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GLOSSARY 

Accumulator ---a vessel ins ta l led  in a heat pump t o  prevent excessive 
amounts of l iquid re f r igerant  from entering the compressor and causing 
possible damage t o  the bearings and valves. 

ACES - an acronym f o r  Annual Cycle Energy System. The ACES i s  an integrated 
system designed t o  provide space heating, water heating, and a i r  con- 
dit ioning t o  a building by u t i l i z ing  a heat pump tha t  obtains heat from 
water stored i n  an insulated underground bin. 
the b i n  d u r i n g  the heating season, most o f  the water i s  frozen; the 
stored ice  provides a i r  conditioning in the  summer. 

As heat i s  extracted from 

AGES, Full .- an ACES designed t o  maximize beneficial  interseasonal energy 
t ransfer .  The  ice  storage bin i s  large enough t o  hold a l l  o f  the 
winter-formed ice  o r  t ha t  amount of ice  needed d u r i n g  the cooling seasonS 
whichever i s  smaller. 

ACES,  Minimum - an AGES fo r  which the thermal capacity o f  the  ice storage 
bin is  just su f f i c i en t  t o  supply the to t a l  space-heating and water- 
heating loads o f  the  building f o r  the coldest  two weeks of the heating 
season without operation o f  the so la r  co l lec tor  panel. 

ACES, Par t ia l  - an ACES with an ice  storage bin tha t  is  intermediate i n  
s i ze  t o  tha t  o f  a f u l l  ACES and a minimum ACES. 

Air coi l  - a device used f o r  heating o r  cooling a i r  under forced convection. 
A hot o r  cold f lu id  i s  pumped through the heat-exchanger co i l s  of  the 
u n i t ;  a i r  convection around the exterior surface of the co i l s  i s  main- 
tained by means o f  an e l e c t r i c a l l y  driven fan.  

Air i n f i l t r a t i o n  - t h e  flow of a i r  in to  o r  out of a building caused by 
w i n d  o r  by differences between the dens i t ies  of .inside and outside a i r .  
This leakage occurs t h r o u g h  cracks around windows and doors, and cannot 
be e f fec t ive ly  controlled by the occupants of t h e  building. 

Backup heating - a secondary heating system consisting of e l ec t r i ca l  
res is tance uni t s  i n s t a l l ed  i n  the a i r  duct system t o  supply heat t o  the 
building in case the primary heating system i s  inoperable. 
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Baiance temperature - the ou tdoor  a i r  temperature a t  which heat losses 
from a building are balanced by heat gains from internal and solar  
sources 

Ballast - in a brine-chiller ACES,  the weight previded t o  keep the ice 
submerged by counteracting the buoyant forces on the i c e  in the storage 
bin. 

Brine a solution o f  methanol in water tha t  serves a s  the heat-carrying 
medium in the A C E S  intermediate heat exchanger c i r cu i t s .  

Brine-chiller system - a refrigeration system f o r  the ACES in which ice 
i s  formed around co i l s  immersed in the storage bin. 
brine chil led by the heat pump evaporator-. 

The co i l s  contain 

Compressor - a component of  the heat pimp t h a t  compresses low-temperature 
refr igerant  vapor from the evaporator into a high-pressure superheated 
gas. 

Condenser - a component of the heat pump in  which t h e  high-temperature 
refr igerant  gas gives u p  heat and becomes a tnedi um-temperature saturated 
l iquid.  

Control  logic package -- a control device t h a t  i s  programmed t o  receive 
the input signals o f  various ACES sensors and t o  respond by implementing 
proper modes o f  operati on .  

Convection - the transmission o f  heat  by the rnoveinent of a mass of  f lu id  
(e .g . ,  a i r ) .  

Coefficient of performance (COP) -. the r a t i o  o f  the heating o r  cooling 
delivered by a system t o  the energy consumed, in consistent uni ts .  

Degree-days, monthly - the sum of the differences between 65°F and the 
mean daily temperature f o r  each day o f  the m o n t h .  
the integral of (TeAe - To) with respect t o  time, where T 
balance temperature o f  the house, To i s  the ou tdoor  temperature, and 
the t i m e  period o f  integration i s  one month. 

Alternatively,  

BAIL i s  the 

Design-day temperature .- the outdoor  a i r  temperature in a given loca l i ty  
t h a t  i s  equaled o r  exceeded 99% o f  the time, on the average, during t he  
coldest three consecarti ve months I 
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Design hourly heating load - t h e  r a t e  o f  heat input t o  a building required 
t o  maintain a desired indoor temperature i f  the outdoor  temperature i s  a t  
i t s  design-day value and the bui lding 's  internal  and so la r  heat gains are 
negligible.  

Design monthly heating load ---- the to t a l  amount of heat t ha t  must be 
delivered t o  the building by the heating plant during any given m o n t h  
o f  the design-year weather in order t o  maintain a desired indoor tempera- 
tu re  regime. 

Design-year weather - the 12-month s e t  of outdoor  hourly or bin temperatures 
tha t  i s  selected fo r  use i n  an ACES design. 
average weather conditions f o r  a g i v e n  l oca l i t y  over a 5- t o  10-year 
per iod .  

The data should represent 

Discount r a t e  - t h e  r a t e  o f  return tha t  can be expected on the best 
a l te rna t ive  investment avai lable  t o  a prospective AGES purchaser. 

Energy eff ic iency r a t i o  (EER) - the eff ic iency o f  an a i r  conditioner,. 
defined as the r a t i o  of i t s  r a t e  of cooling, in B t u / h ,  t o  i t s  r a t e  of  
power consumption, i n  watts. 
i s  the cooling coef f ic ien t  of performance o f  the uni t .  

Therefore, E E R  = 3.412 COPC, where CQPC 

Evaporator - a component of  the heat pump in which the low-temperature 
boiling re f r igerant  absorbs heat from the hea t  source t o  become a 
low-temperature saturated,  or s l i gh t ly  superheated, vapor. 

Fan co i l  (outdoor) - see a i r  co i l .  A device fo r  re ject ing waste heat from 
the heat pump compressor t o  the outdoor ambient a i r .  

Glazed so la r  panel - a so l a r  heat col lect ion device connected t o  a heat 
removal system. 
bot tom and edges, and covered by one o r  more transparent plates .  

The device consis ts  of a black p l a t e ,  insulated on the 

Header - a chamber t o  which the ends o f  a number o f  fluid-carrying tubes 
a re  connected so tha t  the f lu id  may flow f ree ly  from one tube t o  another. 

Heat co l lec tor  panel - an ACES component tha t  i s  used t o  co l lec t  environ- 
mental heat - by convection from the outdoor a i r  and by absorption o f  
solar  energy. 
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Heat exchanger - a device t h a t  t ransfers  heat from one f lu id  t o  another. 

Heat of fusion - the quantity o f  heat necessary t o  change one pound o f  a 
sol id  i n t o  a liquid inaterial w i t h o u t  effecting a temperature change. 
The heat o f  fusion o f  ice  i s  144 Btu/lb. 

Heat re jector  panel .-- an ACES component t ha t  i s  used t o  r e j e c t  waste heat 
t o  the environment - by convection and radiation. 

Humidity r a t i o  - the r a t i o  of the inass o f  water vapor t o  the mass o f  dry 
a i r  contained in a giveia sample o f  moist a i r .  

Ice bin coil -- a tube heat exchanger submerged in the ice  storage b i n ,  used 
t o  e i t he r  extract  heat from o r  add heat t o  the b i n .  

Ice maker systerii- a heat pump system f o r  the ACES i n  which ice  i s  frozen 
direct ly  on evaporator plates and i s  periodically harvested as par t iculate  
ice .  

Ice-packing fraction - the r a t i o  of the weight of loosely packed ice  t h a t  
f i l l s  a given volume t o  the weight of sol id  ice  t h a t  would f i l l  the same 
volume. The effect ive density of the  loose ice  i s  equal t o  the ice- 
packing fraction times the  density o f  sol id  ice  (57.0 l b / f t 3 ) .  

Ice phase - f o r  the ACES, t ha t  portion o f  the annual cycle t h a t  begins i n  
Ihe autumn when the bin temperature s t a r t s  t o  decline from i t s  summer 
value of &OF, as  a r e su l t  o f  increasing house demands f o r  healing, and 
errds d u r i n g  the cooling season when the stored ice  in the b i n  has been 
exhausted and the bin temperature has again risen t o  45°F. 

Ice storage bin an ACES component used t o  s to re  ice  during the heating 
season or t o  s to re  heat d u r i n g  the cooling season. 

I n f i l t r a t i o n  - see Air i n f i l t r a t i o n .  

Integrated construction - a cost-saving technique i n  construction tha t  uses 
parts of a building, f o r  example, a basement wall, as  par t  o f  the storage 
bin s t ructure .  

Latent heat ( o f  vaporization) ..-- the quantity of heat necessary t o  change 
1 l b  of a l iquid t o  vapor  without change o f  temperature. The laterit heat 
o f  vaporization of water a t  18°F i s  1049.5 Btuu/lb. 
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Lattice pitch - the distance between %he centers o f  adjacent 
a bank of heat exchanger pipes t h a t  are  arranged in a square grid pattern. 

Load -- the space-heating, water-heating, o r  air-conditioning demands of 
t h e  building -- t o  be supplied by the WVAC system. 

Load management .- a planned, purposeful time displacement between the 
production of a thermal load capabi l i ty  and i t s  actual delivery. In 
the ACES, the nighttime generation a f  cooling capacity t o  meet daytime 
cooling needs. 

Mass flow ra te  -- the r a t e  o f  flow o f  a f lu id  expressed in pounds per hour.  

Mechanical package (ACES) -- a prefabricated component consisting o f  the 
heat pump compressor, condenser, evaporator, and accumulator as well as 
the h o t  water desuperheater and condenser, and  the ACES control l o g i c  
package e 

MBtu -- a unit  of heat equal t o  one thousand Brit ish themal  uni ts .  

MMBtu - a unit  of heat equal t o  one million Brit ish themal  uni ts ,  

Operating costs -- recurring costs for energy, service,  maintenance, parts, 
and  materials t h a t  are  necessary to  operate and m a i n t a i n  the ACES during 
i t s  useful l i f e .  

Owning costs - t h e  i n i t i a l  ins ta l led  cost  of an ACES plus any annual 
charges for  property taxes and  insurance. 

Panel t i l t  angle - t h e  angle o f  t i l t  of the so la r  col lector  from the 
horizontal, expressed in degrees. 
winter months, the panel should be t i l t e d  southward a t  an angle, 
T = L + 20°,  where L i s  the la t i tude  ( in  degrees) o f  the s i t e  location. 

For optimum heat collection during 

Part iculate  ice  - an aggregation of ice granules or pa r t i c l e s ,  as opposed 
t o  a mass o f  sol id  ice .  

Peak demand the  maximum ra t e  of e l e c t r i c i t y  consumption by the ACES 
system during any given time period. 

Present value - t h e  amount of money which m u s t  be invested today, a t  a 
given discount r a t e ,  i n  order t o  have a specified amount a t  a future 
time 
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Radiant energy -- mer  y that. i s  emitted and propagated i n  wave-form 
t h r o u g h  space o r  a makerial medium ( e - g .  solar  energy). 

Reference houses --- a defined se t  of single-family houses f o r  which s ize  
and level o f  thermal insulation d i f f e r ,  and f o r  which monthly thermal 
loads have been (:a1 culated and t a b u l a t e d  for  prirpnses o f  comparison. 

Refrigerant - a l iquid c a p a b l e  of vaporizing a t  a low temperature a n d  a 
low pressure, such as arnmnia, which i s  used f o r  heat t ransfer  i n  
mechani ca? refr igerat ion.  

Reynolds nrimbcr - a dimensionless quantity used t a  dist inguish laminar 
from turbulent f l i r i d  f l o w .  

Sensible heat --- absorbed heat t h a t  i s  manifested by a change in the  
temperature of a material rather t h a n  a change in i t s  s t a t e .  

Split-evaporator - fo r  the ACES, a design concept o f  an evaporator that 
consists o f  t w o  sections,  allowing the system t o  operate e i the r  as  a 
water-source o r  as  an air-source heat pump. 

Steady s t a t e  - a heat f l o w  o r  other process that. i s  constant with respect 
t o  time. 

Supplemental heat - for  the ACES, h e a t  t h a t  i s  collected from t h e  environ- 
ment or that  i s  provided from some other source f o r  melting ice in the 
i c e  bin, when necessary. 

Supplemental phase - f o r  the ACES, that .  portion o f  t k  annual cycle t h a t  
begins during the cool ing season when Lke stored i c e  i n  the b5.n has 
been exhausted and t h e  b i n  temperature has riser] t o  45°F a n d  ends i n  
t h e  autumn when, as a resu l t  of  increasing house demands for  heating, 
the bin temperature s tar ts  t o  decline From i t s  suirilner value o f  4 5 O F .  

Thermal envelope the surface t h a t  encloses a building and delineates 
between t h e  building and the external env i  ronrnent. 

Thermal ine r t i a  - a  delayed respanse of heat flow through a matcr ja l  to  
This  e f f e c t ,  caused by s t o r a g e  changes in i t s  boundary temperatures ._ 

of h e a t  within the material ,  i s  sometimes called the "flywheel" e f fec t .  
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Viscosity - t ha t  property of a f lu id  which r e s i s t s  forces leading t o  flow 
o r  any instantaneous change of shape. 

Waste heat - heat from the heat pump compressor d u r i n g  ACES supplemental 
cooling t h a t  must be rejected t o  the environment. 

Waste-heat re jector  - a  convector panel o r  outdoor  a i r  coil  used in ACES 
t o  re jec t  waste heat from the heat pump compressor when the ACES i s  
operated in the supplemental cooling mode. 

Wetted volume - t h e  volume o f  the ACES ice storage bin t h a t  i s  available 
f o r  storing the mixture o f  ice and water ( i  . e . ,  the t o t a l  volume o f  

the b i n  m i n u s  freeboard volume and any volume occupied by an assembly 
located inside the b in) .  

Wire-to-water efficiency -- f o r  an e l ec t r i ca l ly  driven pump, the efficiency 
o f  conversion from e lec t r i ca l  energy t o  useful f lu id  energy. 
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PREFACE 

The purpose of this report i s  t o  help designers and contractors gain 
an understanding of the fundamental concepts of the Annual Cycle Energy 
System ( A C E S )  f o r  residences and  t o  provide practical  procedures a n d  d a t a  
fo r  the selection and ins ta l la t ion  of A C E S  equipment. 
construction of components t h a t  distinguish the ACES from conventional 
home heating and cooling systems are  emphasized. 
energy storage t a n k  ( i c e  bin) and the supplemental heat col lector  ( so la r /  
convector panel) .  Methods for  estimating the s izes  of Components and for  
computing monthly space-heating, water-heating, and air-conditioning loads 
a re  presented. 
the performance a n d  i n i t i a l  and operating costs o f  the system are a lso 
di scussed. 

The design and 

These components are  the 

Construction guidelines and procedures fo r  estimating 

T h e  report i s  intended t o  serve the needs of the designer, who seeks 
information on the basic theory o f  the ACES and i t s  components, and the 
contractor,  who wishes t o  estimate optimum s izes  o f  ACES components and  
t o  i n s t a l l  them with a minimum investment in time. For the contractor,  
reading Sects. 1 ,  5 ,  8, and 9 may be suf f ic ien t .  Section 1 describes the 
ACES concept br ie f ly .  
and recommends guidelines. Section 8 describes a rapid method for  designing 
an ACES. 
standing the design procedure, i s  a step-by-step example problem i n  ACES 
design fo r  a hypothetical single-family residence. 

Section 5 discusses construction and ins ta l la t ion  

Section 9 ,  which may prove t o  be especially useful i n  under- 
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ABSTRACT 

T h e  basic concept of the Annual Cycle Energy System ( A C E S )  - an  
integrated system f o r  supplying space heating, hat water, a.nd a i r  condi-  
tioning t o  a building - and the theory underlying i t s  design and operation 
are described. Practical  procedures for  designing an ACES for  a single- 
faniily residence, together w i t h  recommended guidelines f a r  t he  construction 
and ins ta l la t ion  of system components, are  presented. The report gives 
riiethods fo r  estimating t h e  l i fe-cycle  cost ,  component s i zes ,  and annual 
energy consumption of the system f o r  resident ia l  applications i n  d i f ferent  
climatic regions o f  the United States .  
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h a t  i s  an Annual Cycle Energy System? 

An annual cycle energy systerri ( A C E S )  i s  a system designed t o  
provide space heating, water heating, and air cond tioning to a building, 
while consumi cj s ign i f icdnt ly  less purchased energy than a i l  other known 
e l e c t r i c  heating, vent i la t ing,  and air-conditioning (Wac) systems. For 
example, during the 1978-1999 heating and cool~npj  seasons a 
AGES-equipped house near Knoxville, Tennessee, consumed 6591 kWh while 
providing annual space-heating, ~ ~ t ~ r - ~ ~ a t i n ~ ~  and space-cooling loads 
o f  30.1, 15.0, and  18.1 M M K t u  ( ’ I O b  R t u )  respectively. 
same loads  t o  an ident ical ly  constructed house equipped wi t ,h  a central 
a i  r - to-a  i r heat p i ~ i p  system and a conventi  ona 1 electr-i c h o t  wdter t ank  
required 12,851 k h of purchase energy. r h i s  ldrge energy savings 
resulted primarily from the central feature o f  t h e  ACES cemncept: law- 
temperature storage and interseasanal t ransfer  o f  environmental energy, 

unidirectional heat pump t h a t  obtains heat froin water stared in an 
insulated underground t a n k .  As the heat i s  extracted d u r i n g  the  heating 
season, most of the water is  fmzen, and the stored ice p r o v i d  
~ ~ ~ d ~ t i ~ n i n ~  in the summer. Thus the heat o f  fus.e’o.1 o f  water is avai l -  
a b l e  as a heat source in winter and as a heat s ink  in summer, Because 
bath the heating and cooling o u t p u t s  of t h e  heat pump are used, the 

Delivering these 

In the ACES, the energy t ransfer  i s  by an e l ec t r i ca l ly  

annual coeff ic ient  of p ~ r ~ o ~ ~ ~ ~ ~ ~  (COP) i s  very high. 
In  addition t o  i t s  furmction in energy conservation, the ACES lends 

i t s e l f  readily t o  load management. 
and stored a t  night,  allowing users t o  take advantage of low off-peak 
e l e c t r i c  ra tes ,  where available. 
buildings being served by a u t i l i t y  system were t o  u t i l i z e  t h e  storage 
feature  offered by the ACES, a substantial  reduction in the needed 
generating capacity could resu l t .  

For the ACES, there are two ice-formation methods tha t  can be 
used: 
water surrounding heat-exchanger co i l s  immersed in the storage bin; 

Ice f a r  a i r  conditioning can be made 

I f  an appreciable fraction o f  the 

( I )  a coil-in-bin ACES t h a t  u t i l i ze s  chi l led brine t o  Freeze the 
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a n d  ( 2 )  the plate-type ice  maker, i n  which 
evaporator plates o f  the heat pump and  the 
in to  the b i n .  Both the br ine-chi l le r  type 

ice  i s  formed d i r ec t ly  on t h e  
i ce  i s  periodically harvested 
and the ice-niaker type offer  

cert.s.in advantages. 
one-half the s i z e  necessary f o r  the ice-rnaker type can be used because 
o f  %he higher ice-packing density in the bin. 
a l s o  has simpler r e f r ip ra tSon  c i r cu i t ry  and  provides a nonfreezing 
medium, the brine, for- the t r a n s f w  o f  energy from supylenieritary sources 
such as solar  panels. M i t h  the i c e  snaksr: on the  other hand, the  ice  
b i n  coil and i t s  attendant costs axid field-crew ins t a l l a t ion  are 
eliminated and modulariiation o f  the system by the manufacturer i s  made 
eas ie r .  

W i t h  t h ?  brine-chi1 l e r  type, bins approximately 

The brine-chiller type 

In actual application, operation o f  ACES t o  meet annual space- and 
water-heati ng needs wi 11 se'l doni , i f ever , resul t i n the produc t i  on o f  
the exact amount o f  ice  needed f o r  a i r  conditioning. Even i n  the most 
ftsvoratile geographic locations where average annual heating a n d  coolirg 
demands o f  the building result  in an ice-bin heat balance, variations in 
weather, l iving patterns,  e t c . ,  w i l l  upse t  t h i s  balance, Consequently, 
t h e  arnount o f  ice  produced w i l l  not  be equal t o  the amount o f  ice  needed 
f u r *  a l l  years,  Thus, i n  designing an A G E S ,  provisions must  be made fo r  
melting excess ice and f o r  supplemental a i r  conditioging when i c e  d e f i c i t s  
e x i s t .  These balancing functions can be accomplished by use o f  a s o l a r  
col lector  panel tha t  co l l ec t s  heat from the environment d u r i n g  t h e  
heating season t o  melt excess ice  and by heat puinp operation a t  n i g h t  
during the cooling season t o  produce chi l led w a t e r  or  ice  for  supplemental 
a i r  conditioning. 

ice  b i n  t o  meet space-heating, water-heating, and supplemental cooling 
demands must be counterbalanced by heat deposits from the col lector  
panel, space cooling, and heat leakage in to  the ice  b i n  from the sur- 
roundings, Annual "energy balance" on the ice  b i n  can be achieved by 
varying the amounts o f  amhi ent heat col 1 ected and s u p p l  ernental cool i ng 
provided. The amounts o f  environmental heat and supplemental cooling 

required depend upori t h e  house thermal loads and -the thermal capacity o f  
the ice  bin. 

Over the period o f  a year, t h e  amount of h e a t  extracted from the 
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1.2  Full and Part ia l  ACES 

The maximum capacity of the ice bin should be equal t o  e i the r  a l l  
o f  the ice  tha t  can be produced during the heating Season olr a l l  o f  the 
ice  needed f a r  sunimer cooling, whichever i s  smaller. A system with a 
b i n  cf t h i s  s i ze  i s  called a f u l l  ACES. A minimum ACES is defined as 
a system equipped w i t h  a bin hav ing  a thermal capacity suf f ic ien t  t o  
allow a t  l eas t  two weeks o f  heat pump operation d u r i n g  the coldest month 
without resort  t o  supplemental energy. The minimum ACES i s  a compromise 
unit  designed t o  reduce capital  costs!, b u t  a t  the same time i t  reduces 
the energy conservation potential  of the system. A par t ia l  ACES has a 
b i n  capacity greater  than t h a t  of a minimum ACES b u t  less  t h a n  t h a t  o f  
a f u l l  ACES. 

O f  course, sys tem w i t h  smaller b i n s  than those a f  the minimum 
ACES can be fabricated.  Such systems function primarily as summer 
load-management systems (e.g. by providing all-day cooling in which 

e campressor need be operated only d u r i n g  off-peak hours), b u t  
previde l i t t l e  interseasonal energy t ransfer  and cannot properly be 
called ACES. I f  properly designed, they can save some energy by 
providing a heating system o f  constant capacity and efficiency no matter 
what the outdoor  temperature may be. 

1 .3  Energy Conservation Advantages 

The principal energy conservation advantages of a fu l l  ACES are  
as follows: 

1.  

2 .  

3. 

During the heating season, the heat pump operates from a constant- 
temperature heat source ( the  ice  bin) and functions as a constant- 
capacity heat pump w i t h o u t  suffering performance degradation a t  
I ow outdoor temperatures. 
Dur ing  the caoling season, a l l  or some of the coaling needs o f  the 
building a re  supplied by winter-formed ice  ( i . e . ,  ice produced as a 
by-product during the heating season). 
Supplemental summer cooling, required a f t e r  the winter-formed ice 
has been exhausted, can be supplied by nighttime hea t  pump 
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operation. T h i s  s h i f t s  the cooling demand t o  off-peak hours when 
e l e c t r i c i t y  ra tes  may be lower and when Sase-l~ad u t i l i t y  p l a n t s  
of higher efficicncy are used, I n  addition, the efficiency of 
heat  pump o p e r a t i o n  is  s l i g h t l y  greater  d u r i n g  the cool of the 
n i g h t  than i t  i s  dur ing  t h e  heat o f  the day, 
Year round ,  the hea t  pump prodi.rces h o t  water two t o  three times more 
e f f i c i e n t l y  than does resistance heat ing  arsd, i n  the sumnier, 
produces i r e  t h a t  can be used f o r  air-conditioning purposes. 

4. 

A par t ia l  ACES exhibits the same energy conservation features as 
a f u l l  ACES; however, because l e s s  i ce  i s  carried over from the heating 
season , more supplemental coolirly riii isi be provided d u r i n g  the sumner. 
The addi t i  onal e l e c t r i c i t y  required f o r  heat pump operaki on i n  the 
sullimer makes the par t id l  ACES l c s s  ene:-gy e f f i c i e n t  than a f u l l  ACES. 
However, use of the smaller ice  bin o f  a par t ia l  ACES e f f ec t s  a reduction 
i n  i n i t i a l  system cmts tha t  may o r f s e t  the cost o f  higher e l e c t r i c i t y  
consimiption. 
b i n  construction should be carefully examined when selecting the  
optimum b i n  s i z e ,  taking in to  account anticipated escalation of 
e 7 e c t  ri c i t y  rates.  

- \he  trade-off between the c o s t s  o f  e l e c t r i c i t y  and ice  

1 . 4  Applicability o f  ACES 

The ACES is  applicable t h r o u g h c r u i  most of the United States .  
anticipated performance of an ACES varies with the climatic region where 
i t  i s  located ( F i g .  1 . 1 ) .  In F ig .  1.1 the annual coeff ic ient  o f  
performance (ACOP) , defined as t h e  annual amount o f  energy services 
dell’vered t o  the building d i v i d e d  by the amount o f  e lec t r i ca l  energy 
purchased t o  opmate  the system, i s  displayed f o r  a f u l l  AGES i n s t a l l ed  
i n  a well-insulated home. Annual coeff ic ients  o f  performance AS h igh  
as 3.4 may be obta ined i n  some parts o f  the country, msing present-day 
compressors. 

The ACES performs best i n  regions where t h t t  ice f a m i d  d u r i n g  the 
heating season can be used t o  meet a substantial  portion o f  the suimi~~r 
coaling needs o f  t h e  b u i l d i n g .  

The 

The system i s  not applicable i n  reg ions 
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where very l i t t l e  ice  is formed d u r i n g  the h e a t i n g  season, such as in 
southern Florida and southern Texas. Tor these regions, small i ce  
storage systems designed t o  accomplish only diurnal suinmelr load manage- 
ment are more econvriiical. 
selection o f  a m i n i m u m  ACES over a ful l  ACES, eves7 i n  areas o f  the 
country where the full-ACES concept i s  viable. 'ihis i s  because t he  

poorer performance o f  a minimum ACES, which exhibits !.COPS ranging 
from 2.0 t o  3.0, may be o f f s e t  by the lower i n i t i a l  cost. 

unglazed panel t h a t  can col lect  heat from the ambient a i r  as well as 
from solar  radiation i s  generally recommended For regions having l e s s  
than about 7000 heating degree-days each year. The use a f  unglazed 
panels i n  colder regions? where very l i t t l e  heat can be collected 
f r o m  the a i r ,  could resul t  i n  the need f o r  large,  expensive panels .  
For t h i s  reason, the use o f  either glared panels or  an al ternat ive 
supplementary heat sysletn may be desirable in these regions. 

Economic considerations may also favor the 

The selection o f  a heat-collector panel i s  very important. An 



2.1 Basic Concepts of ACES 

The basic concepts o f  an ACES can best be understood by considering 
the monthly heat flows in to  and o u t  o f  the ice storage bin. The energy 
level o f  the bin varies continually in response t o  the heating and cooling 
derridnds of the building; each year the ice inventory in the bin increases 
froiii zero t o  maxiiriuin a n d  then declines back t o  zero. 
Season the heat pump makes monthly withdrawals of energy from the ice bin 
t o  supply heat f o r  water. and space heating, 
bin i s  extracted,  the bin temperature decliiies from 45°F t o  32'F. 
energy withdrawals then resu l t  i n  the formation of ice. 
the bin fron the surroundings and monthly del iver ies  of heat from the 
col lector  panel pa r t i a l ly  replenish the bin energy, b u t  continuing heat 
withdrawals eventually cause the ice inventory in the b i n  t o  reach storage 
b i n  capacity. The environmental heat delivered t o  the i c e  bin by the 
col lector  panel i s  regulated so tha t  the bin reaches f u l l  ice  inventory a t  
the erid o f  the heating season. 

