391 
Compressed  Air  Leaks  404 
Compressed  Air  Quality  396 
Compressed  Air  System  Audits 

Compressor Air Pressure  401 
Computer  Analysis  37 
Computer  Applications  331 
Computer  Control  325 
Conduction  Heat  Losses  214 
Control  Equipment 99 
Control  Systems  293 
Cooling  396 
Crack  Method  221 

5 

Power  Production  13 

194 

397 

4’75 



Data Transmission  Methods  120 
Declining Balance Depreciation 

Degree Days 211 
Demand Charges 109 
Demand Control 324 
Demand Limiting 111 
Depreciation 28 
Deregulated Electric Power 

29 

Marketplace 16 

Direct Digital Control 114 
Direct Gain  Glazing  Systems 362 
Dry Bulb Economizer 246 
Dual Duct System 239,  243 
Duct Design Programs  336 
Duty Cycle 313 
Duty Cycling 108 

Economizer Cycle 245, 324 
Electric or Electronic Controllers 

Energy Analysis Programs  336 
Energy Audits 39 
Energy Consumption in Com- 

pressed Air Systems  400 
Energy Cost Profiles 41 
Energy Efficiency Ratio 249 
Energy Efficient "Plus" 

Energy Efficient Motors 81 
Energy Management 377 
Energy Management Organiza- 

Energy Management Systems l02 
Energy Policy Act of 1992,  2 
Energy Savings in  Compressed 

310 

Fluorescents 89 

tion 383 

Air Systems 400 

Energy Services Agreement 425 
Energy Services Company 

(ESCO) 419 
Energy Survey 52 
Energy  Use in Building 51 
Energy Use Profiles 41 
Enthalpy Control 246, 324 
ER  Lamps 87 

Fan Coil Unit 240 
Fan Distribution Systems 229 
Fan Laws 232 
Fan Performance Curves 233 
Federal Energy Efficiency Re- 

Federal Power Act 13 
FERC  Order No. 436 18 
FERC  Order No. 636  18 
FERC  Order No. 636A 19 
Fiber Optics 122 
Filtered centrifugal separator 397 
Financing  419 
Firetube Boilers 187 
Fluid  Flow  235 
Fluorescent  Lamps 87 
Foot-candle Level 94 
Fuel Handling and Firing Sys- 

Fuel Inflation 34,  37 

quirements  6 

tems  188 

Gas and Vapor Expanders 152 
Gas  Fired Boilers 188 
General Obligation Bond 420 
Ground-Coupled Storage 359 

Heat Balance 167 
Heat Pipe Exchangers 148 
Heat  Pumps  154, 250 



Index 77 

Heat Recovery 126 
Heat Recovery in Steel Furnaces 

Heat Transfer by Radiation 132 
Heat Wheels 142 
Heating Capacity of Air 214 
Heating, Ventilating,  and Air 

Heating/Cooling Load Calcula- 

High Pressure Sodium  90 
Hot Water Converter 241 
Hydronic Heat  Pump  251 

179 

Conditioning 211 

tion  Program 335 

Incandescent Lamps  85 
Indoor Air Quality (IAQ) Stan- 

Indoor Air Quality (IAQ) Stan- 

Induction System 240, 242 
Infiltration 220 
Infrared Equipment  52 
Integral Control 302 

dards 10 

dards 9 

Kyoto Protocol 12 

Lamp Depreciation Factor 95 
Latent Heat 164, 220 
Leasing Options 421 
Life Cycle Cost Analysis 21 
Lighting Compensators 101 
Lighting Efficiency 82, 84 
Liquid Chiller 252 
Load Factor 69 
Low Dew Point Drier 397 
Low Pressure Sodium  Lamps 91 
Low Temperature  Heat  Recovery 

127 

Lumen  Method 82/83 

Maintenance Management 377 
Manometers  61 
Maxi  Audit  40 
Medium  Temperature  Heat 

Mercury Vapor Lamps 89 
Metal Halide L m p s  90 
Micromanometer 61 
Mini Audit 40 
Mollier Diagram  164 
Motor Horsepower 72 
Motors  74 
Multizone System 239, 244 
Municipal Lease 420 

Recovery 127 

Natural Gas Policy Act (NGPA) 

Night  Setback 312 
15 

Oil Fired Boilers 190 
Oil Line Filter 397 
Oil Removal 397 
Oil Removal Filter 397 
Optical Pyrometers  61 
Optimal Start 113 

PAR L m p s  87 
Passive Solar 361 
Payback Analysis 26 
Perkneter Radiation 241 
Personnel Sensors  100 
Phase Change Materials 357 
Piping  Design Programs 336 
Pitot Tube 60 
Pneumatic Controller 322 
Point By Point Method 82 



Power Distribution 69 
Power Factor 69,  74,  75 
Power Factor  Meter  55 
Power Line Carrier 121 

Project  Financing 420 
Proportional Control 300 

ortional-Derivative Control 
304 

Proportional-~tegral Control 307 
Psychrometer 57,  62 
Psychrometric Chart 224 
Public  Utility Holding Company 

Public  Utility  Regulatory  Policies 

Pulverized Coal  Fired  191 

Act of 1935, 15 

Act ( P ~ ~ A )  14 

Radient Heat Gains 223 
Rankine  Cycle 269,  272 
Reci~rocating Compressors 395 
Recovery  Act of  1976,14 
Rec~perations 137 
Reflector Lamps 87 
Refrigerated  Air  Dryer 397 
Refrigerated Compressed Air 

Regenerators 150 
Resource Conservation and 

Dryer 397 

Recovery  Act of  1976  (RCRA) 
15 

Retail Competition 404 
Rock  Bkds  359 

Screw  Air Compressors 395 
Sensible Heat 218 

Shell & Tube Heat Exchanger  151 
Single  Zone  System 239, 
Small Compressor 402 
Solaria/Sunspace Systems 369 
Solid  State  Ballasts  95 
Specific Heat 162 
Specular  Reflectors  102 
Spot  Market 17 
Squirrel Cage Induction Motors 

Stagger  Cycling and Savings 319 
State Codes 4 
Steam  Tables  161 
Steam  Traps  381 
S tem Turbines 263 
Stoker  Fired 191 
Storage  Capacity 355 
Str~ght-Line Depreciation 28 
Suction  Pyrometer 58 
Sum of Year’s Digits 29 
Superheated Steam  166 
Surface  Pyrometer 56 
Synchronous Motors 74 
Synthetic Lubricants 401 

Tax Consideration 28 
Taxable  Lease 420 
Temperature  Reset 325 
Terminal  Reheat  System 239,  245 
Thermal  Storage 349 
Thermocou~le Probe 57, 61 
Thermometer 56 
Thermosyphon  Air  Panels 366 
The~osyphon Domestic  Hot Water 

Systems 362 
Time  Clock 103 
Time of Day 69 
Timers 312 

74 



Topping  Cycles 269 
Trombe  Wall  366 
Tungste~ Halogen 87 
Twisted  Pair  120 
Two-Stage Absorption Units 258 

Unit Heater 241 

Utility  System Optimization 157 

Vapor  Absorber  397 
Variable  Air  Volume  System  240, 

246 

Vo l~e te r  54 
Volume of Air  213 

~ a l ~   rough Audit 39 
Waste Heat 403 
Waste Heat  Boilers  152 
Waste Heat Recovery  125,  177 
Water  Cooled  Compressor  403 
Water  Tanks  353 
Water  Tube  Boilers  188 
Watt  Meter  55 
Window  Heat  Gain Retardants 
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