A t  the beginning o f  the  cooling season, the fu l l  inventory of 
winter-formed ice i n  the bin i s  available t o  provide a i r  conditioning t o  
the house. As the cooling season progresses, heat i s  extracted f rom the 
house by circulat ing chi l led brine from the ice-bin heat exchanger t h r o u g h  
an indoor fan co i l .  The house heat t h a t  i s  collected i s  delivered back t o  
the ice bin. These energy deposits gradually tnelt a l l  o f  the ice i n  the 
bin and raise the b i n  temperature t o  45"F, the niaximuni useful bin tenipera- 
tu re  for- providing spdce cooling. 
northern climate, the bin teinperature reaches 45°F a t  the end of the cooling 
season and the system i s  ready t o  begin a new annual  cycle. 
ACES, or a full-ACES application i n  a southern climate, the depletion of 
winter-formed ice occurs before the end of the cooling season and 
supplemental cooling i s  required. 

during the sumiiier t o  remove heat Prom the storage bin.  

During the heating 

As the sensible energy of the 
Further 

Heat leakage in to  

For a full-ACES application in a 

For a par t ia l  

Supplemental cooling is  provided by operating the heat punip a t  n i g h t  
The removal of 

7 
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heat lowers t h e  ternperalurr o f  the b i n  t o  an acceptable level f o r  use 
i n  a i r  conditioning f o r  the following day. Tnc! heat extracted f r om the 
s t o r a g ~  b i n ,  t o g c t h c r  w i t h  thc energy reqiiired t o  operate the h p a t  pump, 
i s  rejected as waste heat a t  n i g h t  t o  thc outdoors. 
increases the e l e c l r i  cal energy consumpti on o f  ACES by requiring summertime 
operation o f  the heat pump and a l s o  ilirposcs the need f o r  a waste-heat 
re jec tor .  The waste-heat r-ejeclor can be e i t h e r  an outdoor  fat: coi l  o r ,  
i f  properly s i r e d ,  t h e  s m i s  convector  panel t ha t  i s  used t o  co l l ec t  heat 
during the winter. Supplemental cooling, as prov ided by t h e  ACES, a l s o  
yiclds e f fec t i  vc diurnal 1 oad-managewelrTt capabi 1 i t y  because the major 
elecIr.?cal draw o f  t h e  system occurs a t  ofr -peak hours. 

Supplemental cooling 

2.1 .1  Meat  flows 

A quantitative description o f  ACES operations requires a determination 
o f  the principal heat flows tha t  the system m u s t  maintait-r t o  supply the 

annual thermal loads o f  the building, In  the following discussion, upper 
case symbols are  iraed t o  represrnt annual heat flows and lower ease 
syinhols represent monthly heat f l o w s .  T h u s  the annual amount o f  heat  
de1iverP.d by the system t o  meet the space-heat ing needs of %be building 
i s  Q, M B t u  where 

12 

Here , q,( 1 ) represents t h e  January space -k  
space-heating load, and so on. 

The nonienclature used t o  denote the p r  
an ACES i s  presented below. [Corresponding 
by summing t h e  monthly heat  flows, as  s i - r o ~  

(2 .1 )  

t i r i g  load ,  qH(2 )  the February 

ncipal monthly heat  flow.; o f  
annual heat flclccrs are obtained 
previously ( k q  X I ) ] .  
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q , ( m )  = space-heating load (MBtu) 
qHw(ni )  = water-heating load 
qHT(m) =: combinecl load f o r  space heating and hot water prod 

(MRtLs)  
q,(m) = space-cooling load (Mstu) 
q (m) = heat leakage into t he  ice storage bin ( P l B t u )  1. 

(m) = heat collection by ~ ~ ~ ~ ~ ~ ~ ~ n v ~ ~ ~ o ~  pariel ( M B t u )  
qgR(n i )  = b i n  heat removal for s ~ ~ ~ l e ~ ~ n t a ~  cooling ( 

qwo(.m) = heat ~ i t ~ ~ d r a ~ ~ a l  from the ice storage bin ( M B t e r )  
q D P ( m )  = heat deposit in the ice storage bin (MRtu) 

%OL 

q , ( m )  = e l e c t r j c i t y  consumption ( 

The direction o f  heat flows qH(rri), qHW(m). and qBR(rn) i s  "uphi l l ,"  
that  i s ,  from a lower t o  a higher temperature. 
a driving mechanism - the heat pump - and e l ec t r i ca l  energy t o  naintain 
the f l o w .  
naturally as a resu l t  of the  temoerature gradient. 
o u t  o f  and i n t o  the ice storage bin i s  o f  central importance i n  ACES 
design theory, i t  i s  useful t o  define "bin t ransfer  coeff ic ients"  t h a t  
r e l a t e  qWD(rn) and q ,(tu) t o  t h e  delivered house heating o r  coaling laads.  

refers t o  the season of the annual cycle and Pi i s  the mode of operation. 

These heat flaws; require 

The " ~ o ~ ~ ~ ~ ~ l ~ ~ '  heat flows c ( m ) y  q,(m), and qcoL( in )  occur  
Because heat f l o w  

in t ransfer  coeff ic ients  are denoted by aP( ) where the subscript  P 

The four  principal bin t ransfer  coeff ic ients  t h a t  are  essent ia l  t o  

an ACES design analysis are:  

$1 (HI  = the q u a n t i t y  of heat withdrawn from the  ice  bin f a r  each 
u n i t  of heat delivered For space or water heating when the 
system i s  opera t i ng  i n  the winter heating node. 

I 

a , ( C )  = the quantity of heat deposl'ted in the  ice bin for  each unit  
o f  heat removed f r  
in the ice-melt, space-cooling mode. 

= the q ~ ~ ~ ~ i ~ y  of heat ~ i ~ ~ d ~ a ~ n  from the i c e  b i n  for  each u n i t  

the building when the system i s  operating 

o f  heat delivered f o r  space o r  water heating when the system 
i s  operating i n  the siimmer heating mode. 
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a,(C) = the quantity of heat deposited i n  the ice bin f o r  each unit  
of heat removed from the building when t h e  system i s  operating 
in the bin heat-rejection, space-cnoling mode. 

Expressions f o r  the numerical evaluation of these b i n  t ransfer  coefficients 
are  provided in Sect. 2 . 1 . 2 ,  

The heat f l o w s  t h a t  occur when ttrt;? ACES i s  operating in the ice phase 

0.f i t s  annual cycle ( i c e  buildup - constant ice  inventory ice decline) 
are  shown in Fig. 2 . 1 .  The ice  phase o f  operations begins in the a u t u m n  
when heat withdrawals .from the bin exceed heat deposits. 
continues t h r o u g h o u t  the heating season as the ice inventory increases and 
subsequently i s  held a t  bin capacity by operation o f  the collector- panel. 
Heat deposits by the col 1 ector panel arc? stopped when the i ce-decl ine 
portion o f  the cycle i s  reached. The ice phase l a s t s  into the cooling 
season un-ti1 a l l  o f  the ice has been riielted by sunrrrier air-conditioning 
heat deposits and the t a n k  has reached a temperature of 45°F. 

The ice  phase 

The ACES heat f l o w s  t h a t  occur when the system i s  operating in the 
supplemental phase o f  i t s  annual cycle a re  shown in F i g .  2 . 2 .  The 
suppleinental phase o f  operations begins when the ice phase ends and con- 
tinues th roughou t  the remainder o f  the cool ing season. I ne suppletnental 
phase ends with the advent o f  a new heating SeaSQi’l. During the supplemental 
phase, the daily temperature o f  the ice bin fluctuates between 45°F and a 
l ower  temperature t h a t  i s  s e t  by the d a i l y  space-coaling needs o f  t h e  
building. Thus the average temperature o f  t h e  lain i s  higher thari when the 
system i s  operating in the ice phase. T h i s  higher average bin temperature 
reduces heat leakage into the t a n k  from the surroundings and a l s o  lowers 
the cooling-rate capacity of the indoor fan coil  because o f  the higher 
temperature of  the chi l led brine t h a t  i s  circulated .I:hrough i t .  

-, 

2 .1 .2  . Nodal __- operating parameters 

The primary operating pdrarneters required f o r  ACES design analysis 
include both ( 1 )  t h e  coeff ic ients  o f  perforinailce (COPS) and ( 2 )  the b i n  
t ransfer  coefficients f o r  each mode o f  operation. The modal COPS are 
used in computing the monthly and annual e l e c t r i c i t y  consumption and the 
annual COP of  the system. The bin transfer coeff ic ients  are used in 
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rletermining the ice-bin heat flow tha t  r e su l t s  as the system responds 
t o  meet the ~ o ~ t h l y  heating and cooling demands of the building. 

for  the i ce  b i n  t o  determine the  amount o f  heat t ha t  must be collected 
by the so l a r  panel and/or the amount o f  heat t ha t  must be rejected from 
the b i n  by sumrnertime operation o f  the  heat pump. 
used t o  determine supplemental cooling requirements and the s i ze  o f  the 
so la r  panel. 

I n  the AGES, a var ie ty  of d i f fe ren t  operating modes can be established 
by the control system t o  meet changing load demands. 
~ ~ ~ o ~ ~ g h ~ u t  the annual cycle,  the system can be called upon t o  supply 
space heating, water heating, space and water heating, space cooling, 
or space cooling and water heating. In each of these operating modes, 
the system exhibi ts  a spec i f ic  COP and the requested house load imposes 
an ice-bin heat f l o  according t o  a spec i f ic  bin t ransfer  coef f ic ien t .  
The operating parameters and duration times o f  a l l  o f  the modes a re  needed 
f o r  a f u l l  design analysis .  In pract ice ,  however, space heating and space 
cuoling predominate d u r i n g  the ice  phase of operations, and water heating 
and space cooling predominate d u r i n g  the supplemental phase. In the 
following analysis ,  only these f o u r  modes o f  system operation are 
distinguished. 

below: 

Based 
ese ice-bin heat flows, seasonal heat balances can be calculated 

This information i s  

For example, 

The nomenclature used t o  denote system operating variables i s  defined 

EC = heat pump compressor motor draw, kW; 
EF =: indoor fan coi l  motor draw, kW; 

EHB = h o t  brine pump motor draw, kW: 
ECB = cold brine pump motor draw, kW; 
EHW = ho t  water pump motor draw, kW; 
EoF = outdoor fan co i l  motor draw, kW; 
CI = evaporator-side COP o f  the compressor ( i c e  phase); 
G5 = evaporator-side COP of the compressor (supplemental phase) ; 
H I  = indoor fan co i l  cooling r a t e  (32°F ice  phase br ine) ,  kW; 
HS = indoor fan co i l  cooling r a t e  (45OF supplemental phase brine),  

kW; 
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tins = h o t  water  desuperheater capac i ty  r a t i n g ,  kW; and 
HCD = h o t  water condenser capac i ty  r a t i n g ,  kN. 

Ice ^ .  phase heat ing  I made 

The system COP i n  the i c e  phase heat ing  mode i s  de f ined as the r a t i o  
o f  the heat  de l i ve red  f o r  watcr heat ing  o r  space heat ing  t o  the  e l e c t r i c a l  
energy consumed by the  system, i n  cons i s ten t  u n i t s ,  

The above expression i s  based on the assumption t h a t  t h e  ACES mechanical 
package i s  l oca ted  indoors and t h a t  motor heat losses c o n t r i b u t e  t o  t h e  
de l i ve red  heat ing  load, The compressor-only coa l i ng  COP du r ing  t h e  ice 
phase i s  obta ined from t h e  manufacturer 's  l i s t i n g  o f  the  s teady-state 
r a t i n g  o f  t h e  model. 
c i r c u l a t i n g  pimp i s  assumed t o  be 25%. 

load  that. i s  eh ta incd  from the  i c e  s torage b i n ,  i s  giver1 by t h e  expression 

The wire-ko-water e f f i c i e n c y  of the  c o l d  b r i n e  

The b i n  t r a n s f e r  coe f f i c i en t ,  o r  t h e  f r a c t i o n  o f  t h e  delivered heat  

By comparison w i t h  Eq. (2.2), t h i s  expression can be s h o w  t a  be equ iva len t  
t o  

COPI(H) - 1 
q - 0  = COPI(H) * 

(2 .4)  

rhus the  monthly heat  wi thdrawal f rom the  i c e  s torage b i n  t o  meet house 
space-heating and watar-heat ing needs when t h e  system i s  opera t ing  i n  t h e  
i c e  phase o f  i t s  annual cycle i s  equal t o  
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Ice phase cooling mode 

The system COP i n  the ice  phase cooling mode is  defined as the r a t i o  
o f  the heat removed from t h e  building (or the space cooling delivered) 
t o  the e l ec t r i ca l  energy consumed by the system, in consistent units.  
Thrat i s ,  

The above expression i s  based on t h e  assuinption t h a t ,  although t h e  ACES 
rnechanical package i s  located indoors, motor heat losses from the package 
are vented t o  the outdoors d u r i n g  coolinq mode operation. 
e x h i b i t s  a very h i g h  modal COP when operating i n  the i c e  phase coaling 
mode because only the indoor fan motor and the cold brine pump motor draw 
e lec t r ica l  power. 

ice b i n  t o  the to ta l  cooling load delivered, i s  expressed by 

The ACES 

T h e  b i n  t ransfer  coef f ic ien t ,  01" the r a t i o  o f  heat  deposited i n  the 

Thus the monthly heat deposit i n  the ice bin t h a t  is  necessary t o  meet 
house space-cooling needs when operating i n  the ice  phase space-cooling 
mode i s  

Supplemental phase --1 h e a t i n g  mode --- 

The delivery o f  heat t o  the house during the supplemental phase i s  
principally f o r  the purpose of producing hot water, although some space 
heating may be required on cool ,  late-summer nights. The system COP i n  
the suppleniental phase heating mode i s  defined a s  the r a t i o  o f  the heat 
delivered t o  the e l ec t r i ca l  energy consumed by the system, i n  consistent 
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- units.  l h i s  COP can be written i n  tct-ms of the o u t p u t  ratings o f  the 
hot water desuperheater and cocidenSer, ! I D S  and ! - I C D ,  respecti ucly. 

HDS ’ HCD COP ( H )  = s E C  + Em I.. Em - ( 2 - 9 )  

-.  he bin transfer coeff ic ient  ( o r  t h e  r a t i o  o f  the heat extracted from the  
bin t o  the delivered heat ing)  i s  expressed by 

(2.10) 

Supplernental phase cooling -- mode 
-̂  _-I__-- 

Thc ACES m u s t  es tabl ish two pr.incipa-8 heat flows d u r i n g  the 
supplementdl phase coolirig mode of operation ( k i y .  2 .2 ) .  F i r s t ,  heat  
niust bc dcla’vered from t h e  buildirig and deposited i n  the ice  b i n  t o  
provide space cooling t o  t h e  b u i l d i n g .  Second, h r a t  m u s t  be extracted 
from the ice  b i n  and rejected as  wastt7 heat  t o  the outdoor environnient 
in order t o  maintain an ice-bin heat bdlaw-e. 
modal operating parameters a w  defined separately f o r  the b i n  heat-deposit 
and  the b i n  heat-remaual systems. I t m e  parmcters are then combined 
t o  yield an overall system COP for  the supplemental phase cooling mode. 

The C O P  of  t h e  space-cooling delivery system i s  defined as t h e  r a t i o  
o f  t h e  heat removed from the b u i l d i n y  fo r  space c o o l i n g  t o  t h e  e lec t r i ca l  
energy consumed by the delivery syslem, in consS.s tmt  units. 
previously defined nomenclaturep the COP o f  the del ‘very syskein f o r  
depositing heat  in t h e  b i n ,  COP(BD), i s  expressed by 

In the following analysis ,  

- 

U s i n g  t h e  

T h i s  equation i s  based on the assumption t h a t  motor k a t  losses f rom the 
ACES mechanical package are vented t o  t h e  outdoors d u r i n g  cooling-mode 
operati on. 
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I  he b i n  t ransfer  c o e f f i c i e n t  (or  t h e  r a t i o  o f  t he  heat deposi ted i n  
t h e  i c e  b i n  t o  the t o t a l  BlolUlSAag loa dela’veered) i s  expressed lay 

(2.12) 

where t h e  9s are the total heat  Flows uccurrin d u r i n g  ,the sL1pplelnental 
phase. The COP of  the  heat rejection system i s  expressed by 

(2.14) 

T h i s  equation i s  based on the assuniptisri that an outdaor  f a n  coil  i s  
e waste-heat re jector .  

The overa’81 system COP f o r  the supplenlental phdse coaling made, 
efined d~ the ratio of the del-a’vered s p a c e c o a l i n g  laad t o  

the t o t a l  purchased energy ccrnsuriied b y  the space-cooling dell”vet-y s y s t e  
and the b i n  ~ ~ a ~ - ~ ~ ~ ~ ~ a ~  system. 6 i s  r a t i o  i s  expressed b 
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(2.15) 

The above expression can DE simplified by i n s p r t i n g  t h e  definit ion f o r  
QBR(SP) given i n  Eq. (2,13) and rearranging the te rms.  -, 

Ine resul t  i s  

where the variable K i s  defined as 
0 

In Eq. ( 2 . 1 1 )  the VS?UL? of K will be redi~ced by e i t h e r  a decrease 

L 
0 

i n  g round  heat  leakage i n l o  the b i n ,  Q ( S P ) ,  or  hy an increase i n  the 
house demands f o r  space heating and h o t  water production, QHT(SP).  
Equa t ion  (2 .16 )  reveals t h a t  both o f  l k s e  c h a n g ~ s  will a c t  t o  incrirase 
I;hP system COP i n  t h e  supplemental phase cooling 1,iode. Equatioli (2 .16 )  
i s  based on the assumption t ha t ,  although the ACES mechanical package i s  
located indoors ,  motor heat losses f r o m  the package are vented t o  the 
outdoors during summer supplcmcntal cool ing operations. T h f s  venting of 
waste heat  from systzm components i s  essent ia l  d u r i n g  summer space-cool ing 
operations t u  prevent serious degradation o f  the supplemental phase 
cool ing mode COP. 

2.1.3 Ice-bin heat  balance 

Over the period of a year, the heat extracted from the i ce  b i n  t o  
meet. space-heating, water-heating, and supplemental cool i n g  deinafids m u s t  
be replaced by heat depos i ts  fi-om the col lector  panel, space cooling, and 
heat leakage i n t o  the ice  b i n  from the surroundings. Furthermore, l h i s  
ice-hin heat balance must. he s a t i s f i e d  separately f o r  bo th  the ice  phase 
arid the supplemental phase o f  the anniial cycle, 



Ice phase _̂... -~ 

Using the previously described notation, the net monthly energy flow 
i n t o  or o u t  o f  the ice  storage bin can be written. as: 

The q u a n t i t y  q 
month and can be e i the r  posit ive (net  heat deposit)  or  negative (net  heat 
withdrawal) depending upon the thermal demands o f  the house. 
q N E T ( m ) ,  however, taken over a l l  o f  the months o f  i ce  phase operation, 
must be equal t o  zero. Thus the ice-bin heat balance condition over t h i s  
period o f  time i s  expressed by 

( m )  represents the net bin heat-flow during any given NET 

The sum of 

Ita Ey. (2,19), Q,, Q ,  and Q, represent the thermal demands o f  the 
The ice-bin heat leakage, QL, house d u r i n g  the ice phase o f  operations. 

is a function o f  the amount o f  insulation provided i n  the b i n ,  the 
temperature difference between the inner and outer surfaces o f  the b i n ,  
and the heat-transfer areas o f  the ice  b i n  surfaces. Then, the contra1 
variable for  sat isfying Eq. (2 .19)  i s  QCoL, the panel heat col lect ion,  
which rriwst be varied t o  match the thermal demands o f  the house t o  the 
ice-bin thernial capacity. 

Supplemental cooling phase 

The n e t  monthly energy f l o w  into o r  o u t  o f  the ice  b i n  d u r i n g  the 
supplemental cooling phase of annual operations i s  expressed by 

Were, qBR(m) represents the amount of heat t ha t  must be removed from 
t h e  b i n  each m o n t h  t o  provide the needed supplemental cooling capacity. 
The  amount of heat removal required i s  equal t o  the net heat deposits, so 
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t h a t  qNET(m) 2 0 f o r  each m o n t h  o f  supplenientai phasc cperations. 
sum o f  a l l  the monlhs o f  supplerncntal phase operation i s  expressed by 

'lhc? 

Q k l ,  Q,,, and Q, represent the thermal demands o f  the house d u r i n g  t h e  
supplemental phase of opera l  ion .  
construction and the temperature o f  i t s  external surroundings- The 
temperature a t  the  inner surface o f  the ice  bin i s  assumed t o  be 45°F 
during the suppl menta l  phase of annual opcrst mi. 

Q, i s  a fernclion o f  the ice  bin 

Ice- b j n  therma 1 capGci ty  

The ther inal  storage capac4ty aP the ice  b i n ,  which determines the 
amoiint o f  benefjcial interseasonal energy t ransfer  t ha t  can be effected 
w i t h  a g i v e n  ACES design, i s  expressed by 

TCAP = PF p ( 1 )  - V[144 -+ TMAX - 321 

where 

( 2 2 2 )  

TCAP = themal  capacity o f  bin, B t u ;  

p ( 1 )  = i ce  density,  57.0 l b / f t 3 ;  
p(W> = water density,  62.4 I b / f t 3 ;  

V = i ce  storage bin wet ted  volume, f t 3 ;  

TmX = maximum temperature o f  ice  b i n ,  45°F. 

PF = ice-packing fract ion;  

The value o f  Pk in Eq. ( 2 . 2 2 )  i s  0.4 f o r  an ice-maker type AGES and 0.8 
fo r  a br ine-chi l ler  type ACES. 

For a f u l l  ACES, i t  i s  possible ea, select an ice b i n  s i ze ,  V, t h a t  
will r e s u l t  in e i t h e r  Q,,,, i n  E q ,  (2-19)3 o r  Q,,, in Fq. (2.21), becoming 
zero. 
the  ice hiti can be selected t o  h a w  a thermal capacity great enough t o  

In northern climates, where a surplus o f  winter ice  i s  produced, 
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provide fo r  a l l  the summer cooling needs. In this case, the en t i r e  
annual cycle operates in the ice phase, and  panel heat collection is 
provided t o  tiielt excess ice formed during the heating season. 
climates, the thermal capacity of the ice  bin i s  selected t o  meet a l l  
o f  the b i n  heat-withdrawals without assistance from so la r  panel heat 
collection. Supplemental cooling, however, i s  required d u r i n g  the 
scamer, For a par t ia l  ACES located I n  e i the r  northern or southern 
climates, b o t h  panel heat collection and suppleniental cooling must be 
provided; tha t  i s ,  neither Qcoe nor  QBR will be zero. 

In southern 

2 . 2  Basic Design o f  ACES 

2.2.1 Design objectives -._I 

As i n  the case for  conventional HVAC systems, the principal objective 
in ACES design i s  t o  mdtch .the capacity of the system t o  a known set o f  
heating and cooling deniands for  a building for  a specif jc  ref, nreiice 
wedther condition. In ACES, the reference condition i s  an ”average” 
weather year (design year) t h a t  y ie lds  building load demands fo r  which 
only a 50% probabili ty of being exceeded in any given year ex is t s .  The 
ACES i s  designed t o  meet these design-year loads and, additionally,  a’s 
provided w i t h  a backup heating system f o r  use i n  years having more 
severe weather. 

B o t h  ACES and conventional HVAC systems must be able t o  supply peak 
heating and cooling demands o f  a building. 
s a t i s f y  energy balances on the ice bin f o r  both heating and cooling 
seasons. 
use of an anibient-heat co l lec tor  t o  prevent possible energy de f i c i t s  in 
the ice  b i n .  A central  t a sk  of ACES design is  deterniining the col lector  
s i z e  t h a t  i s  compatible w i t h  an a r b i t r a r i l y  selected ice bin volume and  

bin has a thermal capacity tha t  is less than the annual cooling load o f  
the building, a secondary t a sk  o f  an ACES design i s  t o  estimate the 
ztmsunt of supplemental cooling needed and the  additional consumption o f  
e l e c t r i c i t y  required t o  provr’de i t .  

The ACES, i n  addition, must 

Satisfying the heating seasan energy balance may require the 

iven s e t  of house heating demands. Similarly, i f  the selected ice 
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T h e  overall objective of the ACES design i s  t o  determine t h e  
component s izes  a n d  required performance character is t ics  for  a least-  
cost  system t h a t  i s  capable of satisfying the load demand5 imposed by 
the requi rements f o r  space heati ng water heati ng and space cool i ng o f  
a parti  cul a r  bui 1 di ng . 
mined and specified for  any A C E S  application are discussed in the 
following section. 

Speci fi c design parameters t h a t  must be deter-  

2 . 2 - 2  - Design paramelers 

Detai 1 ed methods for  cal cul a t i  ng ACES coniponenl s izes  are discussed 
in Sect. 4 .  Specific areas t h a t  will need i o  be addressed f o r  component 
s ize  determination a r e  described br ief ly  below. 

Ice bin 

The owner o r  builder can choose any arbi t rary volume f o r  the ice 
b i n  t h a t  l i e s  within t h e  range sui table  f o r  minimum and  fu l l  ACES. The 
physical dimensions of the bin, the thermal resistance of insulation i n  
i t s  walls,  f l o o r ,  and l i d ,  and  the extent t o  which i t  i s  t o  be located 
below-grade must then be selected.  The thermal capacity o f  t h e  b i n  i s  
then calculated using E q .  (2-22). 

Heat  puinp and ice-bin heat -........ _____ e x c h a n E  

The heat pump must have a capacity rating equal t o  or  s l igh t ly  
larger  t h a n  t h e  design hourly heat loss of the building. 
may be e i ther  a brine-chiller o r  a plate-type ice  maker. 
ch i l l e r  heat pump i s  selected,  design specifications must a lso be deter- 
mined f o r  t h e  anci l lary ice-bin heat exchanger. 
include the material ,  length, diameter, and spacing o f  t h e  heat-exctianger 
t u b i n g .  Calculations must be- performed t o  assure t h a t  t h e ?  heat exchanger 
meets b i n  volume constraints and t h a t  -its heat t ransfer  ra te  s a t i s f i e s  
the design-day load o f  the building. 

The heat pump 
I f  a brine- 

These specifications 



2 3 

-. Envi .. . ronmental eneygy col1 . . . ection . 

The source and ava i l ab i l i t y  of  the energy t o  be col?ected must be 
specified.  If a solar/canvector panel i s  chosen, calculations must be 
performed t o  determi ne the mi t i i  m u m  panel area capable o f  del i veri ng heat 
t o  the ice  bin a t  ra tes  necessary t o  prevent premature bin freeze-up. 
The monthly energy collection capacity ( i n  MBtu/ft2), qCOL(m),  o f  the 
specif ic  panel type selected must be calculated. 

_..I Was te-  hea t re j ector 

The type, s i ze ,  and  heat-rejection capacity o f  the u n i t  selected 
must  be specified.  
o r  an outside a i r  co i l .  
t h e  heat-rejection capacity o f  a panel heat-rejector t o  the a i r -  
conditioning requirements o f  the building. 
integral  p d r t  of the ACES heat pump mechanical package and, therefore,  
w i  11 normally be designed by the manufacturer. 

The re jec tor  may be e i the r  a radiantlconvector panel 
Design calculations must be performed t o  match 

An outdoor a i r  eoS1 i s  an 

_l_l Annual eneryy consumption __ 

The design calculations should provide an estimate o f  the amount o f  
e l e c t r i c i t y  t h a t  a system will consume annually i n  meeting the design- 
year space-heating, water-heating , a n d  space-cool ing demands of the 
building. The annual COP o f  the A C E S ,  defined as the r a t io  of  useful 
heating and  cooling delivered t o  the e lec t r ica l  energy consumed by the 
system, can then be calculated. 

The ACES design calculations should provide estimates o f  i n i t i a l  
costs ,  ins ta l led  cos ts ,  maintenance cos ts ,  and operating costs ,  which 
can then be compared t o  the economics o f  a l te rna t ive  HVAC systems. 
Present worth analysis i s  recommended for  coinputing a t o t a l  system cost ,  
i ncl ud i  ng annual expendi tures f o r  e9 ec t r i  ci ty  over a 20-year sys tem 
l i fe t ime,  because i t  f u r n i s h e s  a f a i r  basis f o r  comparing ACES with 
other sys tem.  
prices employed i n  the present worth analysis must be specified.  

The discount r a t e  and the escalation rate  o f  e l e c t r i c i t y  
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Several a1 ternative ,4CES designi, have bccn investigated and f o m d  

t o  be technically feasible .  ,4t the present time, howt iwr ,  i t  i s  n o t  
poss ib le  t o  detcmine +ich o f  t h e s e  dpsigns will prove to be t h e  most 
cconomical f o r  residential  applications. Possible variations in ACES 
design r a q e  f rom re1ative;y rnii-mr d i f f e r s - c e s  ici t h e  design a n d  con- 
s t ruct  i on  o f  coiiiponents , such as t i l e  i ce  b in ,  t h e  v:ar te-heat, r e j ec to r ,  
o r  t h e  arnbient-heat coT l ec to r ,  t o  more fundamental di Yfclrrcnces in the 
systeiri concept. Exambiles o f  t h e  l a t t e r  type o f  design variatioiis a rc :  
( 1 )  providing the h e a t  pump w i t h  a s p l i t  evaporator  t h a t  can extract  
heat  either From t h e  i ce  slorage b i n  o r  from the outside ambient a i r  
and ( 2 )  selectinq an ice-maker r a ths r  than a b r i n e - c h i l l e r  k a t  piimp as 
t he  energy-mover o f  tile systcm. 

only in an early stage o f  development and will no t  bc discussed further- 
here. 
problems and complicates others and S a i l s  t o  shon an economic advantage 
ova- the bsi ne-chi 11 er system. 

the need for  an i c e - b i n  heat exchanger.  he i c e  forms as water Flows 
down over the ice-maker p l a t e s  and i s  ha rves td  a t  in tprvsls  by p a r t i a l  
t h d w i n g ,  f a ; l i n g  dit-ectly in to  the  b i n .  Unfortunalely, the  flaky n a t w e  
o f  t he  sheet i ce  reduces the storagp-packing fraction so tha t  a larger b i n  
volume i s  required for  a g i v e n  thermal capacity [ refer  t o  Eq, ( Z - Z ) ] .  

I t  i s  s t i l l  uncertain vh~thcr the c o s t  savftngs obtained by eliminating t h e  
i c e - b i n  heat cxchanger will  co~npi.nsattt f o r  the increased cost  o f  the 
larger b i n .  

a1 tern;ltive method o f  transferring heat  trcm t h e  cncrgy col l ec to r  pane? t a  
the  i ce  b in .  In t h e  brine c h i l l e r  systesr,, t h f s  heat t ransfer  i s  acconi- 
p l  i shed by circeal a t i  ng b r i n e  betw~osr the col 1 e c t s r  panel and j cc-bin heat 
cxchanger. I f ,  instead, cold wster i s  c i r c u l a t d  between the ~,olTector 
panel atid t h e  storage b i n ,  the system mlrsl be besiyried t o  p r o t e c t  the  
col lector  pane? a y z i n s t  daoiaqc by frccring, 
f a (  the ccl lcxtor  pancl o f  ~n ice-maker ACES must be foolprnof; not a 

The s p l  i t - e v a p r c t n r  concept i s  s t i l l  

The s e l e c t i o n  o f  an ice-mker hea t  pump siiiiplifies some design 

The  primary advantage o f  an ice-rnakcr heat  pump i s  t h a t  i t  eliminates 
I 

Elimination of the i c e - b i n  hezt  exchanger requires the desigri o f  an 

P,ri automat ic  dra i l s .ou t  system 
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F i g .  z a 3 ,  Artist's cancept o f  an ice-maker ACES for residences. 
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3.  Energy delivery 
Indoor a i r  coil  
Fan coil  motor and a i r  c i rcu la tor  
Hot water storage t a n k  
Brine or watE'r pumps. 

2.3.2 Auxi 1 i ary componen t s  

All ACES designs s h o u l d  include a backup space-heating system Tor 
use during those years having colder t h a n  average weather. A simple 
method of p r o v i d i n g  backup hea t ing  capabili ty i s  t o  i n s t a l l  e l e c t r i c  
resistance heaters in the a i r  ducts of the building, 
have a heating capacity equal t o  the design-day heat loss o f  the building 
and should be thermostatically controlled and operable by a manual switch. 
Other auxiliary components of an ACES include the piping, valving, and 
wiring needed t o  connect the primary components o f  the  systerri, and such 
conventional HVAC system equipment as a i r  ducts, thermostats , etc.  

The heaters should 

2.4 System Layout and Operating Modes 

Layout and operation of a br ine-chi l ler  ACES are  discussed in t h i s  
section. 
for  transferring heat from the evaporator t o  c i r cu i t s  for  space heating, 
water heating, o r  for  disposal t o  the ambient a i r ;  ( 2 )  closed brine c i r -  
cu i t s ,  containing a solution o f  tnethanol i n  water, vhich thermally couple 
the low-temperature side of the refr igerant  c i r c u i t  t o  t h e  ice  b i n  and the 
high-temperature s ide o f  the c i r c u i t  t o  the heat dellvery systems; and 
( 3 )  an open fresh-water c i r c u i t  i n  which heat  i s  extracted from the ha t  
refr igerant  t o  produce ho t  water, By appropriate valving arrangements 
brine flow paths can be established, as needed, t o  yield:  
production, ( 2 )  space heating and water heiat.irig, (3)  night. waste-heat 
re ject ion,  ( 4 )  space cooling, and ( 5 )  environmental energy collection for  
melting excess ice ,  In  the f i r s t  three o f  these operating modes, the 
refr igerant  cycle t ransfers  heat froin a low-temperature source to  a 
higher temperature delivery p o i n t .  

Basically, the system includes ( 1 )  a closed refr igerant  c i r cu i t  

( 1 )  hot water 
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2.4.1 ..- Refrigerant c i r c u i t  _--- 
The refr igerant  c i r c u i t  o f  the ACES i s  o f  conventional design and i s  

made u p  o f  a compressor, an evaporator, a desuperheater, a condenser, 
a l iquid-refr igerant  subcooler. 

condenser serve to  t ransfer  themla1 energy between the refr igerant  and the 
intermedidte brine c i r c u i t s .  The function o f  the refr igerant  cycle i s  t o  
ex t rac t  heat from the low-temperature brine, which passes t h r o u g h  the 
ice-bin heat exchanger, and del iver  i t  t o  the high-temperature brine 
c i r c u i t  fo r  space or  water heating. Because the heat pump mechanical 
package will be factory assembled, the ACES designer i s  not required t o  be 

The evaporator, desuperheater, and 

iliar w i t h  the de t a i l s  o f  the refr igerant  cycle. A short ,  qua l i ta t ive  
escription of t h e  refr igerant  cycle i s  provided here f o r  the interested 

reader. 

ant  cycle 

The refr igerant  leaves the evaporator as a low-pressure, low- 
t ~ ~ ~ p e r ~ t ~ ~ r e  a saturat.ed vapor and f 1 ows through the 1 ;quid subcool e r ,  

temperature, s l i gh t ly  superheated vapor. I n  t h i s  form, the refr igerant  
then enters the compressor where i t  i s  cornpressed into a high-pressure, 
superheated gas. 

here i t  gives u p  heat t o  the fresh-water c i r c u i t  t o  
produce ho t  water, After l e  e desuperheater as a h ~ ~ ~ - ~ ~ ~ p e r ~ ~ ~ ~ r ~  
gas, t h e  r e f r  rant flows t he h o t  water and space-heating 
condensers an dves up a d d i t  ea t  t o  the  brine c i r c u i t .  

ere i t  absorbs heat from hot, l iquid refr igerant  t o  become a low- 

T h e  superheated gas leaves the compressor and enters 
e desuperheater 

The refr igerant  ernerges from the candenser as a igh-pressure, 
~ u ~ - t ~ ~ p ~ ~ a t u r e ~  saturated 7.8’ “cilen f l o w s  t ~ ~ o ~ g ~ ~  the 1 -i 

1 ow-temperature 
e r ,  As a subcooled l i q u i  rigerant f l o w s  through ara 

s t o  becesiilie a 1 ow-pressure 
s heat  from the  b r i ne  skl’rrau 

e m  tes t o  become a ~ ~ ~ ~ - ~ ~ ~ ~ ~ ~ ~ t ~ ~ ~  saturate  
t3ters t$E@ I i q U i d  S U b C O h a l e r  afld flCW% ?;he ~~R~~~~~~~~ 

to begin ;Inother cycle. ‘fbe net e f f e c t  o f  the  ref igerant cyc’de 7’s t h a t  

heat i 5 ~~~~~~~ froill title 1 ~~-~~~~~~~~~~~~~~~ lice h i  delivered, a% h-s’cghes- 
temp%rat,ures 1 eo be w e d  f a r  heat.-i ng I 
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2 4.2 Water heati tig . -. 

Operation of the AGES t o  provide space h e a t i n g  will a lso automatically 
produce hot water when needed. 
water, the system must a lso be capable o f  operating i n  a water-heating-only 
mode. Figure 2.5 i l l u s t r a t e s  operation i n  t h e  water-heating mode. The 
compressor-, the fresh-water c i r c u i t  puinp, and the cold brine pump, which 
circulates  brine t o  the evaporator, a r e  a l l  operaLing. The h o t  brine 
pump i s  o f f ,  s o  t h a t  the heating candenser i s  inactive.  The refr igerant  
cycle extracts  heat from the ice  b i n  via the cold brine c i r c u i t  m d  
delivers i t ,  a t  higher temperatures, t o  the de5uperheater and the  hot 
water condenser. There, heat i s  transferred t o  t h e  fresh-water c i r c u i t  t o  
provide hot water. 
mode of o p e r a t i o n  i s  stored t o  meet future space-cooling needs. 

lhwever, t o  supply summer demands f o r  h o t  

- Ihc i c e  t h a t  i s  generated as  a by-product d u r i n g  t h i s  

2 I) 4.3 Space heating ___ . and ..._ water heating 

The ACES mode of operation t o  meet space-heating and water-heating 
demands simultaneously i s  depicted i n  F i g .  2.6. Components i n  operation 
d u r i n g  th i s  mode are: t h e  cold brine, hot brine,  and fresh-water pumps; 
the a i r -co i l  fan motor ;  and  the compressor. The only i d l e  component i n  
the refr igerant  c i r c u i t  .is t h e  hot water condenser. Heat i s  extracted 
from the ice  b i n  by the evaporator and delivered, a t  higher temperatures, 
t o  the fresh-water c i r c u i t  f o r  water heating a n d  t o  the brine c i r c u i t  f o r  
space heating. The i ce  t h a t  is  Fou*med i n  t he  i ce  b i n  i s  saved for use 
i n  meetiriy future  space-cooling needs. 

2.4.4 - N i ~  -. h e a t  rejection 

Supplemental a i r  conditioning i n  t h e  summer i s  pvovided by r u n n i n g  the 
compressor a t  n i g h t  t o  extract  heat from the ice  b i n  ( F i g .  2 . 7 ) .  In t h i s  
manner, chi l led w a t c r  or i ce  can be produced i n  the i ce  b i n  a f t e r  the 
winter-formed ice  has  been exhausted. Depending upon the immediate need 
for  water heating, the heat extrzeted from t h e  i c e  b i n  i s  e i t h e r  delivered 
t o  the h o t  water c i r c u i t  o r  rejected to  t h e  outdoor  n i g h t  a i r  as m s t e  
heat. In F i g .  2 . 7 ,  the solarlzonvector panel serves d m l  %uncl ions as  
the environmental energy col lector  i n  the  w i n t w  and as the waste-heat 
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r e j e c t o r  i n  t h e  summer. However, use o f  an ou ts ide  a i r  c o i l  i s  genera l l y  
considered t h e  p r e f e r r e d  method o f  heat  r e j e c t i o n .  The n i g h t  heat  
r e j e c t i o n  mode requ i res  t h a t  t h e  compressor and a l l  b r i n e  and water pumps 
be i n  operat ion.  

2.4.5 Space c o o l i n g  

The s imp les t  pr imary mode o f  ACES opera t i on  i s  t h a t  o f  space coo l ing ,  
shown i n  F ig .  2.8. The b u i l d i n g  i s  prov ided w i t h  a i r  c o n d i t i o n i n g  by 
c i r c u l a t i n g  c h i l l e d  b r i n e  from t h e  i c e - b i n  heat  exchanger through the  
indoor  a i r  f an  c o i l .  
b r i n e  temperature and g radua l l y  me l t s  t h e  i c e  s t o r e d  i n  t h e  b i n .  The o n l y  
e l e c t r i c a l  components i n  ope ra t i on  du r ing  t h i s  mode are  the  a i r  c o i l  fan  
and t h e  c h i l l e d - b r i n e  pump. 

The heat e x t r a c t e d  f rom t h e  b u i l d i n g  e leva tes  t h e  

2.4.6 Environmental energy c o l l e c t i o n  

Dur ing t h e  w i n t e r  t h e  m e l t i n g  o f  excess i c e  i s  accomplished by 
c i r c u l a t i n g  b r i n e  f rom t h e  i c e - b i n  heat  exchanger through an outdoor 
ene rgy -co l l ec to r  panel. The c o l l e c t o r  panel c o l l e c t s  r a d i a n t  and convec- 
t i v e  energy f rom t h e  environment i f  the  ambient a i r  temperature exceeds 
32°F. 
as t h e  b r i n e  i s  r e c i r c u l a t e d  t o  t h e  i c e - b i n  heat  exchanger, causes some 
o f  t he  i c e  i n  the  b i n  t o  me l t .  
t he  h e a t - c o l l e c t i o n  mode o f  operat ion,  shown i n  F ig .  2.9, i s  t he  
c h i l l e d - b r i n e  pump. 

The heat  c o l l e c t e d  r a i s e s  the  b r i n e  temperature above 32°F and, 

The on ly  e l e c t r i c a l  component used du r ing  
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Fig. 2.9. Schematii: o f  dollector panel operation. 



3. THERMAL LOADS OF THE BUILDING 

The ACES i s  s i z e d  t o  supply  the  design h o u r l y  heat ing  l oad  o f  t he  
p a r t i c u l a r  b u i l d i n g  and t o  meet the  b u i l d i n g ' s  monthly demands f o r  space 
heat ing,  water heat ing,  and a i r  cond i t i on ing .  The thermal loads o f  t he  
b u i l d i n g  depend upon the  design and cons t ruc t i on  o f  the  b u i l d i n g ,  t he  
c l imate ,  and the  l i v i n g  h a b i t s  of t he  occupants. Because many va r iab les  
a f f e c t i n g  t h e  energy needs o f  t he  b u i l d i n g  are  unknown (e.g., l i f e - s t y l e  
o f  t h e  occupants, r a t e  o f  i n f i l t r a t i o n  
e t c . )  an accurate c a l c u l a t i o n  o f  month 
i s  d i f f i c u l t .  Indeed, t h e  c a l c u l a t i o n  
loads f o r  an ac tua l  b u i l d i n g  i s  an a r t  
experience, and good judgment. For t h  

o f  ou ts ide  a i r  i n t o  t h e  b u i l d i n g ,  
y heat ing  and coo l i ng  requirements 
o f  monthly heat ing  and c o o l i n g  
t h a t  requ i res  considerable s k i l l ,  
se reasons , emp i r i ca l  l y  determined 

space-heating and a i r - c o n d i t i o n i n g  loads, when ava i l ab le ,  a re  p re fe rab le  
t o  c a l c u l a t e d  thermal loads f o r  use i n  ACES design ana lys is .  

3.1 Design Hour ly  Loads 

3.1.1 Heat ing l oad  

Ca lcu la t i on  of t he  design h o u r l y  heat ing  l oad  o f  t he  b u i l d i n g  must 
precede s e l e c t i o n  of t he  capac i t y  r a t i n g  ( s i z e )  of t he  heat  pump. The 
design h o u r l y  load represents  t h e  r a t e  a t  which heat must be supp l ied  t o  
t h e  b u i l d i n g  t o  ma in ta in  a des i red  indoor  temperature on a co ld,  sunless 
w i n t e r  day. The des ign h o u r l y  heat ing  l oad  i s ,  there fore ,  equal t o  t h e  
r a t e  o f  heat l o s s  of t h e  b u i l d i n g  under design-day cond i t ions .  
design h o u r l y  heat ing  l oad  depends upon the  a i r t i g h t n e s s  o f  t h e  b u i l d i n g  
and upon the  amount of thermal i n s u l a t i o n  prov ided i n  i t s  exposed sur face 
(wa l ls ,  windows, f l oo rs ,  and c e i l i n g s ) .  
h o u r l y  heat ing  l oad  requ i res  d e t a i l e d  knowledge o f  t h e  cons t ruc t i on  o f  
t h e  b u i l d i n g  and t h e  design-day temperature o f  t he  p a r t i c u l a r  l o c a t i o n .  
The design h o u r l y  heat ing  load may be ca l cu la ted  us ing  any convent ional  
methodl o r  by us ing  work form 2 and t h e  accompanying i n s t r u c t i o n s  prov ided 
i n  Sect. 8. 

The 

Ca lcu la t i on  o f  t he  design 
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3.1.2 Cool ing l oad  

The design h o u r l y  c o o l i n g  l oad  i s  t he  r a t e  a t  which heat must be 
removed from t h e  b u i l d i n g  t o  ma in ta in  the  room a i r  temperature a t  a 
des i red  constant  va lue under summer design-day cond i t ions .  The coo l i ng  
load cons is t s  o f  sens ib le  heat gains r e s u l t i n g  from s o l a r  r a d i a t i o n ,  
i n t e r n a l  heat sources, a i r  i n f i l t r a t i o n ,  heat conduct ion i n t o  the  house 
through the  b u i l d i n g ' s  thermal envelope, and l a t e n t  heat gains r e s u l t i n g  
from increases i n  t h e  mois tu re  content  o f  t he  a i r  i n  the  b u i l d i n g .  

Normally, d e t a i l e d  c a l c u l a t i o n  o f  t he  design hour l y  c o o l i n g  l oad  i s  
no t  requ i red  i n  ACES design because the  heat pump t h a t  i s  se lec ted  t o  
supply t h e  design hour l y  heat ing  l oad  w i l l  a l s o  be capable o f  supply ing 
t h e  design h o u r l y  c o o l i n g  load. The design o f  rate-dependent coo l i ng  
components i n  an ACES mechanical package w i l l  be done by t h e  manufacturer.  
Only i n  t h e  case o f  summer load-management systems w i t h  i c e  storage ( n o t  
t r e a t e d  i n  t h i s  r e p o r t )  must a d d i t i o n a l  a t t e n t i o n  be d i r e c t e d  t o  the  
s e l e c t i o n  o f  a i r - c o i l  and hea t - t rans fe r  c a p a b i l i t y  and mechanical 
r e f r i g e r a t i o n  capaci ty.  

3.2 Design Monthly Loads 

The monthly demands o f  t h e  b u i l d i n g  f o r  space heat ing,  water heat ing,  
and space c o o l i n g  should be determined e m p i r i c a l l y ,  i f  poss ib le ,  us ing  
metered fuel-consumption data. I f  such data are unavai lab le,  t h e  b u i l d i n g  
loads should be est imated by the  best  c a l c u l a t i o n a l  method ava i l ab le .  
Computer programs t h a t  r e q u i r e  i n p u t  o f  h o u r l y  weather and d e t a i l e d  
b u i l d i n g  design data a re  genera l l y  t o o  t ime consuming and t o o  expensive 
f o r  use i n  c a l c u l a t i n g  monthly thermal loads o f  residences. 
a l t e r n a t i v e ,  t h i s  r e p o r t  descr ibes a technique f o r  i n t e r p o l a t i n g  between 
t h e  thermal loads ca l cu la ted  f o r  a se t  o f  re ference houses us ing  tempera- 
t u r e  b ins  and average s o l a r  da ta .2*3  
descr ibed i n  Sect. 8.3, i s  considered s u f f i c i e n t l y  accurate f o r  e s t i -  
mat ing the  monthly thermal loads o f  a b u i l d i n g  t h a t  are needed i n  ACES 
design analys is .  
m ina t ion  i s  descr ibed i n  the  Appendix. Tabulat ions o f  monthly loads 

As an 

This  i n t e r p o l a t i o n  technique, 

The bas is  o f  t h e  temperature-bin method o f  load  de ter -  
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computed by t h i s  method for the f o u r  reference i-rouses in each o f  the 
111 c i t i e s  are provided i r i  the Appendix, also.  

3.2.1 Space-heati .__--- rig ~ 1 oads 

The monthly space-heating demands of a building may be obtained from 
empirical d a t a ,  calculated by compinter loads programs , or estinliated by 
'the interpolation technique described i n  Sect. 8.3. Regardless of the 
method used, t h e  AGES designer should inspect carefully the estimated 
monthly heating loads t o  j u d g e  whether they are  r e a l i s t i c .  
estimated loads a re  judged t o  be r e a l i s t i c ,  the ACES designer may a d j u s t  
the heating-load estimates t o  make -them more representative o f  an average 
weather year or  t o  take  into account differences in l i f e - s ty l e s  o f  

prospective occupants of the hui lding. 'The ACES design procedures 
described in Sect.  8 wi l l  enable builders t o  design t h e  system t u  deliver 
whatever monthly heating loads a re  selected. 

Even .if the 

Empirical monthly _.... h e a t i n g  ._ I.- loads 

Monthly heating 1 oads i nferred from etnpi r i  cal d a t a  are preferable t o  
calculated loads because they incorporate actual occupant l i f e - s ty l e s  and 
"as bui l t "  p r o p e p t i e s  o f  the house. Al though actual inmsurenient o f  the 
monthly tieating loads o f  a residence i s  impractical, these loads may be 
estimated from fuel-consumption data. 
bujlding fo r  which a r e t r o f i t  ACES i s  being considesed has kept yearly 
records o f  monthly fuel consumption by the present heating plant ,  t h e  

monthly heating needs o f  t h e  building can be estimated i l s ing  a kno.r\ln (or 
dssramed) efficiency v a l u e  o f  the heating plant.  f o r  new houses in which 
fuel-consnniiiption da ta  are  lacking, heat ing  loads can be inferred from f u e l -  
consumption data o f  similar  houses t h a t  have beerr bu i l t  locally. 

For example, i F  the owner o f  a 

Loads computer .._. . programs 

In S O I ~  instances i t  may be necessary t o  calculate the  rnorithly 
space-heatiny demands o f  a residence by using a computer pragrarri. 

use of a loads computer program, such as t.he one described hy Kusuda4 f o r  
The 
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estimating monthly heating loads, may be advisable if the planned building 
has unusual design features. 
computer program include: 
building site, (2) an unusually large south-facing glass exposure, ( 3 )  a 
house location partly or completely underground, (4) an exceptional amount 
o f  thermal insulation, or (5) use of an air infiltration control system. 
In such cases all internal and external heat gains must  be calculated 
and explicitly taken into account in estimating the monthly heating loads. 
This complex task is best performed by using a tested, coniprehensive 
loads computer program. 

Features that would require the use of a 
(1 ) an except! onal ly she1 tered or exposed 

____I_ Heating-loads interpolation 

Table B.2 of the Appendix lists the monthly space-heating loads of 
four reference houses in each of 111 geographical locations across the 
United States. These values were calculated by the temperature bin 
method. A description of the reference houses in each geographical 
location is given in Table A.2 of the Appendix. An ACES designer, lacking 
both empirical data for estimating the monthly heating loads o f  a particu- 
lar building and access to computer facilities, may estimate monthly 
demands for space-heating by using the interpolation technique described 
in Sect. 8 o f  this report. Section 8 also provides a sample work form 3 
for recording the estimated monthly space-heating loads (obtained by any 
o f  the above methods) and discusses considerations for modifying them t o  
obtain the final space-heating loads t o  be used in the ACES design. 

3.2.2 zace-cooling loads 

The monthly space-cooling loads o f  a building depend upon numerous 
variables that change in time and in phase with respect to one another. 
These cooling-load variables include: solar heat gains, internal heat 
sources, air infiltration rates, shell losses or gains by conduction, and 
air huinidity ratios inside and outside the building. 
interaction o f  these variables makes the coinputation of monthly cooling 

The complex 
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loads very d i f f i c u l t .  
accurate estimates because many o f  the variables affecting monthly cooling 
loads are e i t h e r  poorly defined or d i f f i c u l t  t o  quantify. 
possible,  the monthly cooling loads should be inferred from the monthly 
power-consumption data f o r  air-conditioning the building, o r  s imilar  
b u i l d i n g s  i n  the loca l i t y .  

I f  empirical data an the monthly space-cooling needs o f  a par t icular  
building a re  lacking and access t o  computer f a c i l i t i e s  i s  not avai lable ,  
the ACES designer niay e l e c t  t o  estimate space-cooling demands u s i n g  the 
interpolation technique described i n  Sect. 8. I f  th is  method i s  used, the 
designer should fu r the r  determine whether the r e su l t s  should be modified t o  
take factors  i n t o  account t h a t  could a f f ec t  the space-cooling loads. These 
factors  include: an unusual type of house construction, s i t e  pecu l i a r i t i e s ,  
orientation of the building, and l i f e - s ty l e  of the occupants. Regardless 
o f  the estimation method used, the monthly space-cooling loads should be 
recorded i n  work form 3 and careful ly  evaluated as t o  whether they represent 
average-year weather conditions arid are reasonable w i t h  respect t o  local 
air-cnnditioning experience. T h e  monthly space-cooling loads f i n a l l y  
selected i n  work form 3 w i l l  be used i n  the ACES design analysis.  

Even the use of large computers does not ensure 

Whenever 

3.2.3 Water heating-loads -i_ II__ 

The monthly quantity of heat required f o r  the production of domestic 
hot w a t e r  i s  expressed as: 

where the constant 0.348 i s  a factor  f o r  converting gallons of hot water 
per day t o  B t u / h / ' F ,  and 

qHW(m) = heat required f o r  hot water production i n  m o n t h  m ,  B t u ;  
L = standby heat loss from the hot water storage tank, Btu/h;  
G = hot water consumption r a t e ,  gal/d; 

THW = hot water storage temperature, O F ;  

TCW = cold water i n l e t  temperature, OF; 

h ( m )  = number o f  hours i n  month m y  h. 
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The hot water storage temperature for the ACES i s  120°F and the 
cold water i n l e t  temperature i s  assumed t o  be the average monthly ground 
temperature a t  a depth ,just below the f ros t  l ine .  
ground temperat-.ures as  a function o f  deplh, time o f  year,  and yeoqraphical 
location i s  described in Sect. 3 . 3 , )  The standby heat loss from a. typical 
residential  ho t  water t a n k  i s  assumed t o  be 150 Btu/h. The consumption 
o f  h o t  water varies with l i f e - s t y l e ,  b u t  f o r  most families i s  equal t o  
a b o u t  20 gpd f o r  an adult ar id 15 gpd fo r  a child.  

The monthly water-heating loads f o r  a typical family of four,  two 
a d u l t s  and  two chtldren, have been calculated using F q -  (3.1) and the  
parameters given. These monthly water-heating loads are l i s t ed  in 
Table E.? for  the various geographica l  locations o f  the reference houses. 
The l i s t ed  water-heating loads may be used di rec t ly  o r  they may be 
adjusted f o r  h o t  water consumption r a t e ,  G ,  i f  desired, 
wPLter-heatiny loads f i n a l l y  selected and recorded in work farm 3 (Sect. 8)  
will  farin tt4c basis o f  t h e  ACES design. 

( A  rriethod for  estimating 

The monthly 

3.3 Calculation of Ground Temperatures 

In designing an ACES, t k  a b i l i t y  t o  estimate g round  tmperatures as 
a function o f  depth and time o f  year for  various locations i s  important.. 
Know1 edge o f  t he  ground temperature i s  requi red f o r  cal cul a t i  ng t h e  space- 
heating and -cooling loads o f  the building ( f l o o r  heat flows),  f a r  
estimating the i n l e t  water temperature t o  the hat-water storage t ank ,  
and fo r  determining the ice-bin heat leakage coeff ic ients ,  
ground temperaturais a t  a specif ic  s i t e  can be obtained only by di rec t  
measurements because o f  the influence of local weather conditions, 
groundwater flows, earth surface conditions, and so i l  properties. Never- 
theless,  estimation of expected average ground temperatures for  broad 
regions a f  the country i s  useful. 

based on relationships of earth temperature osc i l la t ions  and so i l  thermal- 
d i f fus iv i ty  t h a t  were or iginal ly  developed by Lord Kelvin in 1811. 
Recently, Kusuda and Achenbach5 have shown t h a t  s t a t i s t i c a l  da ta  on 
annual temper-ature cycles of outdoor a i r  can be used in the Kelvin 

In general, 

The method a f  estimating earth temperatures used in t h i s  report i s  
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relationship t o  predict ground temperatures with reasonable accuracy. 
The s t a t i s t i c a l  parameters required fo r  estimating so i l  temperatures a t  
a given location are:  annual average a i r  temperature, amplitude o f  the 
annual cycle of monthly average outdoor a i r  temperatures, and phase angle 
o f  the earth temperature cycle, In  t h i s  report ,  these parameters, denoted 
by ,40, Bo, and Po,  respectively,  are derived from the outdoor  a i r  tempera- 
ture bin d a t a 7  and  are l i s t e d  i n  Table 8.2 of the Appendix. 

tures  at. various depths and  a t  various times of the year are  calcirlated 
by the expression: 

. 
Using these annual temperature-cycle parameters, the ground tempera- 

where 

T G ( t , x )  = ground temperature a t  time t and depth x, O F ;  

x : downward distance from the e a r t h ' s  surface, f t ;  
t = elapsed time From January 1 ,  h ;  
T = period o f  the  tenaperature cycle, equal t o  8166 h ;  
D = theniial ciiffusivity of tht? so i l  o r  ear th ,  f t 2 / h .  

T h e  thermal d i f fus iv i ty  o f  so i l  ( D )  depends upon so i l  composition and 
moisture content. Average values of D, i n  f t 2 / h ,  t h a t  may be used i n  
Eq. (3 .2)  fo r  calculating ground temperatures a re :  
0.025 for- average s o i l s ,  and 0.058 f o r  wet so i l s .  

0.010 f o r  dry s o i l s ,  

3.4 Bin t-teat-Leakage Coefficients 

Ice bin heat-leakage coeff ic ients  are calculated by assuming t h a t  
the thermal driving force for  heat flow across the walls of the bin i s  t h e  
difference between t h e  temperature calculated for  so i l  and t h e  32'F 
i n t e r io r  o f  the ice storage bin. 
t xde  o f  heat flow t o  the bin i s  limited primarily by the level o f  bin 
insulation. 'The heat-leakage coeff ic ients  ( M B t u / f t 2 )  are  then expressed 
by : 

This assumption implies t h a t  the rnagni- 
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and 

Here, 

TB(m) = monthly heat flmd through the t o p  and bottom o f  the 

SD(m) = monthly heat flow t h r o u g h  the sides o f  the ice  bin, 

= time elapsed from January l t o  the end o f  each 

ice  b i  n , M B t u / f t 2 ;  

B t u / f t Z ;  

month, h ;  
ym 

H ( m )  = t o t a l  number of hours in inanth m; 
R = thermal res is tance o f  the insulated bin surfaces; 

XT ’  XB’ and xs = depths  in to  the ear th  o f  the midpo in t s  o f  the b i n  
top, bottom, and sides respectively.  

The defini t ions o f  W(m) and SD(m) show tha t  a posit ive value for  the 
coeff ic ient  denotes heat flow from the ground into the storage b i n ,  
whereas a negative value denotes heat f l o w  o u t  of the storage b-in. 
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EN7 SELECTION AND DESIGN 

This section describes theoretical  considerations for- determining 
the s izes  o f  ACES components t o  supply the given s e t  o f  monthly thermal 
loads t h a t  have been chosen for  a building, using the methods described 
in the pr-eceding section. 
any s e t  a f  monthly thermal loads, i t  i s  important t o  estimate reasonable 
loads fo r  the building t o  ensure tha t  the capacity o f  the system i s  neither 
aver- nor under-rated.  

able t o  deliver heat a t  a s ta ted maximum ra t e  o f  output and ( 2 )  the system 
must be ab le  t o  deliver the design monthly energy needs o f  the building 
while sat isfying energy balances on the ice  bin d u r i n g  both the ice 
phase and the suppleinental phase o f  the annual cycle, 
i s  s e t  by the design hourly heat loss f rom the building, which determines 
the capacity o f  the heat pump t h a t  must be selected and the required 
surface area o f  the ice-bin heat exchanger. The second cr i te r ion  s t ipu -  
la tes  t h a t  some ambient heat must be delivered t o  the ice bin from 
atmospheric or ground heat sources and/or t h a t  some heat niwst be removed 
from the ice  bin by operation o f  the heat  pump d u r i n g  the summertime. 

Because the ACES can be designed t o  supply 

The principal design c r i t e r i a  of a n  ACES are  ( 1 )  the system must be 

The f i r s t  c r i te r ion  

4.1 Heat Pump Mechanical Package 

In this report we assume t h a t  the market for resident ia l  ACES 
applications i n  the United States  will develop and that  hea t  pump mechani- 
cal packages, designed and assenibled a t  the factory, will become comiiier- 
c i a l ly  available as a r e su l t .  The ACES designer will be able t o  s e l e c t ,  
from among models manufactured, a package t h a t  will meet the par t icular  
needs o f  his ACES. Table 4.1 l i s t s  capacity ratings a n d  operating 
characteri s t i  cs for  four heat pump mechanical packages t h a t  represent 
the types o f  high-performance heat pumps t h a t  could be bu i l t  today w i t h  
existing technology. 
specifications provided by manufacturersg to  design an ACES for  a 
single-family residence i s  described in the following sections.  

The use o f  Table 4.1, or  s imilar  l i s t i ngs  o f  

47 



48 

Table 4.1. Example l i s t i n g  of the capacity ratings o f  heat  
pimp mechanical packages 

Model number HP 1 HP 2 HP 3 H Y  4 
.. ... __....... ~ ._.._.l.s-_ -.-.̂ -.____F--xI- ___II__.. 

Heat pump 
Heati ng mode operat i ona 

Heati ng o u t p u t . ,  Rtu/h 
Compressor e l ec t r i ca l  draw, kW 
Compressor-only heating COP 
Evaporator ra t ing,  B t u / h  
Compressor-only coal i n g  COP 
Desuperheater rating a t  120"F, B t u / h  
Water side pressure drop, psi 
Evaporator brine flow, gpm 
Hot brine flow, gpm 
Domestic hot water flow, gpm 

Cool i ng mode operati onb 
Evaporator cooling rat ing,  B t u / h  
Compressor-only cooling COP 
Maximum heat-rejection r a t e ,  Rtu/h 
Compressor e l e c t r i c a l  draw, kW 

Associated components 
Indoor a i r  co i l  

Cooling capacity a t  32°F b i n ,  B t u / h  
Cooling capacity a t  45°F b i n ,  B t u / h  
Water side pressure d r o p ,  psi 
A i r  s ide pressure drop,  i n .  H,0 
Fan e l ec t r i ca l  draw, klrJ 

Maximum heat re ject ion r a t e ,  B t u / h  
Fan e l ec t r i ca l  draw, kW 
Water side pressure drop, psi 

Hot brine pump, kW 
Cold brine pump, kW 
Hot water pump, kW 

011 tdoor a i  r coi 1 

Pumps 

30 , 000 
2,931 
3.0 
21,180 
2.12 
6,000 
2.0 
11 
16 
6 

45,000 
4.548 
2.9 
31,150 
2.01 
9,000 
2.0 
15 
23 
9 

60,600 
6.280 
2.8 
41,250 
1.95 
12,000 
2.a 
21 
31 
12 

75,000 
7.327 
3.0 
50,800 

15,000 
2.0 
26 
38 
15 

2 . ~ 3  

23,950 36,000 48,800 60,550 
2 -40  2.55 2.33 2.45 
32,800 513 780 67 558 84,800 
2 * 9 2  4.23 6.14 7.24 

31,500 47,300 63,000 71,100 
22,621 33,900 45,195 51,000 
1 .o 1 .0 1 .Q 1 .Q 
0.2 0.2 0.2 0.2 
0.53 0.79 1.06 1.32 

32,800 50 9 780 67 9 556 84 ,800 
0.38 0.58 0.76 0.96 
1.0 1 .o 1 .o 1 .Q 

0.22 0.33 0.44 0.55 
0.16 O,24 0.32 0,40 
0.09 0*13  0.18 0.22 

- ._..._- .---.1.1_ ___..__._I 

100°F average ho t  brine temperature and 15°F average evaporator brine a 

temperature. 
bl 20°F average heat rejection brine temperature and  40°F average 

evaporator b r i n e  temperature rated a t  95°F outdoor a i r  temperature. 
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The heat pump model selected fo r  a par t icu lar  ACES application must 
have a heat o u t p u t  ra t ing su f f i c i en t  t o  supply the design hourly heat 
load of the building. 
load of a building i s  detai led in Sect. 8 . )  The select ion o f  a hea t  pump 
model with a capacity exactly matching the design hourly heat load o f  the 
building i s  generally not possible bect~use the available heat pump tnodels 
( i . e e ,  heating capacity s i zes )  wil l  be limited. Instead, a model must be 
selected t h e  heating capacity of which exceeds, as l i t t l e  as possible, 
t h e  estimated design hourly heat load o f  the building. 

load of 40,000 Btu/h, use of Tab le  4.1 indicates  t ha t  model HP-2 should 
be selected as the heat pump mechanical package because the  hea t  o u t p u t  
ra t ing  of model HP-1,  30,000 B t u / h ,  would be t o o  small. Table 4.1 a l so  
l i s t s  the compressor-only heating COP f o r  mode? HP-2 as 2.9. Note t h a t  
“chis value applies only t o  the  ea t  i m p  un i t ,  n o t  t o  the system as a 
whole. I f  model HP-2 i s  applied in an ACES, t h e  heating COP of t he  sys tem 

will  be lower than 2.9 because o f  the additional power re 
auxi 1 i ary components of the sys tem. 

( A  rncthod f o r  estimating the design hourly heat 

For example, i f  the building has a calculated des-ign hourly heating 

4.2 Ice Storage Bin 

The volume o f  the ice  bin can be selected t o  y ie ld  a miniiiiuin, p a r t i a l ,  
o r  full ACES with respect t o  the amount o f  interseasonal energy t ransfer  
t h a t  i s  t o  be achieved.. The smallest energy storage tank fo r  a res ident ia l  
ACES s h o u l d  have a thermal storage capaci t.y suf f ic ien t  fo r  operation under 
adverse weather conditions tha t  will  ~ r e c l u d e  the  use of the  so la r  collec- 
t o r  panel For a period o f  a t  l e a s t  two weeks d u r i n g  the peak heating 
season. 
of  heating capabi l i ty  t h a t  could r e s u l t  f r o m  f luctuat ions in the availa- 
b i l i t y  o f  SCJlar and ambient-air heat d u r i n g  the c r i t i c a l  cold months 
of the year. 

An i ce  bin f o r  a Tiill ACES must be large enough t o  s to re  a l l  o f  the  
ice  produced during the heat ing  season or the  amount a f  ice  neede 
s~iiimer a i r  conditioning, whichever i s  smaller, 
f o r  a pa r t i a l  ACES can be an 

Phis rndrgin of thermal capacity pro tec ts  the system against  loss 

The volume of an ice bin 
here within the range o f  t h a t  f o r  m in i  



and f u l l  ACES. 
a d d i t i o n a l  requirements must be taken i n t o  account t o  determine .the 
i n t e r i o r  dimensions o f  the b i n .  
b i n  space for  f reeboard access and i c e - b a l l a s t  weights and cross s e c t i o n a l  
b i n  dimensions j u s t  large enough t o  accommodate the i c e - b i n  heat exchanger 
w i t h o u t  wastage o f  b i n  volume. 

A f t e r  t h e  a c t i v e  storage volume o f  t h e  b i n  i s  selected, 

These inc lude  p r o v i s i o n  f o r  a d d i t i o n a l  

4.2.1 __.- Minimum-ACES b i n  ---I 

Based upon the  above considerat ions,  t he  thermal capac i t y  o f  t he  i c e  
b i n  for  a minimum ACES i s  

where 

TCAQ = thermal storage capac i t y  o f  t h e  minimum-ACES i c e  b i n ,  
MBtu; 

q,(l) = space-heating demand o f  t he  b u i l d i n g  du r ing  January, PlBtu; 
q H w ( l )  = heat requ i red  f o r  h o t  water production du r ing  January, 

MBtu; 

t he  i c e  phase o f  t h e  annual cyc le ,  as de f i ned  by Eq. ( 2 - 4 ) .  
aI(H) = b i n  t r a n s f e r  c o e f f i c i e n t  f o r  heat i r ig  mode operat ion d u r i n g  

The r e q u i r e d  wetted volume o f  t he  i c e  b i n  ( f t3) f o r  a minimum ACES, 
exc lus i ve  o f  b i n  volume f o r  f reeboard access and i c e - b a l l a s t  weights, can 
be c a l c u l a t e d  by s u b s t i t u t i n g  t he  l a t e n t  heat-storage capac i t y  g iven by 
Eq. (4.1) i n t o  the  expression 

= TCAP/8.208 PF , "MIN (4.2) 

where the  v a r i a b l e  PF i s  t h e  packing f r a c t i o n  o f  t he  s to red  i c e .  
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4.2.2 F u l l  ACES b i n  

I n  c l  imatcs where t h e  annual hea t ing  demand o f  b u i l d i n g s  g r e a t l y  

In these cases, 
exceeds t h e  annual c o o l i n g  demand, more i c e  i s  produced du r ing  the heat ing 
season than i s  r e q u i r e d  f o r  sumiiier a i r  cond i t i on ing .  
ambient energy (QcoL) must be c o l l e c t e d  du r ing  the  hea t ing  season t o  m e l t  
t h e  excess ice .  
o f  i c e  formed du r ing  t h e  hea t ing  season i s  i n s u f f i c i e n t  t o  meet the  summer 
c o o l i n g  requirements o f  t h e  b u i l d i n g .  Here, supplemental a i r  c o n d i t i o n i n g  
(Qs,) must be prov ided by opera t i ng  the heat pump on summer n i g h t s  t o  
produce c h i l l e d  water o r  i ce .  Thus, t o  p rov ide  maximum interseasonal  
energy t r a n s f e r g  the se lec ted  s i z e  o f  t he  full-ACES i c e  b i n  i s  such t h a t  
e i t h e r  QGOL o r  QSc goes t o  zero under design-year weather cond i t i ons .  
t h e  b i n  i s  smal ler  t.han t h a t  needed for a f u l l  ACES, t he  system m i s t  
p rov ide  both heat c o l l e c t i o n  i n  the  w i n t e r  and supplemental c o o l i n g  i n  the  
s umme r . 

I n  c l ima tes  where c o o l i n g  needs predominate, the amount 

If 

The i c e  b i n  volume r e q u i r e d  f o r  a f u l l  ACES i s  c a l c u l a t e d  by an 

The est imated b i n  volume i s  
i t e r a t i v e  process beginning w i t h  a f i r s t  est i i i iate of the  i c e  b i n  volume 
obta ined from Table 13.2 o f  t h e  Appendix. 

success ive ly  r e f i n e d  by us ing  work form 5 and work form 6 (Sect.  8.3) t o  
c a l c u l a t e  the  values of QCOL and Q,, t h a t  correspond t o  each assumed b i n  
volume. 
volume must be increased and these va r iab les  reca lcu la ted .  The b i n  volume 
t h a t  causes e i t h e r  Q,,, o r  Q,, t o  go t o  zero i s ,  by d e f i n i t i o n ,  t he  f u l l  
ACES b i n  s i ze .  A few i t e r a t i o n s  a re  s u f f i c i e n t  f o r  c a l c u l a t i n g  the f u l l  
ACES b i n  s i z e  because the camputed b i n  volume w i l l  maximize the i n t e r -  
seasonal energy t r a n s f e r  of t he  system o n l y  f o r  design-year weather 
condi t ions.  Deviat ions from standard weather year  cond i t i ons  w i l l  a l t e r  
t h e  amount of in terseasonal  energy t r a n s f e r  t h a t  can be achieved by the  
sys tern. 

If both Q,,, and Q,, i n i t i a l l y  have p o s i t i v e  values, t h e  b i n  
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4.3 I c e - B i n  Heat Exchanger 

4 . 3 - 1  ---.- D e s c a t i o n  ______-__ and design -.-- ~ .....-...._ c r i t e r i a  ~ 

The i ce-bin hea t  exchanger consists of para1 le1 interconnected 
lengths o f  tubing arranged horizontally i n  a square l a t t i c e  within the 
ice  b i n  and connected t o  t h e  shell  o f  the heat pump evaporator t o  form 
a f l o w  p a t h  through i t .  
the h e a t  exchanger t o  carry heat from the water i n  the b i n  t o  the 
evaporator. 
t o  an average temperature t.hat can range f rom 15 t o  28°F. 

compatible with the brine-and-=water environment and possesses suff ic ient  
t ens i l e  strength t.o support the ice  log tha t  farins arclund i t .  
materials sui table  f o r  this purpose include polyethylene, copper, PVC- 
p l a s t i c ,  and s t e e l .  
materials because of i t s  l o w  cost .  Rigid p l a s t i c  t u b i n g  w i t h  an outer 
diameter o f  7 i n .  and an inner diameter of 0.85 i n .  can be used t o  
provide the heat t ransfer  area,  i n  which case s t ructural  supports must 
be instal led i n  the ice  b in  a t  70-in. intervals  or l e s s ,  t o  maintain the 
l a t t i c e  position o f  the tubes and  t o  prevent t h e i r  rupture in the  event 
o f  ice-log fracture. 

t ha t  i t  must be ab le  a t  a l l  times t o  del iver  heat t o  the evaporator a t  a 
r a t e  t h a t  allows the  heat pump t o  operate a t  i t s  design heat output and 
evaporator temperature. The design heat f l a w  raking 0.f the evaporator can 
be obtained from l i s t i n g s  o f  perforrnance data f o r  spec i f i c  heat pump units 
provided by the manufacturer. 
model HP-2, l i s t e d  i n  Table 4.1, i s  31,150 Btu/h. Secondary design 
c r i t e r i a  f o r  the ice-bin heat @xcha.wger r e l a t e  t o  the  establishment o f  
desirable brine flow character is t ics  w i t h i n  the t u b i n g ,  Parallel  flow 
p a t h s  inay be required i n  the ice-bin brine c i r c u i t  so tha t  reasonable 
r a t e s  of brine f l o w  in the evaporator shell  can be obtained w i t h  a 
reasonable pumpi t q  power. 

A low-freezing-point b r i n e  i s  circulated through 

The evaporator extracts  heat .from .the brine, cool i n g  i t  

The heat-exchanger t u b i n g  can be constructed o f  any material t ha t  i s  

Common 

Plas t ic  tub i r ig  i s  t h e  most a t t r a c t i v e  of these 

The principal des ign  requi rement o f  the i ce-bi n heat exchanger- i s 

For example, the evaporator rating for 



4.3.2 Total t u b i n g  -__. .- _length 

The r a t e  of heat extraction frsni the ice  b i n  depends upon the t o t a l  
length of act ive t u b i n g  provided i n  the heat exchanger and the diameter 
o f  t h e  i ce  log t h a t  has  formed around i t .  
have a t o t a l  length of t u b i n g  t h a t  will  enable i t  t o  del iver  the design 
heat ra t ing o f  the heat  pump evaporator, HEV, even when the ice  logs 
h a w  reached t h e i r  maximum diameter. I f  the heat exchanger consists of 
a number of horizontal tubes, spaced D f t  apart  i n  a square lattice and 
connected by r i s e r s  t o  form a serpentine configuration, the maximum 
a t ta inable  diameter of the i ce  logs i s  equal t o  t he  l a t t i c e  spacing, 
hea t  extraction r a t e  obtdinable by th i s  system can be analyzed on t h e  
basis of radial  heat conduction through hollow c i r cu la r  cylinders w i t h  
convection a t  t he  outer surface. 

The b i n  heat exchanger must 

The 

T h e  physical system in cross section and the thermal-circuit diagram 
a r e  shown i n  F ig .  4.1; the k a t  flow i s  assumed t o  be  i n  a radial  direction 
and the thermal resistance of the inner f l u i d  film is  assurried t o  be 
negligible. The inner and outer diameters of the cylinder a re  d and D, 
respectively; h i s  the heat t ransfer  coeff ic ient  a t  the water-ta-ice 
interface.  The r a t e  a t  which heat i s  extracted from the water (iBtu/h), 
a l s o  equal t o  the design heat rating o f  the evaporator, is  expressed by 

Z~ka(32 - TB) - - I_.- %/ ln(D/d) I- 2k/hD * (4.4) 

Mere , 
HE" = r a t e  o f  heat extractian from the b in ,  B t u / h ,  a l s o  equal %a t h e  

k = tkiermill conductivity o f  the i c e  and p l a s t i c  tube ,  
evaporator design heat ra t ing;  

1.33 Rtu/h/ft/ 'F; 
R = t o t a l  act ive length of ice-bin heat exchanger t u b i n g ,  ft; 
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TUBE AND ICE TO WATER 
ICE WALL INTERFACE 

Heat conduction i n  i c e - b i n  heat  exchanger w i t h  outer Fig.  4.1. 
sur face convection boundary. 
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TB =: average temperahre s f  brine i n  the evapora tor  s h e l l ,  O F ;  

d = i n n e r  diameter o f  heat-exchanger tub ing,  0.85/12 f t ;  

D = trslaximun ice  log diameter; a lso  the l a t t i c e  spac ing ,  ft; 
h 2 2  convec t ive  heat  t r a n s f e r  coeff ic ient  a t  water-to-ice i n t e r f a c e ,  

15 Btu/h/ft2/"F; 

AI OUter S U i " f d C e  dWi9 Sf i c e  log, . i t ok ,  ft'. 

Equat ion (4.4) can be used t o  determine t h e  t o t a l  length o f  tubing, 

R ,  t h a t  must be ins ta l led  i n  t h e  i c e  b in ,  a t  a square lattice p i t c h  o f  

D inches9 t o  ensure t h a t  the heat  exchanger can deliver a t  a l l  times the 
heat flow rating af the evaporator when i t  i s  aperating a t  i t s  design 
po in t .  However, a more useful expression for design calculations can be 
obtained by expressing 9, i n  terns o f  the ice  bin volurne (f t3), V :  

D i v i d i n g  Eq. (4 .4)  by Eq. (4 .5)  gives, i n  6 t u / f t 3 :  

?he r a t i o  HEv/V represents the  extrinetian rate dens i ty ,  ERD, o r  the  heat  
extraction ra te  per w i n i t  volume o f  i c e  bin. These values are plotted in 
F i g .  4.2 and can be used i n  a cca venierat three-step procedure t o  
deternine the t o t a l  length of heat-exchanger tubing required: 

1.  Calculate the extraction rate dens i t y  (Btu/h/f t3)  f o r  the ACES 
according t o  the expression, 

where 'd i s  t he  wet ted volume af the i c e  b in ,  f t 3>  and. HEL is  khe 
design heat  f l o  
From F ig .  4.2,  detc i n e  the  l a t t i c e  spacing D t h a t  i s  required t o  
yield t h i s  e x t r a c t i o n  rate density. 

rating af the heat pump evapnratar, Btu/Sr. 

2. 
Note khat the  units  o f  I), 
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obtained from Fig. 4.2, are in inches. Convert the value of D t o  
units in f ee t  by dividing by 12. 

3. Calculate the required to t a l  length of tubing in the ice bin ( f t )  
by the expression 

The selection o f  a brine temperature, TB,  i n  s tep 2 o f  the above 
procedure depends upon the objectives o f  the ACES designer. 
res ident ia l  ACES i s  t o  have maximum energy conservation potent ia l ,  the 
value TB := 28'F should be used in the analysis.  A heat exchanger having 
a shorter  length o f  tubing t h a n  i s  obtained by using a brine temperature 
o f  28°F will require a lower refr igerant  evaporation temperature t o  deliver 
the heating demand of the building. This will r e su l t  in a lower COP fo r  
the system and, consequently, a higher power consumption. 
the dol lar  savings obtained by using the smaller heat exchanger will 
outweigh the increased power costs depends upon the local ra te  fo r  
e l ec t r i ca l  power. Table 4.2 shows cost-optimized values o f  TB, as a 
function of local power costs, tha t  a re  recommended fo r  use i n  ice-bin 
heat exchanger design calculations.  

I f  the 

Whether or not  

Table 4.2. Cost-optimized brine temperatures 
f o r  heat-exchanger design calculations" 

Average brine temperature, TB 
( "F)  

4 
7 

10 
above 10 

15 
18 
21 
28 

Assumes t u b i n g  cost  of $1 (I 50/f t  and a 20-year a 

amortization time. 
1978 dol la rs .  



4 , 3 . 3  - Para l l e l  ... .. ... .- f l o w  c i r cu i t  _--- d s s i p -  

A secondary objective o f  ice-bin heat exchanger design i s  t o  determine 
the arrangement o f  the heat-exchanger tubing within the ice bin t h a t  will 
produce an adequate brine flow rate  in the tubes, a t  a: reasonable pumping 
power. Turbulent f l o w  i s  preferred because i t  enhances the heat-transfer 
film coeff ic ient  betweeri the  b r i n e  and the tube wall. The heat-exchanger 
tubing can be arranged ei ther  a s  a s ingle ,  long serpentine configuration, 
F i g .  4 .3 (a ) ,  o r  i t  can b~ divided into a number o f  parallel  branches, 
F i g .  4 . 3 ( b ) .  

In  F i g ,  4.3(b), the t o t a l  length o f  heat-t=xchanger tubinq, R, i s  
considerwl t o  be dP’vided i n t o  N branches o f  length, L. 
connccted i n  paral le l  i n  the piimp and evaporator c i r cu i t .  The required mass 
f l o w  ra%e of the brine th rough  the evaporator, 
by the evaporator design heat  rating and the average temperature drag o f  
the  brine as i t  flows t h r o u g h  the evaporator: 

These branches are  

( lb /h)  , i s  specified 

fi = H E V / C p ~ T  . (4.9) 

The mass flow r a t e  through an individual branch fallows from mass balance 
w q u i  rements. 

The principal advantage o f  the paral le l  c i r cu i t  i s  t h a t  %he pumping 
powet- required t o  ovewxne the f r ic t iona l  resistance t o  f lu id  f l o w  through 
long tubes is  great ly  reduced. Typically, a res ident ia l  ACES may employ a 
brine pinrrip capable of delivering a flow rate  a f  about 112 gpm a t  a pressure 
head o f  10 p s i  and an evaporator having a pressure d rop  of about 4 psi on 
the brine side,  The design problem i n  terms of the heat exchanger tubing 
configuration i s  t o  determine the number o f  equal-length flow paths tha t  
will  produce turbulent flow in each branch o f  the c i r c u i t ,  w i t h  a pressure 
d r o p  not t o  exceed 6 psi .  

’Turbulent f l o w  i s  characterized by the presence o f  eddy currents in 
the  f l o w  stream, t h a t  i s ,  f l u id  motion occurs across the stream as well as 
i n  a direction paral le l  t o  the tube axis. In  an ice-bin heat exchanger, 
t h i s  radial  notion serves t o  increase the t ransfer  o f  heat from the 
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F i g .  4 . 3 .  Schematic diagram o f  ice-bin h e a t  exchanger c i r cu i t s .  
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sinrroundi ng medi urn i n to  t h e  tube. 
o f  the Reynolds number, Re, which i s  defined as :  

Stream f 1 ows are characterized by iiieans 

(4.10) 

where 

d = tube inner diameter, ft; 
v = mean velocity of the f l u i d ,  f t / h ;  
p = density of the f l u i d ,  l b / f t 3 ;  
1-1 = viscosity of the f lu id ,  lb / f t /h .  

In tubes of uniform cross sect ion,  the f lu id  flow i s  lam?’nar i f  Re 
i s  l ess  than about 2100 and i s  turbulent i f  Re exceeds abaut 4000. The 
t rans i t ion  point from laminar t o  turbulent flow depends upon the surface 
roughness of the tube. For r ig id  p l a s t i c  tubing, turbulent f l o w  occurs 
when Re reaches or exceeds 3500. 

The pressure drop resul t ing from 
turbulent flow a t  a mean velocity v in 
length L i s  given by the Fanning q u a t  

luid f r i c t i o n ,  A P f ,  that  accompanies 
a c i rcu lar  tube o f  diaiiieter d and 
on : 

(4.11) 

where g i s  the acceleration resul t ing from gravity (32.2 f t / s 2 )  and f i s  
a dimensionless quantity called the f r i c t ion  factor .  Measured values o f  

f, as  a function of Re, are  obtainable in the l i t e r a t u r e  For bo th  smooth 
and commercial-grade pipes. 
by the Blasius equation - a simple correlat ion tha t  holds w i t h  goad 
accuracy f o r  turbulent f l o w  i n  smooth pipes: 

The f r i c t i o n  fac tor  can a l so  be calculated 

f = 0.079Re-0-25 . (4.12) 

Maximum number of branches - for  turbulent -. flow 

The lowest acceptable brine flow velocity t h r o u g h  the heat-exchanger 
tubing should yield an Re of a t  l e a s t  3500. P h i s  requirement determines t h e  
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o f  equal-length paral le l  P l o w  paths i n t o  which t h e  NMAx * max iwm number, 
to ta l  t u b i n g  length o f  the heat exchanger may he subdivided. An express ion 
For NJafAy may he obta ined by solving Eq. (4.10) for  t he  b r i n e  flow veloci ty ,  
w i t h  Re set  t o  35C0, and subs t i t u t ing  t h e  r e su l t  i n t o  t h e  mass flow balance 
equa t ion ,  The m s s  f l o w  balance equation states t h a t  t h e  sum o f  the mass 
flows t h rough  separate branches s f  t h e  p a r a l l e l  circuit .  must equal the mass 
f l o w  ra te  o f  the  b r i n e  t h r o u g h  the evaporator shel l .  The expression 
o b t a i n e d  i s :  

(4.13) 

where 

d inner diameter o f  the tubilag, f t ;  
u = b r i n e  v i s c o s i t y ,  I b l f t J h ;  

C = brine spec i f ic  heat, Btu/lb/"F; P 
AT = average temperature drop of the brine as i t  f l ~ ~  t h r o u g h  the 

evaporator,  typ ica l ly  equal t o  about 4'6. 

Assuming AT = 4°F and salving for N the maximum nimber o f  paral le l  
branches i n  t h e  ice-bin heat exchanger c i r c u i t  t h a t  will st-o'?l y ie ld  
turbulent flow i s :  

where 

i n  Btu/h. 

(4.14) 

(4.15) 

--..I r w m L l m  number o f  branches ._.... _... far A P F  6 p s i  

The brine f l o w  velocity through the  heat-exchanger tub ing  must a l so  
y ie ld  a pressure loss resulting f r  f r i c t i o n  t h a t  does not  exceed 6 psi ,  
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or 864 lb / f t2 ,  a s  calculated by means o f  E q .  ( 4 . 1 1 ) .  T h i s  requirement 
determines the minimum number, N M I M 9  of paral le l  f l o w  paths f o r  t he  
ice-bin heat exchanger t h a t  will s t i l l  yield a pressure drop less than 
6 psi. The niass flow balance equation, 

'EV pv = I__ C AT 
P 

7rd 7- 
NMIN (4.16) 

provides an expression tha t  can be solved Far v ,  ,the resu l t  of which may 
be substi tuted i n t o  the def ini t ion o f  Re [ E q .  (4.10)]. 
obtained for  Re i s  then substi tuted into the Blasius equation [ E q .  (4 .12) ]  
to o b t a i n  the f r i c t ion  factor ,  f .  

tha t  a l l  o f  the variables needed f o r  computing the pressure drop in 
the paral le l  tubes result ing from f r i c t ion  are now specified,  
exception o f  the tube length, L ,  which i s  def ined t o  be ~//NI\IIN. 

Substituting t h e  relationships f a r  f, v 2 ,  and i into E q .  ( 4 .11 )  and 
solving the result ing expression for NMIN yie lds :  

The expression 

An inspection OF E q .  (4 .11)  shows 

where 

(4.17) 

(4.18) 

Application of Eq. (4.14) and (4.17) i n  designing the ice-bin heat  
exchanger c i r cu i t  requires knowledge of  t h e  phys ica l  properties of the 
brine solution. These properties and computed values o f  the constants 
K, and K2 fo r  several different  brine compositions are l i s t ed  i n  Table 4.3. 
In selecting a par t icular  brine composition for  the ACES, i t  i s  important 
t o  ensure tha t  the freezing p o i n t  of the brine w i l l  be well below t h e  
lowest outdoor temperature l ike ly  t o  be encountered in the given location. 
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..._ Number of paral le l  branches I.._.- 

The following procedure is used 
c i r c u i t s  t o  be provided f o r  an ice-b 
t o t a l  t u b i n g  length of R f ee t .  

t o  determine the number of parallel  
n heat exchanger having a predeterm ned 

1. From Table 4.3 s e l ec t  a brine coiirposition tha t  has a freezing point 
well below the lowest outdoor a i r  temperature l i ke ly  t o  be encountered 
a t  the given loca l i ty .  
t ha t  i s  equaled or  exceeded 99.0% of the time, on the average, d u r i n g  
the coldest three consecutive months o f  t h e  year. The brine composi- 
t ion selected should have a freezing point well below t h i s  value.) 
From Table 4.3 f i n d  the values of K1 and K2 for the brine cornposition 
selected. 

(Table 8.2 l i s t s  the outdoor a i r  temperature 

2 .  Calculate t he  maximum number o f  paral le l  branches t h a t  can he 
provided i n  the heat-exchanger c i r c u i t  and s t i l l  y ie ld  turhulent 
brine flow w i t h i n  the t u b i n g .  
u s i n g  Eq. (4.14), 

This number, NMAx3 is calculated 

where H E W  i s  the design heat rating o f  the evaporator. 
computed value of NMAX must be rounded t o  the next lower integer.  
Calculate the m i n i m u m  number o f  paral le l  branches tha t  can be 
provided i n  the heat-exchanger c i r c u i t  and s t i l l  y ie ld  a pressure 
drop result ing from f r i c t i o n  tha t  i s  less than 6 p s i .  

The 

3. 

P h i s  number, 
i s  obtained from E q .  (4.17), I N ’ 

Alternatively, N M I N  can be read direct ly  from F i g .  4.4 f o r  given 
values of R and HEY. 
rounded t o  the next h i g h e r  integer. 

In e i t h e r  case, the value o f  NMIN I I I U S ~  be 
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F ig.  4.4. Minimum number of p a r a l l e l  c i r c u i t s  i n  i c e - b i n  heat 
exchanger. 

4. Deterwine the  number o f  p a r a l l e l  branches t o  be prov ided i n  t h e  
i c e - b i n  heat  exchanger c i r c u i t  by examining the  r e s u l t s  of- s teps 2 
and 3. 
y i e l d i n g  an acceptable pressure drop i n  each branch o f  t he  c i r c u i t ,  
i s  se lected.  

I n  the  case of c o n f l i c t i n g  requirements, NFdIN, t h e  c o n d i t i o n  

4.4 I c e  B in  and Heat-Exchanger Design I n t e r a c t i o n  

The i c e  s torage b i n  i s  assumed t o  be a r i g h t  p a r a l l e l e p i p e d  o f  w id th  
N, l e n g t h  L, and h e i g h t  H. 
m in ing  t h e  requ i red  b i n  volume b u t  does n o t  s p e c i f y  the  l i n e a r  dimensions 
o f  t he  b in .  However, i t  i s  impor tan t  t o  s e l e c t  two o f  the  tank dimensions 
such t h a t  t h e  i c e - b i n  heat exchanger can be accommodated w i t h o u t  wastage! 
o f  b i n  volume, 
means t h a t  t h e  v e r t i c a l  faces o f  t he  b i n  descr ibed by t h e  va r iab les  

Sec t ion  4.2 descr ibes a procedure f o r  de ter -  

For h o r i z o n t a l l y  p o s i t i o n e d  heat-exchanger tubes t h i s  
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W ,  or H and L ,  should be selected t u  have l inear  dimensions tha t  are  an 
integral  number of l a t t i c e  spacings, Section 4.3.2 describes a procedure 
f o r  determining the l a t t i c e  spacing, D, of the heat-exchanger t u b i n g .  
The t h i r d  dimension o f  the  bin should then be a d j u s t e d  t o  y ie ld  the 
required volume o f  the  starage bin. 

4.5 Collector Panel Design 

In climates where a res ident ia l  ACES forms more ice  t h a n  will  be 

needed during the cooling season, the size of  the  ice  storage bin i s  
chosen t o  s a t i s f y  the cooling-season requirements alone. As a r e s u l t ,  
the  thermal capacity o f  the b i n  i s  insuf f ic ien t  t o  meet the to t a l  heat 
withdrawals d u r i n g  the heating season. 
include provisions f o r  col lect ing ambient energy from the  environment 
and depositing i t  i n  the  bin d u r i n g  the heating season. 
niques fo r  col lect ing ambient heat include: 
so l a r  panels, ( 2 )  use of underground heat  exchangers or heat pipes t o  
co l lec t  heat from the ear th ,  ( 3 )  use of recuperators t o  recover waste 
heat from the building, ( 4 )  operation of the heat pump t o  del iver  heat 
t o  the bin,  o r  ( 5 )  use o f  various combinations of these. 
the authors assunie tha t  an unglazed, outdoor panel j s  used t o  co l lec t  
ambient heat. However, further s tudies  are  needed t o  determine the 
econorni cs of other types of heat ca l l  ectors  

Therefore, the ACES design must 

Possible tech- 
( 1 )  use of glazed o r  unglazed 

In t h i s  report  

4.5.1 Test panel d e s i g n  and performance 

f igure 4.5 shows an unglazed solar/convector panel of the type 
proposed f o r  res ident ia l  ACES applications that was bo i l t  and tes ted a t  the 
Oak Ridge National Laboratory. The panel consists of extruded aluminum- 
finned tubes t h a t  are  horizontdlly positioned and supported in paral le l  
segments on a wooden frame. 
i s  inclined a t  an angle f rom the horizontal equal t o  the la t i tude  of the 
location plus 20". T h i s  angle o f  t i l t ,  B = L + 2Qo, i s  selected t o  achieve 
maximum col lect ion o f  so lar  radiation during t h e  winter months. 
exyeriniental panel shown i n  the f igure is  s imilar  t o  some commercial panels 
coiiriionly used t o  heat swimning pools. 

The plane o f  the f in s  faces southward and 

The 
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Panel dimensions 

The to t a l  surface area of co l lec tor  panel t ha t  must be ins ta l led  for 
a given ACES depends upon the u n i t  heat-collection capacity o f  t he  panel. 
Experiments conducted on the t e s t  pane? indicate  tha t  i t s  heat-collection 
capacity, in MBtu/ft~//month, i s  c r i t i c a l l y  affected by the dimensions o f  
t h e  f ins .  
designed t o  have a W/T r a t i o  o f  40 o r  l e s s ,  where W a’s t h e  distance from 
the tube t o  the f in  t i p  and T i s  the  thickness of the metal a t  the  base 
o f  the f i n  ( F i g .  4.5) .  This kl/T r a t i o  yields  a f i n  efficiency tha t  has 
proven sa t i s fac tory  for finned-tube co l lec tor  panels t ha t  have been 
integral ly  fabricated from conductive metals such a s  aluminurn o r  copper. 

The r e su l t s  of the  experiments show that  t he  f i n s  should be 

Surface f in i sh  ^__.1 .̂___41- 

The absorpt ivi ty  o f  t he  col lec tor  panel fo r  noma1 incident solar 
radiation i s  affected by the condition o f  the panel surface.  An untreated 
aluminum panel with a natural mill f in i sh  will exhibi t  a low absorptivity - 
about 0.50. 
o f  about 0.93 by applying a coat of absorptive paint.  
the t e s t  panel and i s  recommended for  a l l  unglazed so lar  col lector  panels 
used w i t h  the ACES,  
l i s t ed  in Table €3.2 O F  %he Appendix are based on %he assumption tha t  the 
parae? surface has been t reated t o  obtain an absorpt ivi ty  o f  ct = 0.93. 

The absorpt ivi ty  of the surface can be enhanced t o  a value 
This was done for  

The u n i t  heat-collection capaci t ies  o f  a l l  panels 

-- Test panel perf2rrnance 

The heat-col lect iun capabi l i ty  o f  the t e s t  panel was measured a t  
Oak Ridge, Tennessee, f o r  extended periods o f  time d u r i n g  b o t h  wa’nter and 
spri ny outdoor weather condi t i  oris. 
f i t t e d  t o  an expression of the fum3 

T h e  experimental data obtained were 

(4.19) 

where 

Q/A = r a t e  of hea t  col lect ion per u n S t  area o f  panel, B tu /h / f t2 ;  
Ff  = f i n  eff ic iency factor ;  



~1 = absorptivity o f  panel surface Poi- normaIJy incident radiation, 
I = ddytime average so la r  radiation in tens i ty ,  8tu/h/ft2;  
U = convection coeff ic ient ,  Btu/h/ft2/"F; 

temperature o f  the cs tdOQt- a i r ,  "F; 
T = entering brine teinperatiire, O F ;  

the sky and surroundings. 

Ta 
b 
W = r a t e  of panel heat loss  by longwave radiation interchange w i t h  

The preceding equation represents a heat balance an an unglazed 
col lector  panel th rough  w h i c h  brine, entering a t  a temperature o f  32"F, 
i s  c i rculated as the heat-transfer f l u i d .  The equation s t a t e s  tha t  the 
heat collected i s  equal t o  the absorbed so lar  radiation p l u s  convective 
heat gains (or losses) from the ambient a i r ,  l ess  any panel heat losses 
by longwave radiation interchange with the surroundings. 
equation representing convective heat t ransfer  hetween the panel and the 
ambient a i r  i s  defined such tha t  the panel gains heat by this mechanl'sm 
only when the ambient a i r  temperature exceeds 32'F. Also, note t h a t  t h i s  
term o f  t h e  equation is doubled t o  taken into account t he  f ac t  t h a t  
convective heat collection occurs on bo th  sides o f  the panel f i n s .  

speed,, and the f i n  efficiency factor  i s ,  i n  turn, a function o f  the 
convection coeff ic ient .  
w i t h  the t e s t  panel show t h a t  these parameters are well represented by 
the correlations 

The term o f  the 

The convection coeff ic ient  depends strongly upon the outdoor wind 

Analysis o f  the data obtained from experiments 

Ff 0.941 - Q.QZ8U (4.20) 

and 

u = 0.912 + 0.469 (4.21 ) 

where kl i s  i n  units o f  B t u / h / C t 2 / " f  and W i s  the outdoor wjnd speed in 
miles per  hour. The r a t e  o f  heat loss from the t e s t  panel by longwave 
radiation interchange w i t h  the surroundings, R, was found t o  be 15 Btu/h/ft2. 
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4.5.2 Col l e c t o r j a n e l  - s ize  

The empirical correlations determined f a r  the t e s t  col lector  panel 
have been used t o  compute integrated monthly heat-collection capacit ies 
for  this type o f  panel instal led in other geographical locations of the 
country. 
of the Appendix. 
average solar  radiation in tens i t ies  predicted by the method of L i u  and 
Jordan, on design-year b i n  tabulations of  ambient a i r  temperatures for  
the given loca l i t i e s ,  and on the conservative assurnption of single-sided 
convective heat t ransfer  between the panel and the outdoor a i r .  

upon the imbalance in ice-bin hea t  flows occurring over an annual cycle 
and upon the unit  area heat-collection capabili ty o f  the selected panel 
type. Unit heat-collection capacity values PAN(rn) fo r  co7 lector  panels 
of the design described in the preceding section can be obtained from 
Appendix €3. If commercial panels are used, monthly performance data 
for  the panels ins ta l led  in a given loca l i ty  m u s t  be obtained from the 
manufacturer. Work form 5 ,  used fo r  determining the s ize  o f  a so la r  
col lector  panel for a par t icular  res ident ia l  ACES based on known per- 
formance charac te r i s t ics  of the specif ic  panel, i s  described i n  Sect. 8 
of thi  s report. 

These hcat-collection capaci t ies ,  PAN(m), a re  l i s t ed  in Table 8.2 
The table  values, i n  MBtu/ft2,honth, are  based on 

The to ta l  panel surface area required fo r  a residential  ACES depends 

4.6 Waste-Heat Rejector 

In the supplemental phase the heat pump i s  operated a t  n i g h t  t o  ch i l l  
water i n  the bin fo r  use in space cooling for  the following day. 
waste heat generated by the heat pump must be rejected into the environment, 
This report recommends t h a t  an outdoor fan  coil  u n i t  be used for  this 
purpose and that  i t  be purchased as  part  of the ACES mechanical package. 
T h u s ,  the fan coil will be factory-constructed and properly designed t o  
match the maximum heat-rejection r a t e  a f  the hea t  pump. Alternatively,  
however, waste heat can De rejected t o  the environment by circulat ing hot 
brine from the heat pump condenser t h r o u g h  an outdvar heat re jec tor  panel. 
The heat from the brine i s  dissipated by convection t o  the n i g h t  a i r  and 

The 



by radiation t o  the surroundings. 
the heat re jec tor  panel s ize  are described in the fallowing section. 

The s ize  of a dual-purpose panel t o  be used ab a heat  col lector  d u r i n g  
t h e  \{inter and as a heat  re jec tor  during the summer must: be determined 
separately for  each function; the s ize  o f  the panel instal led ii-s t h z  
system must be the larger  of the two. ‘The required area of t h e  heat  

re jector  panel can be derived from Eq. (4.19) by s e t t i n g  the variables I 
and K t o  zero and solving for  panel area,  A.  
i s  zero because o f  nighttime panel operation, and the panel radiat ive heat  
loss -is conservatively taken t o  be zero because i t  depends upon the n i g h t  
cloud cover, which i s  highly var iable . )  
heat-rejection r a t e  o f  the heat  piamp, I-lo Btu/h,  and introducing a tregative 
sign t o  indicate heat rejection resu l t s  in the  expression, 

Design considerations for  determining 

(The so lar  radiation intensi ty  

Replacing Q w i t h  the msxiiiirnrn 

(4.22) 

as ft2. 
A design equation for  determining t h e  heat  rejector panel s i z e  can 

be obtai ned from E q .  ( 4 .22 )  by substi t u t i  1-19 average: sumrriert ime val i ~ e s  o f  
the variables into the expression. Using an average sumtner wind speed 
o f  7 rriph, the variables Ff and U can be computed from the i r  respective 
de f in ing  equations, Ecqs. (4.20) and (4 .21 ) .  
the temperature of the hot brine entering the rejector  panel i s  nearly 
equal t o  the refr igerant  condensing-temperature, then 20°F represents a 
conservative estimate o f  the temperature difference available t o  d r i v e  the 
convective heat flow between t he  panel and the  night a i r .  Substituting 
these values i n t o  Eq. (4 .22 )  yields:  

I f  i t  i s  fur ther  assumed t h a t  

as f L 2 .  

T h e  actual 
according t o  Eq 

, (4.23) 

heat-rejection capabi l i ty  of a re jec tor  panel sized 
(4.23)  w i  11 vary with the o u t d o o r  ambient condi t i sns  
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The panel will be able t o  re jec t  heat a t  a r a t e  greater t h a n  the design 
requirement on clear  n i g h t s  when heat can be radiated t o  the surroundings 
and on cold n i g h t s  when the temperature difference between the h o t  brine 
and ambient a i r  exceeds 20°F. On warm, calm summer n i g h t s ,  however, the 
convecti ve heat t ransfer  coef f i ci ent , Eq . (4.21 ) , wi 1 1 decl i ne, reducing 
the heat-rejection capabili ty of the panel. 
refr igerant  condensing-temperature will be forced t o  r i s e ,  resul t ing in a 
lower system performance. This occasional lowering o f  ACES performance 
in the supplemental phase of the annual cycle i s  considered t o  be a 
preferable a l te rna t ive  t o  providing a much la rger  heat re jector  panel t o  
meet the extremes of summer nighttime weather conditions. 

When th i s  occ~i rs ,  the 



ti. RECOMMENDED CONSTRUCTION GUIDELINES 

5.1 Ice Storage Bin Construction 

5 , I . l  I General consideratians 

The ice bin i s  a major factor  in bo th  the cost and performance of the 
ACES,  
i ce -u t i l i za t ion  factor  and avoids the need fo r  cost ly  maintenance i s  
essent ia l  t o  a successful ACES ins ta l la t ion .  The ice storage bin should 
be loca ted  underground t o  i so l a t e  i t  from the large temperature fluctuations 
of the ambient a i r .  
b i n  freeze-up, even in a northern climate, because the average monthly 
ground temperature a round  the bin i s  usually greater t h a n  32OF. 

t o p ,  bottom, and sides of the bin should be insulated t o  an equivalent 
thermal resistance o f  a t  l ea s t  R-40, using s t a n d a r d  insulation materials 
t h a t  a re  commercially available. 
undesirable bin heat gains and heat losses. 

A properly designed and constructed bin t h a t  achieves a high 

An underground location reduces the poss ib i l i ty  of 

The 

These measures serve t o  reduce 

The st ructural  elements o f  the bin ( i . e e ,  roof,  f loor ,  and walls)  

The bin 
i i iust be capable of sustaining imposed loads from the surrounding earth,  
the weight of t he  contained water, and any aboveground loads. 
should be rendered leak-proof by applying a waterproof coating o r  by 
ins ta l l ing  a liner-. 
greater  assurance t h a t  the b i n  will remain leak-proof i n  the event o f  
s e t t l i n g  o r  other disturbances. 

the b i n  i s  t o  be used w i t h  an ice-maker or a br ine-chi l ler  ACES. The 
storage bin f o r  an ice-maker ACES rnust  have an area a t  the top fo r  intro-  
ducing the ice  from the plates  of the ice-maker heat pump into the b i n ,  
and  a f loor  grating m u s t  be ins ta l led  in the bin t o  protect the waterproof 
membrane against possible puncture by f a l l i ng  ice. 
mounding must be prevented e i the r  by f loat ing the ice or by ins ta l l ing  
mechanical baffles.  
s u p p o r t  s t ructure  fo r  the ice-bin heat exchanger. 
elements are used f o r  this purpose, the ice b i n  must also be provided w i t h  
internal ba l las t  weight t o  counteract the bouyant force acting on the ice.  

The use of a l i ne r  i s  recommended because i t  provides 

The internal assembly of the ice bin d i f f e r s  according t o  whether 

In  addition, ice  

The ice  bin fo r  a br ine-chi l ler  ACES must provide a 
If t ens i l e  support 

73 



74 

5. I .  2 Recarranetided b i n  1 o c a t i  on 
~ I I  _. . . .-.- I - I . 

She i c e  storage k i n  i s  the l a r g e s t  single  component o f  the ACES; i t s  
localion should be selected t o  m-inimiae impacts an building aes the t ics  
and functional areas and t o  provide service accessi b i  1 i ty. 
t h e  b i n  should be located in an area where i t  i s  thermally isolated from 
t h e  ou ts ide  a i r  and where i t  i s  protected against  i n f i l t r a t i o n  of ground 
o r  surface w?ter., 

mechanical or  s t ruc tura l  damage and shields  i t  from the large temperature 
f luctuat ions of the ambient a i r .  Provisions must be made t o  drain ground 
and s u r f a c e  w a t P r  i n  the v ic in i ty  of  the bin m d  t o  remove wate r  released 
as a r e su l t  o f  possible f a i l u r e  o f  the bin waterproof membrane. 

o f  an  attached garage and (2 )  beneath an outside covered patio. If  the 
b in  i s  located beneath an U ~ G C I V W ~  area,  special sealing o f  the b i n  i s  
required t o  prevent i n f i l t r a t i o n  o f  surface water. 
bc constructed i n  the  basement o f  the building. 
recommended f o r  residences9 however, because a s igni f icant  volume o f  usable 
space within the house would  be l o s t  and because problems re la t ing  t o  
s t ructural  loads and water condensation may be introduced. Location under 
the garaye, which allows one t o  benef i t  from integrated construction, i s  
recormended * 

Preferably, 

Construction below-grade protects the b i n  against  

Desirable s i t e s  for the  ice  storage bin a r e  ( 1 )  beneath the f loor  

The ice  bin can a l so  
T h i s  location i s  not 

5 a 1 3 B i n  s t ruc ture  

The rec~mmended ACES storage bin i s  a Free-standing, reinforced 
concrete s t ruc ture  located below-grade, as  depicted i n  Fig. 5.1. The 
construction of the b i n  must comply with a l l  local codes governing t h i s  
type of i n s t a l l a t ion  and should conform with standard resident ia l  building 
practices.  The footings must be su i tab le  for the  local so i l  conditions, 
and the reinforced concrete walls of the b i n  must be designed t o  support 
the weight  o f  the water t ha t  will  be stored i n  t h e  b i n .  
f u l l  ACES bin may contain from 20QO t o  4000 f t3 o f  water ) Both internal 
and external hydraulic loading on the b i n  s t ruc ture  must be accommodated. 

loads as  well as the pressure produced by the contained 

(Typically, a 

The storage bin walls must be capable of supporting possible overhead 
iquid. These 
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st ructural  requi rements can be met by a 1 ow-cost , onsi te  construction 
technique employing s t ruc tura l  s t ee l  and high-strength concrete t h a t  i s  
poured i n t o  farms. 
bonded t o  the concrete walls of the bin. An a l t e rna t ive  method employs 
p l a s t i c  forms tha t  a re  l e f t  in place af%er the concrete i s  poured. 
wall constructed i n  t h i s  nidnner offers  bo th  s t ructural  strength and 
inherent thermal insulation. 
mold, "FOAM FORM,"* w h i c h  has been used successfully in constructing the 
storage bin of a demonstration ACES. 
iqsulation value of R-16. 

After the forms are  removed, sheet insulation i s  

A 

Figure 5.2 shows one such type of p l a s t i c  

This product provides a thermal 

5,1.4 Bin .. insulation ~ 

A temperature difference across the hin walls will cause heat t o  

flaw in to  o r  o u t  of the storage b i n .  During the winter, heat lasses  from 
the b i n  t a  colder surroundings could cause the  stared water t o  freeze 
prematurely and r e su l t  i n  a loss  of heating capacity. On the other hand, 
bin heat gains from the environment a c t  to  reduce the amount o f  ef fec t ive  
cooling tha t  can be stored i n  the bin over a given period of time. 
consequences o f  t h i s  reduced cooling storage capacity a re :  
ACES i n  a northern climate, a greater  b i n  volume i s  required t o  store the 
ice  inventory needed f o r  summer cooling and ( 2 )  fo r  a par t ia l  o r  minimum 
ACES, or a f u l l  ACES i n  a southern climate, the supplemental cooling 
phase i s  lengthened and the system performance i s  lowered. Thus, i t  i s  
desirable  t o  reduce heat flow between the b i n  and i t s  environment by 
constructing the b i n  below-grade and by insulating a l l  of i t s  surfaces. 
Bin insulation t o  a thermal res is tance level o f  R-40 i s  recommended f o r  
a l l  regions of the country. 

The insulation material fo r  an ACES storage b i n  should be easy-to- 
handle, lightweight, durable, and moisture-resistant and have a compressive 
strength tha t  can withstand the weight of the stored water. 
of su i tab le  insulation products i s  available commercially. One such 

The 
( 1 )  f e r  a f u l l  

A variety 

-- .I.._..- 

*"FOAM FORM" i s  a regis tered trademark of FOAM FORM Canada, L td .  
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FOAM FORM blocks are in stock ici the 6" core size (9" 
outside) and each block has a face area of 5.33 sq. f t .  Block 
dimensions are 48" long by 16" high and thickness (over insu- 
lation) is 9"'. Weiylnt per block is approximately 4 Funds .  
These blocks consist of two parallel molded Yectiono of ex- 
panded polystyrene insulation held together b y  expanded metal 
ties. Our Part No. 5878. 

To construct a tank of any size required, soil is  excailated and  
a reinforced Concrete slab poured. In pouring the slab, vertical 
steel rods are positianed to pass through the center of the Foam 
Form blocks. Foam Form blacks are than assembled (tongue 
and groove) by dropping over the verticle s d s .  Horizontal 
sieel reinforcing rods are laid inside each tier of Foam Form 
blocks. Corners are easily formed by mibring a? 45O. Tem- 
pnrary bracing i s  used to keep corners and walls true while 
pouring. 

The surface m a y  then be covered inside and out  with "Block 
Bond" or equivalent t o  waterproof the foam insulation. Or a 
v inyl  liner may be used. 

By use of Foam Form, a poured concrete tank may be con- 
structed on the job to exactly f i t  the application and wi th  a 
minimum of expense for forms. 

I h e  form becomes the permanent insulation and the in- 
sulating value i s  approximately R 16. 

It is useful for most water or ice storage requirements, includ- 
ing the ACES (Annual Cycle Energy System) since it provides 
great f lexibi l i ty  and excellent insulation and relatively low cost. 

is a registered trade mark of 
Canada, Ltd., Scarboorough. Ontario. 

F i g .  5.2, "Foam Form'' block. 



material i s  "Styrofoam TG" ( a  regis tered trademark o f  the Dow Chemical 
Company). 
ACES ice  bin and i s  avai lable  i n  tongue and groove Form, i n  various s izes .  
The prcjduct has the following average properties:  thermal conduct-n'vi t y ,  
0.185 Btu/h/ft2/OF; density, 2.1 l b / f t 3 ;  compr'~?ssive s t r eng th ,  40 psi a t  
5% deflection; and a water vapor transmission r a t e  o f  0.6 germ-in. 
material can be cut eas i ly  and can be bonded t o  i t s e l f  o r  t o  concrete 
surfaces using "Styrofoam Brand Mastic No. 11," a l so  produced by the Dow 
Chemi cal Company. 
may be used for  insulat ing the ACES b i n .  

This product has been used successfully in a demonstration 

The 

Other brand products havi ny  sui tab1 e physical propert.-n'es 

5.1.5 Waterproof membrane 

A leak-prosf membrane should be ins ta l led  in the storage bin a f t e r  
the b i n  structure has been bu i l t  and insulated.  
be either a nylan-reinforced p l a s t i c ,  such as  "Hypalon" ( B u  P o n t  trademark), 
or a vinyl swiniming-pool l i ne r .  ( A  Hypalon l i n e r  has been employed 
successfully i n  a demonstration ACES.) The l i n e r  must he ins ta l led  
loosely, allowing extra  ailaterial a t  potential  s t r a i n  points t o  accommodate 
creep, expansion, and contraction of the b i n .  
reinforced l i ne r s  will  provide a long l i fe t ime of e f fec t ive  protection 
against  loss  of water inventory. The bin l i n e r ,  ins ta l led  i n t e r i o r  t o  
the insulat ion,  a l so  protects the insulation material against  deter iora-  
t ion caused by moisture encroachment. 
i n s t a l l ed ,  extreme care  should be taken t o  maintain i t s  in t eg r i ty  during 
subsequent construction a c t i v i t i e s .  

The membrane material may 

Properly in s t a l l ed ,  

After the bin l i n e r  has been 

5.1.6 B i n  internal assembly -I fo r  br ine-chi l ler  system 

The b i n  internal  assembly for a br ine-chi l ler  ACES i s  comprised of 
the ice-bin heat-exchanger c o i l s  and support s t ruc ture  f o r  t he  co i l s .  
siipport structure must be capable o f  rest raining the buoyant: forces tha t  
a c t  upon t h e  assenibly as  ice  i s  fomed around the heat-exchanger c o i l s .  
A t  maximum ice  inventory, these forces are  equal t o  about 10% o f  the 
w e i g h t  a f  the water i n i t i a l l y  cantained in the b i n .  The buoyant forces 
act ing on the heat exchanger i n  a f u l l  ACES storage bin are typical ly  in 

The 
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heat 

' I  STS 

I- COPPER SPLl T 
WIRE CLAMP 

STAINLESS STEEL 
ROPE THIMBLE 

ANCHOR POINT 

F i g .  5.3. 
exchanger. 

Detail o f  proposed coil  support s t ructure  for  i c e -  
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The volume of concrete b a l l a s t  r e q u i r e d  t o  counteract  t he  buoyant 
f o r c e  a c t i n g  on the design i c e  volume i s  obta ined from the  fo l l ow ing  
r e l a t i o n s h i p :  

where 

V c  = r e q u i r e d  volume o f  concrete b a l l a s t ,  ft3; 
= wetted volume o f  b i n  a t  maximum i c e  i nven to ry ,  f t 3 ;  

PF = ice-pack ing f r a c t i o n ,  0.80; 
= d e n s i t y  o f  concrete,  145 l b / f t 3 ;  

pW = d e n s i t y  o f  water, 62.4 l b / f t 3 ;  
= d e n s i t y  of i ce ,  5 7  I b / f t 3 .  

"WET 

pc 

P I  
So lv ing  Ey. (5 .1 )  f o r  Vc and i n s e r t i n g  the  g iven values of t he  parameters 
shows t h a t  t he  concrete b a l l a s t  should have a volume equal t o  o r  g r e a t e r  
than 5.2% of t h e  wet ted volume of t he  b in .  
t h a t  i s  equal t o  6% of t h e  maximum wetted volume o f  t h e  b i n  i s  recommended. 

A concrete b a l l a s t  volume 

W a t e r - f i l l  l e v e l  

A f t e r  i n s t a l l a t i o n  of t he  i c e - b i n  heat exchanger and i t s  support  
s t r u c t u r e ,  the b i n  i s  p a r t i a l l y  f i l l e d  w i t h  water. The volume o f  t h e  
i n i t i a l  water i n v e n t o r y  should be se lec ted  such t h a t ,  as t h e  water  f reezes 
and expands d u r i n g  ACES operat ion,  t h e  remaining water i n  the b i n  w i l l  
g r a d u a l l y  r i s e  t o  a l e v e l  corresponding t o  the  maximum wetted volume o f  
t he  b in .  To meet t h i s  requirement, t h e  i n i t i a l  water i nven to ry ,  V ( i n  
f t 3 ) ,  iiiust s a t i s f y  t h e  express io 

W 

where the nomenclature and values o f  t h e  v a r i a b l e s  a re  as descr ibed 
p rev ious l y .  
t i o n  may be obta ined d i r e c t l y  from Table B.2 o f  the  Appendix o r  c a l c u l a t e d  
by the designer, us ing  Eq. (2.22). 

The maximum wetted volume r e q u i r e d  f o r  a given ACES app l i ca -  
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So lv ing  Eq. (5.2) f o r  t he  i n i t i a l  w a t e r - f i l l  v o l m e  y i e l d s :  

PF PI +- ( I  - PF) pM - 'w - 'WET (5.3) 

I n s e r t i n g  the  l i s t e d  values o f  t he  parameters f o r  a b r i n e - c h i l l e r  ACES 
i n t o  Eq. (5.3) shows t h a t  t he  i n i t i a l  water i nven to ry  should be equal t o  
93% o f  t he  maximuin wetted volume of t he  b in .  I f  more than t h i s  amount 
of water i s  charged i n t o  the  system, the water a t  maximum i c e  i nven to ry  
w i l l  r i s e  beyond i t s  design l e v e l  and may overf low. 

5.1.7 B i n  internal-assembly f o r  ice-maker system 

The b i n  in ternal -assembly f o r  an ice-maker ACES i s  much s impler  
than t h a t  f o r  a b r i n e - c h i l l e r  ACES because o f  ti72 absence o f  a b i n  heat 
exchanger and support  s t ruc tu re .  The only internal-assembly requ i red  i n  an 
ice-maker storage b i n  i s  a f l o o r  g r a t i n g  t o  p r o t e c t  t he  b i n  l i n e r  from 
p o s s i b l e  damage by f a l l i n g  ice.  This  g r e a t l y  s i m p l i f i e d  i n t e r n a l  s t r u c t u r e  
represents the  major advantage o f  t he  ice-maker concept. The concept does, 
however, pose the  spec ia l  problem s f  achiev ing uni form i c e - d i s t r i b u t i o n  
w i t h i n  t h e  b in .  Because the  i c e  i s  dropped i n t o  the b i n  from one l o c a t i o n ,  
i c e  mounding may occur, reducing the  e f f e c t i v e  storage capaci ty  o f  t he  b in .  

I c e  d i s t r i b u t i o n  

I c e  mounding can be prevented e i t h e r  by cons t ruc t i ng  a d e f l e c t o r  g r i d  
beneath t h e  p l a t e s  o f  t h e  ice-maker heat pump, o r  by f l oaS ing  t h e  i c e  i n  
the  storage b in .  A t  t h e  present t ime, experience w i th  ice-maker systems i s  
i n s u f f i c i e n t  e i t h e r  t o  assess the magnitude o f  the problem caused by i c e  
mounding o r  t o  i d e n t i f y  t h e  bes t  means o f  coping w i t h  it. F l o a t i n g  t h e  i c e  
appears t o  be a f e a s i b l e  method of achiev ing uni form i c e  d i s t r i b u t i o n  i n  an 
ice-maker bin.  
a l l ows  the  i c e  p a r t i c l e s  t o  f l o a t  e a s i l y  t o  a l l  p o r t i o n s  o f  t h e  b in ,  r e -  
ducing o r  de lay ing the  occurrence o f  i c e  mounding u n t i l  t he  f i n a l  stage of 
i c e  accumulation. Although a t t r a c t i v e  because o f  i t s  s i m p l i c i t y ,  t he  

The b i n  i s  i n i t i a l l y  f i l l e d  w i t h  water t o  a l e v e l  t h a t  
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ice-f loat  method requires fur ther  tes t ing t o  determine i t s  effectiveness 
in large ice bins. 

Water-fi 11 1 eve1 ..._..I_ ____I 

The i n i t i a l  water inventory f o r  an ice-maker storage bin i s  determined 
f rom E q .  (5.3) us ing  an ice-packing fract ion ( P F )  equal t o  0.48. The 
equation shows t h a t  the i n i t i a l  water inventory of the ice-maker b i n  

uoluiiie of the bin. T h a t  should be equal t o  96.5% of  the maxiilium wetted 
i s ,  the bin should be f i l l e d  w i t h  water t o  an 
t o  96.5% of i t s  design maximum depth. 

n i t i a l  depth t h a t  i s  q u a  

5-1.8 __l__.._..l Alternative storage bins 

. . . . I n t x a t e d  -.-I bin construction II___-- ..c. 

Although the recamended ACES storage bin is  a free-standing s t ructure ,  
i t  i s  possible t o  reduce construction costs by u t i l i z ing  s t ructural  e le-  
ments o f  the berildirry as p a r t  of the storage b i n .  For example, foundation 
basement walls may be used t o  form two o r  inore sides o f  the b i n ,  and a 
planned garage or patio floor- may be titied as  the bin t o y .  When st ructural  
elements are used t o  ptsrforni dual functions, care must be taken t o  assure 
tha t  the bin is  designed t o  withstand the large hydraulic loads tha t  occur 
when i t  i s  f i l l e d  w i t h  water, 11s well as  other external loads ,  When 
applicable, integrated design and construction i s  an effect ive method o f  
reducing bin costs. 

- Modular construction 

Factory assembly of iasdular ice b ins  offers  the poss ib i l i ty  o f  
s igni f icant ly  reducing b i n  costs. 
i n  s t a n d a r d ,  transportable s i zes ,  a s  s e p t i c  tanks are  today. 
500-ft3 modriles were avai lable ,  uni ts  could be assembled t o  meet the b i n  
storage-capdci ty  requirements of most ACES designs. Currently, however, 
prefabricated b i n  modules fo r  the ACES are  not available.  
lay construction of the ACES s t o r a g e  bin i s  accomplished by u s i n g  units 
designed fo r  other purposes, such as  sep t ic  o r  transformer tanks  
t o  ACES specif icat ions,  

Insulated b i n  modules can be constructed 
If  insulated,  

Today, the modu- 

modified 
Modular storage bin construction, consequently, 



84 

is  applicable f o r  use w i t h  the ACES only i n  cases where small b i n  s i z e s  
a re  adequate. 

5.2 Ice-Bin Heat Exchanger 

The ice-bin hea t  exchanger delivers heat t o  the evaporator of the 
heat pump a t  a r a t e  t h a t  allows the heat pump t o  operate a t  design condi- 
t ions.  This  function can be performed e i t h e r  by designing the system 
f o r  d i r ec t  expansion of the refr igerant  i n  the co i l s  of the heat exchanger, 
o r  by providing an intermediate heat exchanger ( u s i n g  brine a s  the heat- 
t r ans fe r  f l u i d )  between the refr igerant  and water media. 
applicable i n  small systems, d i r ec t  expansion i s  not recommended f a r  the 
ACES because of the s ignif icant  problems t h a t  a r e  introduced: (1)  the 
need f o r  complex refr igerant  systems, ( 2 )  increased refr igerant  inven-  
t o r i e s ,  (3)  compressor o i l  migration, and ( 4 )  the added complexity of 
interconnecting the solar-collector ice-melt c i r c u i t .  

Although 

5.2.1 Coil configuration of heat exchanger ___  

The recommended co i l  Configuration o f  the ice-bin heat exchanger i s  
shown in F i g .  5.4. T h i s  coi l  arrangement u t i l i z e s  the b i n  volume e f f i -  
c ient ly  a n d  i s  r e l a t ive ly  easy t o  i n s t a l l .  The materials selected f a r  
the ice-bin heat exchanger should be compatible w i t h  a water and brine 
environment and should have an expected useful l i fe t ime of a t  l e a s t  
20 years. Because of i t s  low cos t ,  heat-set PVC p l a s t i c  i s  recommended 
f o r  a l l  t u b i n g ,  manifold headers, and valves o f  the heat exchanger and 
f o r  a l l  connective p i p i n g  of the brine c i r c u i t .  I f  desired,  the f l a t -  
design horizontal tube serpentines can be constructed as  single units t h a t  
can then be in s t a l l ed  and interconnected i n  the b i n .  The completed 
heat-exchanger assembly must s a t i s f y  the m i n i m u m  coi 1 length and para1 le1 
flow path requirements of the ACES design. 

a par t icular  ACES application. Vertical t u b e  arrangements, w i t h  the 
tubes acting e i t h e r  as  columns o r  attached t o  the ba l l a s t  block t o  form 
tension elements, offer  the same h i g h  ice-packing fraction as  the hori- 
zontal tube arrangements. The g r i d  spacing and st ructural  support fo r  

Other co i l  configurations may be used i f  they offer  advantages i n  
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ver t ica l  tube heat exchangers must be designed t o  accommodate the expected 
thermal and buoyant loads. Helical co i l s  a l so  o f f e r  excellent space 
u t i l i za t ion  within each module, h u t  the ganging of small numbers of 
large modules can s igni f icant ly  reduce bin u t i l i z a t i o n ,  requiring a 
la rger  bin volume fo r  a given thermal storage capacity. 

5.2.2 Prefabricated coil  -__I modules 

Factory manufacture of planar serpentine coil  modules would great ly  
simplify the onsite assembly o f  the ice-bin heat exchanger and a l s o  of fe r  
the prospect of  reducing costs.  The ava i l ab i l i t y  o f  conveniently sized 
serpentine coi l  panels, about 8 by 8 f t . ,  would reduce s i t e  work t o  the 
mounting and interconnection of piping. This panel size i s  convenient 
fo r  manufacturing, handling, and shipping. Structural  tension ropes 
or other supports  could be attached t o  the co i l s  a t  the factory. 
prefabricated coil  modules f o r  the ACES ice-bin heat exchanger are not 
coimercial l y  available.  

Currently, 

5 . 3  Corrosion and Water Treatment 

5.3.1 General considerations 

Measures t o  prevent corrosion and t o  re tard biological growth are  of 
v i t a l  importance t o  a l l  heating and cooling systems, par t icu lar ly  a long- 
l i fe t ime system such a s  the ACES. 
are  present i n  the ACES recirculat ing brine system and tend  t o  concentrate 
in the water storage bin as a r e su l t  of the freezing process and evapora- 
t i v e  loss t o  the a i r .  Both corrosion and biological growth can reduce the 
heat-transfer r a t e s  of the system heat exchangers, adversely affecting the 
performance of the ACES. 
l i fe t ime.  The subject o f  corrosion prevention is exceedingly complex and 
can be dea l t  with here only in the most general terms. The reader should 
consult other sources f o r  a more thor-sugh discussion o f  t h i s  impartant 
subject.  9 

Impurities t h a t  could cause corrosion 

Corrosion a l so  can cause a reduction in equipment 
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Materials selection .. 

The most e f f ec t ive  method of corrosian prevention is  the selection o f  
component materials t h a t  have h i g h  corrosion resistance t o  the service 
environment. For the AGES, P V C  p l a s t i c  i s  the recornmended material f o r  
a l l  t u b i n g ,  manifold headers, valves of the ice-bin heat exchanger, and  
a l l  connective p i p i n g  o f  t h e  brine c i r c u i t s .  
mechani cal  package, however, w i t h  i t s  valves, pumps, and h e a t  exchangers, 
will  alniost cer ta inly contain aluminurn, capper, s t e e l ,  o r  other metals 
sslected a t  .the factory. Corrosion within the b r i n e  c i r c u i t s  can be 
controlled by adding spec i f i c  i n h i b i t o r s  and by desigtiing components such 
t h a t  half o f  t h e i r  wall thicknesses can he sacr i f iced d u r i n g  tire expected 
system l i fe t ime.  General corrosion rates o f  1 niil/year should be provided 
f o r  i n  the coinparlent design. 

The coiiiplete h 'e?~ . t  pump 

Moni t o r i  ng 

The w a t e r  i n  the ice  b i n  should be inspected periodically f o r  c l a r i t y  
and odor. IF unsatisfactory conditions a r e  found, the b i n  should be 

recharged w i t h  fresh water. 
annually t o  retard the growth of biological organis i i is .  Corrosion monitoring 
i s  advisable a l s o .  
from which the system components have: been construct.ed t h a t  have been 

placed i n  t h e  water and brine c i r c u i t s  should help t o  reveal corrosion 
problems before they become serious.  If  problems are encountered, the 
a d v i c e  of a corrosion s p e c i a l i s t  should be sought and followed. 
corrosion-prevention inedsures based on an  analysis of the local finished 
water may be required. 

A biocide should be added t o  the water 

Routine inspection O F  removable test  tabs o f  metals 

Specific 

5.3.2 Ice-bin, water LI treatment .--....... ~ 

Treatment o f  the ice  b i n  water i s  necessary primarily t o  control the 
growth o f  microorganisms such as  bacter ia ,  slimes, fungi and a lyde .  Any 
a[ a number o f  biocides can be used effect ively.  
has been used successfully i n  d dernonstrdtion ACES i s  t o  add abou t  ? / Z  gal 
of a 5 t o  8% sodium hypochlorite solution t o  each 1000 f t 3  o f  w a t e r  

A simple method t ha t  
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contained in the bin. 
about 7.5 by adding hydrochloric acid. 
available (e.g., "Clorox"). Corrosion o f  bin components is largely 
eliminated by the use o f  PVC plastic instead o f  metallic materials. 
few metallic components in the bin - coil fasteners, rope thimbles, and 
anchor bolts - should be coated with an epoxy-base paint to make them 
corrosion-resistant. 

The pH of the water should then be adjusted to 
Sodium hypochlorite is readily 

The 

5 . 3 . 3  Brine treatment -__ 

The addition o f  chemical reagents to the ACES brine circuits is 
also recommended f o r  reducing corrosion and biological growth. Although 
the optimum corrosion-protection system depends upon a detailed analysis 
of the local finished water, the following brine additives will furnish 
adequate protection against corrosion and biological growth for  most 
water suppl i es : 

1000 ppm of sodium nitrate-sodium tetraborate, as a corrosion 
inhibitor for aluminum and iron; 
500 ppm o f  sodium metasilicate, as a dispersant, stabilizer, and 
corrosion inhibitor; 
5 ppm o f  toluoltriazole, as a corrosion inhibitor for copper; 
30 ppm o f  po 1 y oxye t hy 1 ene ( di met hy 1 - 1 i mi n 0) et hy 1 e ne (dime t hy 1 - 1 i mi no ) - 
ethyl ene di chl ori de, as a bi oci de ; 
boric acid, to adjust the pH of the carrosion protection system to 
7.5. 

Most of the above reagents can be obtained from commercial sources 
under various trade names. A successful protection system for the 
brine circuits of a demonstration ACES was achieved by using the following 
products : 

9 "Calgon CS," mixed at a ratio o f  0.84 lb/100 gal o f  brine, as a 
corrosion inhibitor for aluminum and iron; 
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Q "Zirnrnite ZC-484," mixed a t  a r a t i o  o f  0.43 lb/100 gal of br ine,  as 
a d i spersant -s tab i l izer ,  which a l so  contains a copper inh ib i tor ;  

boric acid,  t o  adjust  the p H  range fo r  the protection system t o  7.5 
t o  8.0. 

* "Zimmite Chemtrol 1 9 , "  as a biocide; 
0 

"Calgon CS" i s  produced by the Calgon Corporation o f  Pittsburgh, 
Pennsylvania, and the Zimmite products a re  produced by the Zimma'te 
Corporation of Cleveland, Ohio. 
l a r  company or product name does not imply approval of t h i s  product t o  
the exclusion of others t h a t  meet spec i f ica t ions ,  

I t  i s  noted tha t  reference t o  a particu- 

5.4 Solar Collector Panel 

The ACES outdoor panel co l l ec t s  bo th  convective and radiant energy 
from the environment. 
portion of the energy i s  col lected by convective heat t ransfer  from the 
ambient; a i r  t o  the 32°F brine o r  water t ha t  serves a s  the energy t ransfer  
f l u id .  
commercially avai lable ,  f l a t -p l a t e  co l lec tor  of the type used in swimming- 
pool so l a r  heating systems. The panel should be mounted so tha t  a i r  
can c i r cu la t e  f ree ly  on both i t s  top and bottom surfaces,  making bo th  
s ides  e f f ec t ive  convective heat-collection areas .  

In most o f  the United S ta tes ,  a s ign i f icant  

The panel recommended fo r  use w i t h  the  ACES i s  an unglazed. 

5.4.1 Panel i n s t a l l a t ion  .-- 

T h e  panel should be positioned where i t  i s  exposed t o  the s u n  and 
prevailing winds, arid should be t i l t e d  southward t o  enhance so lar  energy 
col lect ion.  For optimum heat col lect ion d u r i n g  the winter,  t h e  panel 
should be oriented facing the southern sky, t i l t e d  a t  an angle from the 
horizontal plane tha t  i s  equal t o  the l a t i t ude  of the location plus 20": 

T = l a t i t ude  f 20" . 

In actual i n s t a l l a t ions ,  the or ientat ion angle can be varied s l i g h t l y ,  
without a major loss  in performance, t o  f a c i l i t a t e  panel i n s t a l l a t ion ,  
improve building aes the t ics ,  o r  t o  be t t e r  u t i l i z e  avai lable  roof areas.  
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Individual sections of the panel should be interconnected t o  provide 
parallel  f l o w  paths for  the energy transfer f l u id .  Parallel  flow paths 
are  required t o  achieve a reasonable brine flow through the panel w i t h  a 

pressure drop tha t  i s  compatib?e with the brine pimps being used [see 
E q .  (4.11)] .  High flow rates a re  desirable t o  reduce the  temperature 
r i s e  of the heat-transfer f luid within the syst.cin., 
t o  and -From the panel should be insulated with closed-cell rubber 
insulation rriaterial. The panel should n o t  be ins ta l led  i n  a location 
where i t  i s  shaded by adjacent bvildjngs o r  t rees .  Although the roof or 
south side of a building are  the preferred lccat ions,  t h e  panel rnay a l s o  
be ins ta l led  as a free-standing solar. fence. 

All i n t e r io r  piping 

5.4.2 -....._.I__ Use of panel t o  r e j ec t  _I_._._. _I_ waste heat 

The convector panel, sized and itistalled t o  melt ice durincl the winter, 
can a l s o  be used fo r  sumier waste-heat re ject ion.  
describing operation o f  the panel as  a waste-heat re jector  are given in 
Sect. 4 .6 .  An outdoor fan coi l  i s  recommended f o r  use as a waste-heat 
re jector  f o r  the ACES because: 
a panel convector f o r  a given heat-rejection capacity and  ( 2 )  the outdoor 
fan coil  o f f e r s  greater operational f l e x i b i l i t y  because i t  can be operated 
a t  any time o f  the day, whereas the panel can be operated a s  a heat re jector  
only during the n i g h t .  

The specif ic  equations 

( 1 )  the fan coi l  i s  l ess  expensive than  

5 I 4 . 3  Freezing .. -. protecti-go 

The brine in both the solar  col lector  panel and  the outdoor fan 
coil  i s  exposed t o  outdoor ambient a i r  temperatures. 
the freezing point o f  the brine must be well below the expected local 
minimum temperature. Table 4.3, i n  Sect. 4 . 3 . 3 ,  l i s t s  the freezing points 
of several brine compositions. The table shows that  the viscosi t ies  of 
ethylene glycol and propylene glycol brines increase with the glycol 
concentration. I f  these brines are  used, the selection of compositions 
with very low freezing points resu l t s  i n  higher purnpiny-power requirements 
The collector panel c i r c u i t  m u s t  be designed with paral le l  brine flaw 

For t h i s  reason, 
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paths,  as descr ibed i n  Sect. 4 . 3 . 3 ,  t o  prevent  the c i r c u i t  pressure and 
t h e  pumping power requirements f rom becoming excessive.  

5.4.4 1_ Energy . . .-_-_ t r a n s f e r  f l u i d  __.I- 

I n  p r i n c i p l e ,  e i t h e r  wa te r  or  b r i n e  can be used as the f l u i d  medium 
f o r  t r a n s p o r t i n g  t h e  heak c o l l e c t e d  by t h e  s o l a r  panel t o  t h e  i c e  b i n .  
B r ine  i s  t h e  p r e f e r r e d  hea t - t rans fe r  f l u i d ,  even though i t s  use requ i res  
a heat exchanger i n  t h e  i c e  b i n ,  because i t  affords p r o t e c t i o n  aga ins t  
component damage caused by f r e e z i  rig. 

a l ready  i n  t h e  system design can be used f o r  d e l i v e r i n g  heat from the  
s o l a r  panel t o  t h e  i c e  b i n  a t  no a d d i t i o n a l  cost ;  b r i n e  i s  t h e  recommended 
energy- t ransfer  f l u i d .  

heat - t rans fer  f l u i d  f o r  an ice-maker ACES. 
t h e  b i n  d i r e c t l y  t o  t h e  panel and then re tu rned by a s imple drainage 
c i r c u i t .  The use o f  water  e l im ina tes  t h e  need f o r  an i ce -b in  heat 
exchanger and avoids t h e  design problems o f  p r o t e c t i n g  such a u n i t  aga ins t  
damage f rom f a l l i n g  i c e .  If water  i s  used as the heat -car ry ing  medium, 
however, t h e  need t o  p rov ide  t h e  s o l a r  c o l l e c t o r  panel w i t h  a f a i l - s a f e  
f reeze -p ro tec t i on  system becomes acute. A water-evacuat ion system must 
be prov ided t h a t  employs e i t h e r  g r a v i t y  o r  p o s i t i v e  pressure and i s  
ac t i va ted ,  w i thou t  f a i  1, whenever the  temperature o f  t h e  panel f l u i d  
f a l l s  below a c r i t i c a l  l e v e l .  Fur ther  research i s  requ i red  be fore  
s p e c i f i c  recommendations can be made f o r  a f reeze-pro tec t ion  system For 
s o l a r  panels employing water  as the  hea t - t rans fe r  f l u i d .  

I n  t h e  case o f  a b r i n e - c h i l l e r  ACES, t h e  i c e - b i n  heat exchanger 

Because the use o f  water  s i m p l i f i e s  system design, i t  i s  the pre fer red  
The water can be pumped from 

5.4.5 Br ine  sys&Lerii _ _ ~ _ _  venting- 
__I__-.. 

Vapor t rapp ing  w i t h i n  b r i n e  c i r c u i t s  can cause s i g n i f i c a n t  reduc t ions  
i n  the a c t i v e  heat-exchanger tub ing  l eng th  and must be avoided by prov id ing  
a means f o r  ven t ing  t h e  system. 
should be arranged so t h a t  vapor w i l l  c o l l e c t  a t  po in ts  t h a t  can be e a s i l y  
vented by re lease through valves.  
of 1 /4  i n .  copper or p l a s t i c  t ub ing  rou ted  from t h e  vapor c o l l e c t i o n  p o i n t s  

A l l  p i p i n g  con ta in ing  t h e  b r i n e  s o l u t i o n  

The vent  system should be const ructed 
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t o  a convenient access location. Brine systems s h o u l d  have expansion 
tanks capable of holding 2 t o  5 gal o f  l iquid t o  allow f o r  volumetric 
expansion of the brine caused by seasonal variations i n  temperature. 

5.4.6 ____.. Solar panel a l ternat ives  _. .. . . . 

In most regions of the country, the use of a f l a t - p l a t e ,  unglazed 
col lector  panel i s  a low-cost means of gathering the environmental 
energy needed t o  melt excess i c e .  The unglazed s o l a r  panel i s  very 
e f f i c i e n t  because i t  co l l ec t s  both radiant and convective energy a t  
re la t ively low temperatures, 
great ly  reduced heat-collection capabili ty of t h i s  type of panel may 
require the use of excessively large panel areas. The unglazed panel 
can be replaced by conventional so l a r  panels of e i ther  single- o r  double- 
g l a z e d  construction in such instances. Determining the s i ze  of the so l a r  
panel f o r  the ACES requires knowledge o f  the monthly heat-collection 
capacity of the panel chosen. T h i s  information can be obtained e i t h e r  
from the performance curves provided by the manufacturer or by conventional 
methods for estimati ny so la r  energy col l e c t i  on. 

I n  addition t o  the poss ib i l i t y  of using glazed solar  panels, other 

In some northern locations,  however, the 

methods f o r  collecting from the environment the energy necessary for 
melting excess i ce  i n  the b i n  can, and should, be considered. These 
methods include the use of a ground-source heal-collection loop, the use 
of a heat pipe, and the off-duty use of the heat pump t o  col lect  heat 
from the ambient a i r  fo r  delivery t o  the ACES i ce  b i n .  
preliminary investigations of these methads have been made, a detailed 
discussion of which is  beyond the scope o f  t h i s  report. 

Currently, only 

5.5 Conventional Components and Sensors 

5.5.1 Pumps and fans 

The puiiips and fans employed consume approximately 20% of the t o t a l  
purchased energy required by the ACES. I f  care is not taken t o  select 
e f f i c i e n t  u n i t s ,  th is  figure could rise t o  over 30%. Pumps exhibi t  a 
wide range of wire-to-water eff ic iencies ,  from as low as 7% t o  as h i g h  
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as 35%. 
operating conditions. 
speeds and  a l l  a i r  ducts should be large enough so t h d t  pressure 
res t r ic t ions  in airflow are n o t  created. Careful a t tent ion must be 
g i v e n  also t o  the i n s t a l l a t i o n  dnd operation o f  these conventianal 
components i f  the high performance pa ten t i a l  o f  the ACES i s  t o  be real ized,  

The performance of fans varies widely depending on design a n d  
Fans should n o t  be operated beyond the i r  design 

5,5.2 Piping - _.. and f i l t r a t i o n  

The interconnective piping w i t h i n  the ACES shou ld  be sized t a  impose 
a 1ob.r pressure drop on the pumping system and t o  yield flnrid flow veloci t ies  
of 3 ftls, o r  less .  All pipes should be insulated with closed-cell 
rubbe r  insulation t o  prevent condensation of  moistui~e on them. 
should be ins ta l led  such t h a t  individual sections o f  the brine c i r c u i t s  
can be isolated,  or blacked o f f ,  from one another. This capabi l i ty  car1 

simplify the replacenient o f  f i l  ters a n d  f a c i l i t a t e  the repair  of system 
leaks, should they occur. Headers comprised o f  1.5-  t o  Z.Q-in.-diam. 
p l a s t i c  pipes are sa t i s fac tory  for  insst ACES applications.  

Each brine c i r c u i t  should be equipped with a full-flow f i l t r a t i o n  
device capable o f  f i l t e r i n g  par t icu la te  matter as small as 251~  in diam. 
F i  ' I tration i s  necessary t o  prevent the accumulation of foreign matter, 
rg s t ,  d i r t ,  e t c . ,  which could impede the normdl operation o f  pumps and 
valves o r  lead t o  component fa i lure .  
f i l t r a t i o n  devices must be included when estimating the total  pressure 
against which the pumps must operate. The f i l t e r s  should be inspected 
periodically and replaced when necessary. 

The piping 

The pressure drops across the 

5.5 e 3 Thermos tats. 

The  ACES should be equipped with standard thermastats of the type 
used w i t h  conventional air-source heat pump systems. The thermostats 
should have a dead band and reaction-time constants such t h a t  the system 
will not cycle more t h a n  three t imes  an hour during normal operation. 
Setback thermostats should be used only i f  the heat pump has a heating 
capacity suf f ic ien t ly  h i g h  t o  provide r a p i d  recovery o f  the room a i r  
temperature. 
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5.5.4 ..-.I__ Ice inventory sensors 

The ACES i ce  inventory sensors m u s t  be able t o  detect a t  l e a s t  four 
conditions: 
t o  95% of b i n  design capacity, ( 3 )  an ice  inventory equal t o  1052 of b i n  
design capacity, and ( 4 )  elevated b i n  temperature (above 36°F). 
information, together with time-of-year signals from a calendar clock, 
provides the control system with information f o r  making logic decisions 
tha t  w i  11 di rec t  the systems operati o n .  The i ce-inventory sensor may 
consist  o f  separate conductivity probes positioned i n  the ice  b i n ,  o r  i t  
may be a single device tha t  produces an o u t p u t  signal t ha t  i s  proportional 
t o  t h e  stored i ce  inventory. 
o f  sensors a re  discussed i n  Sect. 6. 

(1)  no  ice  present i n  %he b i n ,  ( 2 )  an ice  inventory equal 

T h i s  

The appl icabi l i ty  and use of these types 

A standard thermostat can be used t o  detect. elevated b i n  temperature, 
b u t  monitoring water level in the ice  b i n  i s  more d i f f i c u l t .  In hrine- 
c h i l l e r  systems, where the ice  i s  submerged, conductivity probes can be 
used t o  detect  r i s e s  i n  the water level. 
be used w i t h  an  ice-maker system, where the ice  f l o a t s  i n  the water, b u t  
the relationship between ice  inventory and b i n  water level i s  nonlinear. 
Other inexpensive and r e l i ab le  methods f o r  sensing the s tared ice  inventory 
may be devised and used i n  future  ACES application. 

Conductivity probes can a l s o  

5.5.5 Hot  water I_.I_.. storage tank 

The s i z e  of the hot water  storage tank should be selected e i t h e r  
t o  s a t i f y  a known hot water demand or  on the basis of the anticipated 
number of occupants i n  the building. As a general guideline, 20 gal of 

storage capacity i s  required f o r  each adult  occupant of the building and 
15 gal f o r  each child. 

In advanced ACES designs, discussed b r i e f ly  i n  Sect. 6, addition o f  

the capabili ty f o r  short-term, h o t  and cold storage t o  the system may be 
economically advantageous. A diurnal energy storage tank located inside 
the building would be o f  su f f i c i en t  size t o  supply the  space-heating or 
space-cooling needs of the building on a typical day. A f u l l  discussion 
of the design requirements o f  such a storage t a n k  i s  beyond the scope of 
t h i s  report. 
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6. CONTROL A N D  OPERATING STRATEGIES 

The ACES cont ro l le r  i s  a device programmed t o  actuate e l ec t r i ca l  
components o f  the system in response t o  signals from sensors tha t  monitor 
indoor a i  r ,  outdoor a i  r ,  and h o t  water temperatures, so l a r  radiat ion,  
and the water temperature and i ce  inventory of the ice  storage b i n .  
control ler  integrates these signals w i t h  time signals  from a 365-day 
calendar clock and actuates solenoid valves and relays t h a t  cause the 
system to respond t o  demands f o r  space heating, water heating, a n d  space 
cooling. 
d u r i n g  the ice  phase t o  achieve production of the design ice  inventory 
w i t h o u t  d t  any time exceeding the storage capacity of the b i n .  During 
the supplemental phase, the control ler  actuates the heat pump compressor 
t o  r e j ec t  heat froin the storage b i n  t o  lower the temperature, as needed, 
f o r  a i r  conditioning. 

requires a h i g h  level of expertise i n  computer technology and i s  best l e f t  
t o  inariufacturers sk i l l ed  i n  th i s  f i e ld .  A s  the market for resident ia l  
ACES develops i n  the United S ta t e s ,  control logic packages f o r  the system 
s h o u l d  become commercially available.  
the ACES designer will  not require detai led knowledge of the device b u t  

only a fami l ia r i ty  w i t h  i t s  primary functions and design objectives. 
following sections of this chapter describe these functions and the 
operating s t ra tegy required f o r  a large-bin, br ine-chi l ler  ACES having a 
s o l a r  panel t o  achieve maxiniuin interseasonal energy t ransfer .  

The 

The control ler  d i r ec t s  operation of the so la r  col lector  panel 

T h u s  the des ign  and construction o f  the ACES control logic package 

If  this proves t o  be the case, 

The 

6.1 Control Objectives 

6.1.1 O p r a t i n g  _~._- I ...._.. st rategy 

The requirements of an electronic  package f o r  automatic control 
af a res ident ia l  ACES are  best described by looking a t  a spec i f i c  example. 
For t h i s  purpose, we consider a f u l l  ACES of the br ine-chi l ler  type t h a t  
m i g h t  be i n s t a l l ed  i n  the central United States.  
storage b i n  and a so l a r  col lector  panel f o r  melting ice  as the storage 

T h i s  ACES has a large 
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capacity o f  the  b i n  i s  approached o r  exceeded. Although the bin i s  
large enough t o  s tore  enough ice  t o  s a t i s f y  a l l  o f  the  house cooling 
needs fo r  an average weather year,  higher than average cooling-load 
years will require the system to operate in the supplemental phase fo r  
a t  l e a s t  l imited periods o f  time. The example ACES is  provided with a 
backup heating system consisting o f  e l e c t r i c  res is tance heating elements 
ins ta l led  in the house a i r  ducts. 

As w i t h  a l l  ACES, energy t ransfer  i s  effected by an e l e c t r i c a l l y  
driven unidirectional heat puinp t ha t  obtains heat from water stored i n  
an insulated underground bin. As the heat i s  extracted during the heating 
season, ice  accumulates in the bin and i s  stored. The stored ice  is  used 
t o  provide a i r  conditioning i n  the cooling season by us ing  i t s  heat o f  
fusion as a heat sink. After the stored ice  has been exhausted, the heat 
pump compressor i s  operated to  c h i l l  water i n  the bin to  meet any addi- 
t i  onal space-cool i n g  needs. T h u s  , heat eo1 1 ection by the sol a r  panel 
during the winter and bin-heat re ject ion by the compressor during the 
summer serve t o  augment the heating and cooling storage capacity o f  the 
bin. Figure 6.1 i l l u s t r a t e s  the annual operatians of the example ACES, 
de ta i l ing  time-dependent functions - i ce  inventory, and bin water 
temperature. 

6.1.2 Heating season .I operation 

The ice  phase of annual operations f o r  the  example ACES ( F i g .  6 . 1 )  
begins  on November 1 .  During November the temperature o f  the b i n  water 
gradually declines t o  32°F as  heat i s  extracted from the b i n  t o  provide 
space and water heating t o  the house. 
sensible heat of the water has been extracted and ice  formation begins. 
The system must supply house demands for space heating and water heating, 
and the so la r  panel m u s t  be operated t o  melt i ce ,  as shown by the bar 
graphs a t  the top of F i g .  6.1. 
of heat del iver ies  t o  be such tha t  space heating and water heating a re  
supplied simultaneously when bath are  demanded, b u t  t ha t  i f  space-heating 
needs cannot be met, as  would be indicated by the second stage of the house 
thermostat, the delivery o f  the water-heating load i s  delayed. 

By the end of November a l l  the 

The cont ro l le r  must es tabl ish the p r io r i ty  
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During the heating season the calendar clock switch i s  in the 
"select  winter" posit ion,  denoted by S s w ,  allowing the solar  pane? to  
operate when outdoor weather conditions perinit and  when ice  melting i s  
necessary. 
position, the solar  panel may n o t  operate t o  melt b i n  ice.  
of ice-inventory control during the winter season are  t o  ensure t h a t  the 
ice  inventory will never exceed 105% of the bin design storage capacity 
and t o  achieve the ice-growth curve expected for  an average weather year. 
For an average weather year, ice  inventory i s  controlled t h r o u g h  the 
operation o f  the solar  panel t o  melt ice whenever ouhdnor ambient heat 
can be collected.  
m u s t  be interrupted intermittently t o  allow the ice  inventory t o  reach 
the value expected fo r  the given time o f  year. 

ice-growth curve estimated For an average weather year. Actual ice  
inventory i s  compared a t  daily intervals  with t h a t  for  the reference 
year. 
the basis o f  signals provided by an ice-inventory sensor a t  specif ic  
scanning times. 
tor o r  a se r ies  o f  conductivity probes positioned a t  fixed intervals  in 
the bin t o  indicate ice  levels .  I f  the scan reveals an ice inventory 
greater than or  equal t o  t h a t  expected fo r  the given time a f  year, the 
solar  panel i s  operated t h r o u g h o u t  the next scan interval .  I f  the ice 
inventory i s  bel ow tha t  expected, however, i ce-me1 t operations a re  stopped 
d u r i n g  the next scanning interval .  

During h i g h  heating-load years, the solar  col lector  panel i s  operated 
continuously t h r o u g h o u t  the heating season, as outdoor weather conditions 
permit, t o  melt excess ice in the s to rage  bin. Because of i t s  limited 
heat-collection capacity, however, the panel will be unable to prevent 
the attainment of an ice inventory exceeding the design storage capacity 
of the bin. To protect the bin against possible damage, an ice-inventory 
sensor must be provided t o  indicate when 105% o f  the bin design storage 
capacity i s  reached, whereupon fur ther  operation o f  the heat pump cam- 
pressor must he halted; the backup space-heating system i s  used t o  meet 

When the calendar clock switch i s  in the "select  sLimmer" 
The objectives 

For a l o w  heating-load year, however, panel operation? 

The operation o f  the solar  col lector  panel i s  regulated t o  ach-ieve the 

Phis comparison can be made automatically by the control ler  on 

The sensor can e i the r  be a continuous ice-level indica- 



house space-heating demands. This coridition also cal Is for  continuous 
operation o f  the so la r  col lector  panel for  melting excess b i n  ice. 
when the ice inventory has been reduced t o  the expected refercnce-year 
level i s  ACES operation resumed. 

Only 

6.1.3 Cool i ng season _operati on .--..I_IL---_l.__._-~ -__... 

For the example ACES shown in F i g .  6 .1 ,  the calendar clock switch 
reverts to the "sSeimrner se lec t"  position on May 1 and  the s o l a r  col lector  
panel i s  n o t  operated a f t e r  t h i s  date.  Space-cooling deniands then take 
precedence over space-heating demands, a s  the b a r  graphs in F i g .  6.1 
indicate,  and  the ice inventory begins t o  decline. By mid-August a l l  
of the ice inventory has been exhausted, b u t  the chi l led water in the 
storage lain s t i l l  serves as a heat. s i n k  f o r  the house space-cooling loads. 
The continuing space-cooling loads o f  the house ra i se  the temperature of 
the b i n  w a t e r  t o  45"F, and the system enters t h e  supplemental phase o f  i t s  
annual cycle ,  Beyond t h i s  point fur ther  cooling-laad del iver ies  t o  the  
home can be made only i f  the heat pump compressor i s  operated t o  produce 
chi l led water. 
i s  directed by the control ler  i n  response t o  signals from the bin water 
thermostiit. 
reaches 45OF and i s  stopped when the water temperature f a l l s  to  40°F. 
The heat removed from the storage b i n  i s  rejected t o  %he environment by 
an outside a i r  coil  ox' delivered t o  the house t o  meet space-heating or 
wa t a? r- hea 1: i n g dema nd  s . 

Qperation of the system in the b i n  keat-rejection mode 

Coinpressor operation i s  i n i t i a t ed  when t h e  water temperature 

6.2 Control Package logic  

For the example resident ia l  ACES described above, the following 
sensors send signals t o  the control ler :  

-Thermostat fo r  controll ing the hot wate r  temperature t o  a range Thw 
o f  120° t o  125°F. Signal i s  1 i f  a ca l l  for water heating 
ex is t s .  
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- Fi r s t  s tage of room thermostat fo r  controll ing the indoor 
temperature t o  a range of 69 t o  71°F d u r i n g  the heating 
season. Signal i s  1 i f  a ca l l  f o r  space heating ex i s t s .  

-- Second stage of room thermostat. Signal i s  1 i f  the system 
i s  able  t o  accommodate simultaneous c a l l s  for  space heating 
and water heating. 

- Thermostat f o r  controll ing the indoor temperature t o  a range 
o f  77 t o  79°F during the cooling season. Signal i s  1 i f  a 
ca l l  fo r  space cooling ex is t s .  

-Outdoor winter a i r  temperature thermostat. Signal i s  1 if  
the temperature i s  32°F o r  grea te r .  

-Outdoor  summer a i r  temperature thermostat. Signal i s  1 i f  
the temperature i s  85°F o r  l e s s .  

- Therimstat fo r  controll ing the bin water temperature t o  a 
range of 40 t o  45°F during the supplemental phase. Signal 
i s  1 i f  a ca l l  fo r  b i n  heat-rejection exists. 

I - Ice-inventory indicator.  Signal i s  1 i f  the ice  inventory 
equals o r  exceeds 105% of the bin design storage capacity. 

- Calendar clock s e l e c t  switch posit ion.  Signal i s  1 i f  the 
switch i s  in the "se lec t  winter' ' p o s i t i o n .  

Trhl 

Trh2  

Trc 

Todw 

Tods 

Tbi  n 

%w 

6.2.2 O u t p u t  s ignals  

ComDonent s iana ls  

In accordance with programmed logic  instruct ions,  the control ler  
del ivers  the following s ignals  t o  actuate system components: 

C -Relay for  actuating compressor. Signal i s  1 f o r  on. 
PCb -Relay for  actuating cold brine pump. 

'hb 
'hw 
F i d  - Relay for  actuating indoor  fan motor. 
F0d - Relay fo r  actuating outdoor fan motor. 

Signal i s  1 f o r  on. 
- Relay f o r  actuating h o t  brine puinp. Signal i s  1 fo r  on. 
- Relay fo r  actuating h o t  water pump. Signal i s  1 f o r  on. 

Signal i s  1 fo r  on. 
Signal i s  1 f o r  on. 

Bh - Relay fo r  actuating backup heating system. Signal i s  fo r  on.  
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Valve signal _I s 

In addition t o  direct ing the operation o f  the above components, the 
cont ro l le r  must be programmed t o  provide  output s ignals  f o r  actuating 
the appropriate valves t o  es tab l i sh  the flow paths o f  hot brine,  cold 
brine,  and hot water t ha t  a r e  required for  each rnode o f  system operation. 
For example, upon receiving a bin ice-me1 t signal 
actuate valves t h a t  place the cold brine path t h r o u g h  the so lar  co l lec tor  
panel in se r i e s  w i t h  the ice-bin heat exchanger. Similarly,  hot brine 
must be circulated t h r o u g h  the indoor fan coil  when a space-heating ca l l  
7's i n  e f f e c t ,  and cold brine must be circulated when a space-cooling ca l l  
i s  received. For s implici ty ,  cont ro l le r  o u t p u t  s ignals  and actions are 
orriitted from the following discussion o f  control logic  equations f o r  the 
exarnpl e ACES 

the cont ro l le r  must 

6.2.3 I-_. Control logic equations -- 
The conditions under which each component o f  the system i s  actuated 

by the cont ro l le r  a re  described below. 
equations, form the basis o f  the programmed instruct ions t o  the cont ro l le r .  
I n  the logic  equations, output s ignals  from the cont ro l le r  written w i t h o u t  
an upper bar symbol denote t h a t  the component i s  actuated. 
input s ignals  t o  the cont ro l le r  written without an upper bar denote tha t  
a signal value o f  1 has been received. For example, (C) denotes tha t  
the compressor i s  operating, and (t-) denotes tha t  i t  i s  n o t  operating. 
Syrribols expressed as  products should be read "and," those expressed as  
sums should be read " o r " "  
by : 

These conditions, s ta ted  a s  logic  

Similarly,  

These logic  equation conventions a r e  i l l ~ s t r d ' t e d  

w = (X)(U) i" z , 

which should be read, "The o u t p u t  signal from the cont ro l le r  i s  1 ; that  
i s ,  component W i s  actuated,  whenever X i s  1 and Y i s  0, or  Z i s  1 .  T h i s  
notation can be used t o  express the conditions of operation for the ACES 
components as  fa1 1 ows: 
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1 .  The compressor C i s  t o  operate whenever space heating i s  called f o r  
by Trh,  o r  water h e a t i n g  i s  called f o r  by Thw and the ice  inventory 
has not reached 105% o f  the b i n  design capacity. The compressor i s  
a l s o  t o  operate whenever the calendar clock switch i s  not in the 

outdoor a i r  temperature i s  85°F o r  l ess ,  as indicated by .rods. 
posit ion,  b i n  heat rejection i s  called f o r  by Thin, and  the summer sw 

2. The cold brine pump motor i s  t o  operate whenever the calendar clock 
switch i s  in the SSw position; the outdoor a i r  temperature i s  32°F 
o r  greater ,  as  indicated by Tods; and the ice  inventory i s  equal t o  
or greater t h a n  t h e  inventory expected fa r .  the reference year a t  the 
given date,  as indicated by I .  The cold brine pump motor i s  also 
t o  operate whenever space cooling i s  called f o r  by Trc o r  whenever 
the compressor i s  i n  operation. 

3. The h o t  brine pump motor i s  t o  operate whenever the calendar clock 
i s  not i n  the Ssw position, b i n  heat rejection i s  called f o r  by 

, and the outdoor sunimer a i r  temperature i s  85°F o r  l e s s ,  as T b i  n 
indicated by rods. The hot brine pump motor is  a lso to  operate 
whenever space heating i s  called f o r  by Trh l  and the ice  inventory 
has not reached 105% o f  bin design capacity. 

4. The h o t  water pump motor is  to  operate whenever water heat ing  i s  
called f o r  by Thw and  Trh2  i s  1 ,  indicating tha t  t h e  water-heating 
load does n o t  need t o  be shed. 
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5 .  The indoor fan motor i s  t o  operate whenever space cooling i s  called 
fo r  by Trc o r  space heating is  called for  by T r h , .  

6 .  The outdoor f a n  motor i s  t o  operate whenever the calendar clock 
ed for  switch i s  not in the S,, pos 

by T b i n ,  and the outdoor a i r  
indicated by Tods. 

F Q ~  - ( q ) ( T b i n ) ( T o d s )  

t ion,  bin heat rejection i s  cal 
temperature i s  8 5 O F  or l e s s ,  as 

(6 .7 )  

7. The backup space-heating system i s  t o  operate whenever space 
heating i s  called f a r  by Trhl and the ice  inventory equals o r  
exceeds 1052 of the bin design storage capacity, as indicated by 

I1  O S .  

Controller des-. Figure 6.2 shows how the above logic equations 
can be represented i n  a single logic diagrarn showing the necessary s e t  
o f  i n p u t  s ignals t h a t  must e x i s t  for  a g iven  component o f  the system t o  
be actuated. For an actual ACES, the logic  diagram must include a l l  
o f  the controlled system components and a l l  necessary i n p u t  s ignals f o r  
set.ting t h e i r  operating s t a t e s .  The construction o f  the control logic 
package requires design o f  the c i r cu i t ry  and the physical layout o f  the 
package. I f  desired,  the control ler  may be provided w i t h  an LED ( l i g h t  
emitting diode) display to  indicate the condition o f  a l l  i n p u t  and o u t p u t  
signals.  Capability f o r  the manual se t t ing  o f  a l l  i n p u t  s ignals should be 
provided so  t h a t  the proper functioning of the control ler  can be 
deteirmined by tes t ing  and checkout upon ins t a l l a t ion .  
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INPUTS OUTPUTS 
^ ......... .......... .......... ......... 4 F 

'ods *-- .......... O d  

e . 
.'-bin 

s,, b-1 

'od w L.---., 
1 e---- 

-/'.. ..... 
....... ..... ............ 1 .__ ______lsd 

I 

___lll_____ ............... *- ............. 
Trc 

= INVERT, i . e .  W -+W ' D -  
E AND D 

F i g .  6 . 2 .  P a r t i a l  control l og ic  diagram. 
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6.3 Control of Alternative ACES Designs 

The control ler  described i n  Sect. 6.2 is  for  a f u l l  ACES t ha t  lacks 
sensible heat-storage capabili ty and has not been optimally designed for  
diurnal cooling storage. 
o f f e r  a t  t r ac t i  ve benefits  with respect t o  system performance and econoni cs 
are possible, including the use of: a l te rna t ive  backup space-heating 
systems; a l te rna t ive  ice melting systems employing ground hea t ,  heat 
from outside a i r  obtained by heat pump operation, or heat from e l e c t r i c  
or fuel-f i red heaters;  and a small indoor t a n k  t o  provide the system with 
low- and high-side storage capabi l i ty ,  so t h a t  i t  can function more 
effect ively as a load-management device. Any of these modifications t o  
the basic ACES design requires corresponding changes i n  the design of the 
control ler .  T h i s  section discusses several variations i n  ACES design t h a t  
would a f fec t  the control logic  package. 

A number of modifications t o  t h i s  design tha t  may 

6.3.1 Backup h e a t i u  .- system 

T h e  basic objective of ACES design i s  to  se lec t  system components 
t h a t  will supply thermal demands of  a par t icular  building occurring in 
an average weather year. Because of the 50-50 chance of any year having 
more severe weather than the reference year,  the ACES m u s t  be provided 
with a backup system for  supplying heat t o  the house o r  b i n  f o r  use when 
the ACES d e s i g n  ice  storage capacity i s  reached. 
cooling - a  bin heat rejection mode t o  produce chi l led water - for  use 
when the ice  inventory has  been exhausted i s  already provided i n  the ACES 
design. 

Backup heating systems will be used most frequently in regions where 
large variations in year-to-year weather conditions occur. 
e a r l i e r ,  the backup heating system can e i the r  be a complete house-heating 
system or a system limited t o  supplying heat t o  the b i n  t o  melt ice .  
Satisfactory methods for  controll ing the ice  level i n  the b i n  could consist  
o f  submerged e l e c t r i c  resistance heaters,  fuel-f i red heaters,  ice melting 
by the heat pump, o r  d i r ec t  disposal of the bin ice  and replacement with 
fresh water. A l l  ACES demonstrated t o  date have employed backup systems 
tha t  supply heat d i rec t ly  to the house. 

A backup system fo r  

As discussed 

The use of backup systems for  
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delivering heat to  the bin appears t o  o f fe r  simplifications in system 
design b u t  has n o t  yet  been fu l ly  evaluated. 

The recommended backup system for the ACES i s  e l e c t r i c  resistance 
s t r i p  heaters instal led in the a i r  ducts of -the house. l h i s  system i s  
recommended because o f  i t s  low capital  cos t  and ease o f  i n s t a l l a t ion .  
The backup system, whether i t  provides central o r  zone heating, should 
be control 1 ed by a mu1 t i  stage therimstat. 
thd-l; can be operated by a building occupant o r  one t h a t  the control ler  
actuates automatically upon receiving a s i g i l a l  indicating a fu l l  ice 
inventory in the bin. 
when conditions cal l ing -for backup heating ex i s t  and  of actuating relays 
t o  prohibit fur ther  operation o f  the heat pump. 
system selected,  the ACES control ler  may a l s o  be required t o  d i rec t  i t s  
operati on .  

- 

The thermosta t should be one 

The ACES control ler  must be capable of  determining 

Depending upon the backup 

6 . 3 . 2  Ambient heat collection ________ ..___.. __ 

Solar col lector  panel -. I___.-.. 

An a l te rna t ive  heat-collection strategy i s  the use of glazed solar  
panels t o  s tore  as much sensible energy in the bin as can be collected 
during the early months of the heating season. The objective o f  t h i s  
strategy i s  t o  maintain t h e  bin a t  an elevated temperature un%il l a t e  
winter t o  minimize use of the backup heating system. 
the heating season, the b i n  can e i ther  be allowed t o  freeze o r  i t  can be 
maintained without i c e  t o  provide chilled-water space cooling in the 
summer. Use of t h i s  type panel and operating mode also reduces the 
collector panel area required For a given ACES i n s t a l l a t ion .  However, 
the cost-effectiveness of th i s  heat-collection system has n o t  yet  been 
demonstrated. 
instructions for  directing the operation of such a panel, i f  i t  i s  used. 

Toward the end  of 

The ACES control ler  must be provided w i t h  spec i f ic  logic 

Ground hea t  collectors _- 
~ .....__ ___ 

- [ h e  use o f  an earth-source heat col lector ,  e i t he r  a heat p i p e  or an 
underground tieat exchanger, represents an a l ternat ive method o f  coll ec t i  ng 
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ambient heat t o  melt ice  i n  the storage b i n .  
has been tested in a derrionstration ACES,  b u t  bo th  o f fe r  the advantage o f  
u t i l i z ing  a heat source t h a t  i s  continuously available regardless o f  
winter weather conditions. The logic equations fo r  the control ler  will 
d i f f e r  from those For a n  ACES employing a solar  col lector  panel, whl'ch 
i s  prohibited from operating whenever the outdoor a i r  temperature f a 1  Is 
below 32°F. 

Neither of these methods 

Heat pump ..... .- .- 

Because the ACES i s  equipped with an outdoor a i r  coi l  f o r  sumnier 
heat-rejection, the heat pump i t s e l f  can be used during the winter t o  
co l lec t  ambient heat for  delivery t o  the ice  storage bin. 
th i s  mode, the a i r  coi l  del ivers  ambient heat t o  the u n i t ,  causing i t  
to  function as  an air-source heat pump. 
deliver the heat pump o u t p u t  e i ther  t o  the house fo r  space heating or 
t o  the storage b i n  fo r  melting ice ,  These a l te rna t ive  modes o f  heat pump 
operation during the winter make e f f i c i en t  use o f  existing ACES equipment 
and can e i the r  eliminate t h e  need fo r  a scalar panel altogether or greatly 
reduce the  s ize  and cost  o f  the panel. 
multi-use heat pump concept in the ACES and o f  the control logic package 
fo r  direct ing i t s  operation i s  beyond the scope o f  this report .  

Operating i n  

The system can be designed to  

A complete discussion of the 

6 3 . 3  Load-management sys tems ..._ 

The basic ACES designs described in this report can be modified t o  
provide fu l l  load-management capabi l i ty  by p r o v i d i n g ,  i n  addition to the 
ice  storage bin, a ma11 thermal storage t a n k  having a large enough 
capacity t o  supply the heating or cooling needs o f  the b u i l d i n g  fo r  
several days, The tank should be located in a comfort-conditioned area 
of the building to  eliminate heat losses and should be insulated t o  
prevent the condensation o f  moisture on i t s  surfaces. 
in the small storage t a n k  should be capable o f  delivering heat a t  a 
r a t e  equal t o  the dekign hourly heat load of the house. The small t a n k  
would provide short-term high-side storage i n  the winter and low-side 
storage i n  the summer fo r  use i n  regions where time-of-use power rates  

The heat exchanger 



110 

are  offered. The optimal s i ze  o f  the  t a n k ;  the heat pump capacity; and 
the design o f  the tank 'neat exchanger, valves, p i p i n g  connections, and 
the control logic package needed f o r  a f u l l  load-management ACES a re  
t o p i c s  beyond t h e  scope of t h i s  report .  



7 -  ESTIMATION OF COSTS 

7.1 Life-cycle Costs 

In deciding whether or n o t  t o  i n s t a l l  an ACES, the homeowner needs 
t o  compare the anticipated costs of ACES ownership and operation with 
those o f  a l te rna t ive  heating and cooling systems. 
o f  recurring cash outlays tha t  m u s t  be made t o  operate and maintain the  
system during i t s  useFul l i f e .  For any e l ec t r i ca l ly  driven W A C  system, 
operating costs include a l l  annual expenditures f a r  e l ec t r i ca l  power and 
routine preventive maintenance, as well a s  unscheduled expenditures fo r  
necessary parts replacement and maintenance. Qwnership costs consist  
of required annua l  paynients f o r  borrowed cap i t a l ,  investment equity,  
local property taxes,  and property insurance. These annual ownership 
costs may be mitigated, depending upon the financial  s ta tus  o f  the 
homeowner, by federal income t a x  rebates received f o r  i n t e re s t  p a i d  
on borrowed capital  and for annual property t a x  payments. 

by discounting each annual operating c o s t ,  finding i t s  value a t  year 
zero, and summing the dl'scounted cash values over the assumed (20-year) 
l i fe t ime of the ACES. The present value o f  the annual ownership costs ,  
calculated in a similar manner, i s  added t o  the present value o f  t h e  
operating costs t o  yield a value f o r  the l ife-cycle cost o f  the system. 
In  determining the present value of the ownership costs ,  any residual 
o r  salvage value t h a t  the system might have a t  the end o f  the assumed 
l i fe t ime should be taken into account. In the case of an ACES, the ice 
bin probably will deter iorate  very l i t t l e ,  i f  a t  a l l ,  during a 20-year 
period. 
serve a s  an  ACES component, or  i t  can be converted i n t o  useful basement 
storage space. Thus, the bin will probably retain a h i g h  residual value, 
which when properly discounted may s ignif icant ly  reduce the present 
value o f  the ownership costs.  

In summary, the l ife-cycle cost  of a system represents the to ta l  
investment required for  acquiring the system and prepaying a l l  annual 

Operating costs consist  

The present value of the annual operating costs can be calculated 

A t  the end o f  the 20 years, the b i n  can e i the r  continue t o  

111 
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costs f o r  e l ec t r i ca l  power, maintenance, property taxes, insurance, and 
interest. on the capital  investment fo r  20 years i n t o  the futur?.  The 

l ife-cycle cost provides a f a i r  means of comparing the 2cononiics o f  

al ternat ive heating and cooling systems. 
the one having the lowest l ife-cycle cost .  Unfortunately, the amaunt o f  
computation required fo r  a f u l l  l ife-cycle cost analysis i s  substantial  
a n d  requires detailed knowledge o f  the biiyer’s Financial s t a t u s ,  o f  local 
property t a x  practices,  a n d  o f  local insurance ra tes .  For t h i s  reason, a 
simplified approach fo r  calculating t h e  l ife-cycle cost a f  the P.CES 
(described in Sect. 7 . 2 )  i s  preferred. 

- Ihe  most cost-effective system i s  

7 . 2  Simplified Life-cycle Cost Analysis 

The calculation o f  the present value o f  the costs of owi-iing the systcrn 
i s  greatly simplified i f  the impact o f  income t a x  ra tes  a n d  annua l  charges 
f o r  property taxes and insurance arc neglected and i f  i t  i s  assumed that 
the system i s  purchased with equity f u n d s .  Under these conditions, the 
ownership cost i s  equal t o  the to ta l  instal led cost o f  the syFtem, net 
o f  i t s  discounted salvage value. 
obtained by summing the discounted annual costs for  e l ec t r i ca l  power a n d  
system maintenance over the assumed liretirne o f  the ACES. T h e  s i m  of 
the ownership a n d  operating costs i s  t h e  l ife-cycle cost of the system. 

Ihe operating c o f t  of the systein i s  

p :I: T -+ 0 (7.1) 

where 
P = present value l i fe-cycle  cost o f  the system; 
T = t o t a l  instal led system cos t ,  net of salvage value; 
0 :: operating cos ts ,  discounted and summed over the study l ifetime. 

7 . 2 . 1  Installed cost __. .... .-.. 

The i n i t i a l  cost of i n s t a? l ing  an ACES in a single-family residence 
wi l l  vary regionally according t o  the prevailing ra tes  fo r  labor and  
materials. Because these ra tes  can be expected t o  r i s e  w i t h  the r a t e  of 
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general in f la t ion ,  each component of a planned ACES ins ta l la t ion  must be 
costed according t o  the currently prevailing local economic conditions. 
The ins ta l?ed  costs of the various components o f  the system can be e s t i -  
mated by e i the r  the ACES contractor o r  the interested purchaser a n d  
summed t o  obtain the to ta l  i n i t i a l  cost of the complete system. The 
ins ta l led  cost of an ACES inay be estimated using work form 7 and  the 
instructions provided in Sect. 8.3. 

A large f i r s t - c o s t  item of an ACES i s  the heat pump mechanical package. 
The purchase price of the package will vary with i t s  capacity r a t i n g ,  which 
should be selected t o  exceed the calculated design hourly heating load of 
the building by as  l i t t l e  as possible. The purchase price o f  the heat 
pump mechanical package may be obtained d i rec t ly  from the manufacturer 
or from a 1oml  heat-pump dealer. The estimated charges t h a t  would be 
demanded by a local heating and air-conditioning contractor f o r  ins ta l l ing  
the heat pimp mechanical package and refr igerant  l ines  m u s t  be added t o  
i t s  purchase price t o  obtain the instal led cost of the u n i t .  

A second large cos t  item of the ACES i s  the ice  bin. The overall 
cost  of the ice bin can be broken down into three categories: basic 
construction, thermal insulation, and waterproofing. The construction 
contractor or  prospective ACES purchaser should determine the unit cost  
o f  materials (dol lars  per square foot )  f o r  each o f  these categories. 
These unit  costs of materials should then be doubled or ,  based on the 
contractor 's  experience, multiplied by some other sui table  factor  t o  
account f o r  projected l a b o r  and ins ta l la t ion  costs.  
dimensions of the b i n ,  an estimate of the ins ta l led  cost of the ice bin can 
be calculated (see bdork form 7 ,  in Sect. 8 .3) .  

Unit, costs for  the ice-bin heat exchanger and the supplemental heat 
col lector  depend primarily upon the material used f o r  the heat-exchanger 
co i l  and  the type of col lector  panel (glazed o r  unglazed) being considered. 
When these design variables have been selected,  the unit ins ta l led  costs 
of  the two components must be determined by consulting equipment suppliers.  
The to ta l  ins ta l led  costs o f  the components can then be estimated by multi- 
plying t h e i r  unit  costs ,  respectively,  by t h e i r  required s izes .  
case of the col lector  panel, an additional fixed cost should be added t o  

Based upon the required 

In the 
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cover the costs o f  providing panel support strtictiire, headers and 
connective pl umbi ng  . 
the hot water t a n k ,  ACES control package, pumps, a i r  ducts, e t c . ,  should 
be determined separately and suinmed (see work form 3 ,  in Sect ,  8.3).  

The in s t a l  1 ed costs o f  auxi 1 i ary components such as 

7 . 2 . 2  Salvage value _- 

Some ACES components may have longer useful l ives  than others. In 
pa r t i cu la r ,  the ice  bin and the a i r  duct system will ptobably exhibit  very 
l i t t l e  deterioratjon over the assumed 20-year l i f e .  I f  t h i s  i s  t h e  case, 
these compoilents w i l l  have residual value a t  the end o f  t h e  period which, 
when properly discounted, should be credited t o  the system as salvage 
value. 
of central heating and cooling system a t  the end o f  20 years,  the a i r  
ducts could continue t o  serve in the new system. 
b i n  could be converted in to  useful basement area so  t h a t  a t  l e a s t  a portion 
o f  i t s  basic construction costs would be recoverable. 
the salvage value t h a t  should be assumed f o r  e i t h e r  component i s  a matter 
o f  judgment and could range from zero t o  more than the i n i t i a l  cos t ,  

For example, i f  the ACES were t o  be replaced by some other type 

Similarly, the ACES i ce  

The magnitude o f  

7 .2 .3  Maintenance . . . . . costs 

Maintenance costs f o r  an  ACES consis t  of annual expenditures for 
routine service and inspection, routine preventive maintenance, and 
unscheduled maintenance as needed, t o  keep the system operational during 
i t s  20-year l ifetime. The annual maintenance costs of conventional heating 
and cooling systems tha t  have accuniulated many years of opera.l;ional 
history can usually be predicted accurately from p a s t  experience. In the 
case o f  an ACES, however, a service and maintenance cost  schedule must be 
assumed. Table 7 .1  shows a maintenance cos t  schedule for  t h e  ACES t h a t  i s  
based on consideration o f  the individual components o f  the system. 
Although t h i s  cost schedule may be modified as  additional operating 
experience w i t h  the ACES i s  acquired, i t  i s  believed t o  he reasonably 
real  i s t i  c. 
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Table 7.1. Assumed service and maintenance cost  schedule f o r  ACES 
(All values i n  constant do l l a r s )  

C1 ean Rep1 ace Rebui 1 d ,  Hot Ice 

exchangers system Pumps tank service" 
heat control repa i r  water b i n  Total Year Routine 

N service 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
1 7  
18 
I9 
20 

50 
50 
50 
50 
50 
50 
50 
50 
50 
50 
50 
50 
50 
50 
50 
50 
50 
50 
50 
50 

110 

110 

110 

110 

300 

50 
50 
50 

160 
100 150 

50 
150 200 

200 360 
50 

100 450 
50 

160 
50 

150 200 
100 150 

200 360 
50 
50 
50 
50 

Drain ice bin,  check s t ructural  supports, r e f i l l  w i t h  f resh water. a 

The present value o f  ACES maintenance costs (MC) i s  obtained by 
discounting the annual expenditures fo r  maintenance, expressed i n  t h e n -  
current dol lars ,  and summing the discounted values over the 20-year period. 
T h u s ,  using the expenditures from Table 7.1, the present value o f  the 
maintenance costs  i s  given by: 

2 0  

MC = C Pn Rn . 
n=l 

(7.2) 
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In  Eq. ( 7 . 2 )  

MC = the present value of ACES maintenance cos ts ,  taken over a 20-yeau- 
period; 

P = inaintenance cost fo r  year n ,  i n  constant do l l a r s ;  
r :: annual escalat ion r a t e  of  maintenance cos ts ;  
rd ::: annual discount r a t e  (cost  o f  capi ta l  ) ; and 

n 
111 

where rln and rd a re  expressed i n  decimal form. 
value of the assumed annual maintenance costs  of the ACES as  a function o f  
the discount r a t e  and the maintenance cost  escalat ion rate.  

Table 7 . 2  shows the present 

Table 7 . 2 .  Present value of ACES maintenance costs as a function 
o f  discount r a t e  ( r d )  and annual maiiitenance cost  escalation r a t e  (rf,,) 

r m 

0.05 0.06 0.07 0.08 0.09 
.. . -. -- -. .. . . . . . _-____ .......... . . . . . . . .- 

rd 

0.09 1880 2060 2260 2490 2940 
0.10 1720 1880 2060 22 70 2490 
0.11 1580 1720 1890 2070 2270 
0.12 1450 1580 1730 1890 2070 

7.2,4 .... Elec t r ic  . . . power . .-. c o s t  

The present value of the annual charges f o r  e l e c t r i c i t y  consumed by 
the ACES i s  obtained by discounting each annual power cos t ,  expressed i n  
then-current do l la rs ,  and suimming the discounted values over each year o f  
the study period. ' T h u s ,  the present value o f  the power costs  i s  given by: 

( 1 . 3 )  +P;R N . PC = Po R + Po R2 -t ... 

I n  Eq. ( 1 . 3 )  

PC = the presenl value o f  ACLS cos ts  f o r  e l e c t r i c i t y  consumption 
taken over a period o f  N years;  
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P = the annual cos t  of e l e c t r i c i t y  consumed, a t  year-zero pr ices ;  
re = t h e  annual pr ice  esca la t ion  r a t e  o f  e l e c t r i c i t y ;  
rd = the  annual discount r a t e  ( cos t  of c a p i t a l ) ;  

0 

N = the number of years  (20) o f  the study period; 
1 + re 

R =  l + r d ’  

where and r a re  expressed i n  decimal form. 

r e l a t ionsh ip ,  

d 
The sun1 o f  the  power s e r i e s  shown i n  E q .  (7.3) i s  given by the 

PC = Po -+R-:-?r- R RN - 1 )  * 
(7 .4)  

This re la t ionship  can be e a s i l y  evaluated t o  y i e ld  the present value af 
ACES power cos ts  over a 20-year p e r i o d ,  f o r  a range of assumed values 
r and rd. Table 7.3 presents the results of such an eva lua t ion ,  where 
i t  i s  assumed t h a t  Po = 1 .  To determine the present value of the power 
cos ts  incurred by a pa r t i cu la r  ACES d e s i g n ,  the  actual value of Po f o r  the 
ACES d e s i g n  should be  mult ipl ied by an appropriate  f a c t o r  from Table 7.3. 
For a pa r t i cu la r  ACES design, the cos t  of e l e c t r i c i t y  consumed during year  
zero,  Po, i s  obtained by multiplying the annual arnount of e l e c t r i c i t y  
consumed by the ACES by the e l e c t r i c a l  power r a t e  t h a t  cur ren t ly  preva i l s  
i n  the region. 

e 

Table 7.3. Present worth f a c t o r  of ACES power cos ts  as ii 
function of the  discount r a t e  ( r d )  and the annual e l e c t r i c i t y  

pr ice  esca la t ion  r a t e  ( r e )  

r e 
-.-- --II_ .-.____._I 

0.050 0 060 0.070 0.080 0.090 rd 
-~ __ . .. _ _  

0.090 13.82 15.11 16.56 18.18 20.00 
0.100 12 .72  13.87 15.15 16.59 18.20 
0.110 11.74 12.77 13.91 15.19 16.62 
0.120 10.87 11.79 12.82 13.95 15.22 





8 .  MANUAL ACES DESTGN PROCEDURES 

This  section presents manual design procedures f o r :  ( I  ) estimating 
the thermal loads of  a building; (2) sizing the ACES cornponrnts t o  deliver 
these loads; ( 3 )  calculnting selected operating paraniieters including the 
ACOP of  the system; a n d  ( 4 )  determining t h e  annual e l e c t r i c i t y  consumption 
o f  the ACES. Procedures fo r  estimating .the i n i t i a l  and l i fe-cycle  c o s t s  

of the resident ia l  AGES are  a l s o  described. The section i s  divided into 
two subsections: 
requires f e w  computati ons; t h e  second describes a more detai led method 
f o r  custom design, 'The less complex design method should be used f o r  
preliminary scopin purposes, enabling the builder t o  decide whether or 
riot the ACES i s  a promising a l te rna t ive  W A C  systerri for a part icular  
application. The custom design method can ref ine the  i n i t i a l  design 
est.imates t o  be more compatible with a given b u i l d i r i g  design, 

the f i r s t  presents a r a p i d  ACES design method t h a t  

8.K Rapid ACES Design 

A method fo r  estimatl'ng component s izes  e x p e c t ~ d  systeria performance, 
a n d  i n i t i a l  ins ta l la t ion  costs of  a resident ia l  ACES i s  needed by the 
builder who wishes t o  compare the ACES with a l te rna t ive  heating and cooling 
systems. To meet t h i s  need, ACES designs have been calculated for  
different-sized single-family reference houses located t ~ ~ ~ u ~ ~ o ~ ~  the 
United States and are tabulated in Table B.2 (Appendix B ) .  
houses are o f  two sines and  two levels o f  thermal insulation and typify 
construction practices i n  16 geographical zones o f  the country.1 
After identifying the reference houses t h a t  are s imilar  t o  a par t icular  
house plan, the home builder can approximate ACES design and performance 
data d i r ec t ly  from Table B.2. 

The reference 

8.1.1 Description of reference houses .-.-- _l___-_l_ 

The four reference houses o f  each geographical region ( F i g .  A . l ,  
Appendix A )  have design features such as type of foundation, number o f  
s t o r i e s ,  s i z e ,  e t c . ,  t h a t  e x e m p l i f y  construction practices i n  t h a t  region. 

119 
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The reference houses include b o t h  small and large dwellings t h a t  have 
medium and  high levels of thermal insulation; the builder should be able 
t o  f i n d  reference houses h a v i n g  thermal properties similar t o  those o f  

his building plan. The builder can then interpolate between the ACES 
designs l i s t ed  in Table B.2 t o  obtain an approximate ACES design for  his 
proposed building. Tables A . l  and A . 2  (Appendix A )  provide descriptions 
of the reference houses f o r  each of the 16 geographical zones. 

8.1.2 w i d  ACES design procedure (work ._..... _ _ _ I I . ~  form 1 ) -.. 

A preliminary estimate of the performance o f  a planned residential  
ACES and the required s izes  of i t s  components can be obtained by simple 
interpolation between the A C E S  design values l i s t ed  in Table 8.2 

(Appendix B ) .  The interpolation can be performed using work form 1 a n d  
the instructions t h a t  accompany i t  in Sect. 8 .3 .  The completed work 
form furnishes a record of the preliminary ACES design estimates and 
l i s t s  anticipated cost and  performance d a t a .  

8.1.3 Accuracy o f  the resu l t s  . - . ~  
___I -.- 

The rapid design method provides preliminary estimates of  the s i ze ,  
cos t ,  and performance o f  a proposed resident ia l  ACES. The accuracy o f  

the resu l t s  depends upon whether o r  no t  the monthly thermal loads of  the 
proposed A C E S  house are well approximated by interpolations between the 
loads of the reference houses and whether or n o t  the  operating parameters 
of the planned ACES are similar t o  those assumed i n  the design tables.  
I f  the proposed residential  ACES application d i f fe rs  substant ia l ly  from 
the standard ACES designs of Table B.2, the resu l t s  of the rapid design 
method should be verified using custom design procedures described in 
the next section. 

The standard ACES designs l i s t ed  in Table B.2 have been calculated 
on the basis of assumptions described i n  the Appendix. 
of these assumptions, against which the proposed ACES should be compared, 
a re  as follows: 
COP(BR) = 2.01. 
that  employs a high performance hea t  pimp and h i g h  efficiency pumps and 

The most important 

C O P I ( W )  = 2.55, C O P I ( C )  = 1 2 . 7 ,  COPS(H) = 2 - 5 8  and 
These operating parameters are fo r  a well-designed system 
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fans. 
l i s t e d  in Table 4.1,  i s  one t h a t  could be bu i l t  using existing technology. 
The heat losses from the pumps and compressor are assumed t o  be vented 
into the house during the heating season and rejected t o  the outdoors 
during the cooling season. 
below-grade and insulated on a l l  surfaces t o  an R-40 insulation level.  

The heat pump, assumed t o  have the performance character is t ics  

The ice storage bin i s  assumed t o  be located 

8.2 Custom ACES Design 

The custom design method enables the builder t o  design a res ident ia l  
ACES t o  deliver any desired se t  of monthly loads for  space heating, 
water heating, and a i r  conditioning. 
unusual features t h a t  could cause i t s  monthly heating and cooling needs 
t o  d i f f e r  substant ia l ly  from those computed for  the reference houses 
l i s t e d  in the Appendix. larger  or smaller 
floor areas,  underground location, large glass exposures, unusual levels 
o f  thermal insulation o r  a i r - i n f i l t r a t i o n  control,  or unusual l i f e - s ty l e  of 
the inhabitants. Thus, techniques fo r  custom-designing an ACES t o  a 
par t icular  residence are essent ia l  t o  ensuring system adequacy and 
efficiency. 

manually b u t  are considerably more detailed than the rapid ACES design 
described ea r l i e r .  The custom A C E S  design method requires the estimation of 
( 1 )  building design hourly heat load;  ( 2 )  monthly thermal demands of the 
building f o r  space heating, water heating, and space cooling; (3 )  modal 
operating parameters o f  the system; ( 4 )  s ize  o f  the solar  col lector  panel 
required; ( 5 )  annual power consumption of the system; and ( 6 )  the l i f e -  
cycle cost  o f  the ACES over a 20-year period. 
these follows. 

The proposed building might have 

Such features might include: 

The ACES design procedures described in t h i s  section can be performed 

A discussion of each o f  

8-2.1 DesAn _.-_I h o u r 2  heating l o a d  (work form 2 )  

As discussed in Sect. 3.1.1, the design hourly heating load of the 
proposed A C E S  house must be calculated t o  determine the required capacity 
rating of the ACES heat pump. The design hourly heating load of the 
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building can be calculated by using any conventional method or by wing  
work  form Z and t h e  iristr-uctions provided in Sect. 8 .3 .  

8 . 2 . 2  - Design monI,hly thexllia? -- loads (work form 3)  

I n  t h i s  sectiori we assuine t h a t  the builder will specify the monthly 
thermal loads tt-1a.t are  t o  be used i n  the A C E S  design ana lys i s .  These 
monthly loads for space h e a t i n g ,  water heating, and space cooling may be 
obtained from empirical data,  i f  i t  i s  available.  Regardless o f  the 
source of informa-tion, t h e  ACES designer should inspect careful ly  the 
loads estimates Lo ensure tha t  t hey  are r e a l i s t i c .  Adjustments may be 
required t o  make t h e  mQi7tiily loads estimates bet ter  represent an average 
local weather year,  r e f l e c t  local heating and air-conditioning experience, 
and account f o r  such special factors  as  unusual b u i l d i n g  design, building 
or ientat ion,  anticipated occuparat l i f e - s t y l e s ,  and pecul ia r i t i es  of the 
con s t r u c t  i on s i t e  . 

Work form 3 (Sect. 8.3) can be used t o  record t h e  monthly thermal 
loads used t o  s i z e  t h e  ACES and i t s  coinponenis. The work form has 
columns f o r  l i s t i n g  the  i n i t i a l  loads e s t i t i l a t e s  and f o r  recording the 
adjusted monthly loads, which take into account local experience and 
conservative design practices.  The instruct ions f o r  work form 3 describe 
an optional method of loads calculation f o r  use when access e i the r  t o  
empirical loads d a t a  or t o  computer f a c i l i t i e s  i s  unavailable. 

8.2.3 Modal oyeraLi ng . . parameters (work .-.I- __ form 4 )  

Estimation o f  the system performance requires information relat ing 
to the power and capacity ratings o f  each system componerit engaged during 
a par t icular  mode o f  operation. Five primary modes o f  operation are 
defined f o r  the ACES: 
the  ice  phase of  the annual cycle; and water o r  space heating, space 
cooling, and ice-bin heat rejection d u r i n g  the supplemental phase of the 
annual cycle- Dur ing  the ice phase the delivery o f  heat t o  the house 
i s  primarily fo r  space heating; during the supplernental phase the delivery 
of  heat i s  primarily f o r  heating water. 

water o r  space heating and space cooling d u r i n g  

T h u s ,  in ACES design analysis ,  
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the heating mode operating parameters during the ice phase are taken t o  be 
those prevailing for  space heating, and the heating mode parameters for 
the Supplemental phase a re  based on water heating only. 

and  recording the diverse information required f o r  estimating the modal 
operating parameters of  a given ACES design. 
components engaged during each o f  the f ive modes of system operation and 
provides spaces fo r  recording the e lec t r ica l  power and capacity ratings 
o f  each component. These values depend upon the components actually 
selected fo r  the system, fans,  pumps,  heat pump package, e t c . ,  and must 
be measured under the expected operating conditions o r  acquired from 
manufacturer's l i s t i n g s ,  a s  i l l u s t r a t ed  in Table 4.1 of t h i s  report. 
The instructions accompanying work form 4 l i s t  the equations for  c a l -  
culating the modal operating parameters of the system, as  defined i n  
Sect. 2 .1 .2 .  When completed, work form 4 furnishes a useful record o f  
the component charac te r i s t ics  used in the ACES design analysis.  

Work form 4 (Sect. 8 . 3 )  provides a convenient method for  assembling 

The work form l i s t s  the 

8.2.4 Solar panel s ize  
-.________ 

This section describes procedures for  deteriviining the minimum s ize  of 
a solar  col lector  panel tha t  will yield a heat balance on the ice bin 
during the ice phase of the annual cycle. 
heat-collection capacity, per unit  area of panel, i s  known and t h a t  the 
pumps, fans,  heat pump, and ice-bin volume o f  the system have already been 
selected.  
s ize  of the panel t h a t  must be used with a bin of any chosen s ize  t o  
preve'nt loss o f  system heating capabi l i ty  d u r i n g  the heating season. 

and the panel s ize  t h a t  must accompany i t  are determined by an i t e r a t ive  
process. F i r s t ,  an i n i t i a l  estimate of the bin volume i s  obtained using 
the rapid design method described in Sect. 8.1.2. Then, work forms 5 and 
6 (Sect. 8.3) are used t o  determine the panel s ize  required fo r  the selected 
bin volume a n d  the amounts of ambient heat collection and b i n  heat rejection 
needed during the ice phase and the supplemental phase of design-year 

I t  i s  assumed t h a t  the monthly 

The methods of t h i s  section s h o u l d  be applied t o  determine the 

I f  a full-ACES design i s  being considered, the volume of the ice  bin 

. . , . . . . . . . . . . , 
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operations. 
values, the estimated bin volume i s  increased and the process i s  repeated. 
The bin volume tha t  causes e i t h e r  QCoL or Q B R  t o  go  t o  zero i s  the 
full-ACES bin s i z c .  

If  both o f  these quant i t ies ,  QCoL and Q,,$ have posit ive 

Work form 5 aids i n  assenibling and recordinq the information needed 
f o r  determining the panel area required f o r  a given b i n  s ize .  
completed, the form i s  a useful record of the building loads, ground h e a t  
leakages, so l a r  pancl capacity, bin s i z e ,  and b i n  t ransfer  coefficients 
assumed in the ACES design. Ihe monthly collection capacit ies o f  unglazed 
f l a t -p l a t e  col lectors  can be obtained from Table R.2. 
other types of col lectors  must be obtained by experimentation or f r om 
performance data l i s t i n g s  by the manufacturer. 

When 

Ihe capacit ies o f  

8.2.5 ____.._. Annualpower consurrlption ._.. c__.._ (work formn3 

The building’s annual demands for  heating and cooling are obtained 
from work form 3,  and the modal COPs o f  the system frorn work form 4. 
To estiiiiate the annual power conslimption o f  the ACES during an average 
weather year,  the par-tions o f  the annual loads tha t  a re  delivered d u r i n g  
the ice  phase and the supplemental phase must be determined. 
modal COPs of work form 4 can be used t o  calculate the power consumptions 
of  the system for  heating and cooling during each phase o f  the annual 
cycle. The ice  phase i s  defined t o  begin in the a u t u m n  when, because 0.f 

increasing demands fo r  space hea.I;ing, the bin temperature s t a r t s  t o  decline 
from i t s  summer value o f  45°F. 
phase begins when the ice  in the bin has been exhausted and the b i n  
temperature has again risen t o  45°F. 

Work form G can be used t o  ident i fy  the s t a r t  and end of the two 
phases of the annual cycle and t o  estimate the to ta l  power consumption o f  

the system during each phase. Part 1 of the work form estimates the heat-  
ing and cooling loads delivered and the amount of ground heat leakage in to  
the bin during the supplemental phase. 
mental phase COP f o r  space cooling can be calculated according t o  Eq. (2 .16)  
and the supplemental phase power consumption can be estimated. P a r t  ‘2 o f  
the work form estimates the heating and cooling loads delivered t o  the house 

T h e n ,  the 

The ice  phase ends a n d  the supplemental 

From these estimates the supple- 
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d u r i n g  the ice phase of  the annual cycle. 
modal COPS o f  work form 4 ,  the ice  phase power consumptian o f  the system 
can be determined. 

From these estimates and the 

8 , 2 , 6  ACES l i fe-cycle  cost  (work-T>rin 7 )  

The ACES l i fe-cycle  cost  represents the single cash outlay for  
purchasing and ins ta l l ing  the system and fo r  prepaying a l l  future casts  
required t o  keep the system in operation over an assumed 20-year l i f e .  
I n  this simple l i fe-cycle  cost  analysis,  the owner's costs for  taxes a n d  
insurance are  neglected. 'The i n i t i a l  ins ta l led  cost  o f  the ACES can be 
estimated by enumerating a n d  summing the costs o f  a l l  major components, 
as  shown in work form 7 (Sect. 8 .3) .  The methods described in Sect. 7 can 
then be used t o  estiiiirlte the annual cash outlays t o  keep the system running, 

As shown i n  work form 7 ,  the major components o f  the ACES tha t  must 
be costed are  the heat pump mechanical package, ice  storage bin, solar  
col lector  panel, control system. auxi l iary equipment, a n d ,  i n  the case of 
the brine-chiller system, an ice-bin heat exchanger. The instal led costs 
of these items will vary locally and must be determined individually for- 
each ACES application. Similarly, the f i r s t -year  power costs will vary 
with local e lec t r ica l  ra tes .  The f i r s t -year  power c o s t s  tha t  are deter-  
mined can be used with Table 7.3 t o  estimate the present worth o f  power 
consumed over a 20-year period. I f  the service and maintenance schedule 
shown i n  Table 7.1 i s  adopted, Table 7 .2  can be used t o  obtain the present 
value o f  these annual costs based upon an assumed discount r a t e  and an 
annual maintenance-cost escalation r a t e .  
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8.3 ACES Design Work Forms and Instructions 
INSTRUCTIONS FOR W O R K  FORM 1 

(Rapid ACES Design) 

1 .  F i  11  i n  the values requested in the heading o f  work form 1 ,  shown in 
F i g .  8.1. 

a .  Identify the geographical zone o f  the proposed ACFS s i t e  f r om 
F i g .  A . l  and se l ec t  from Table B.2 t he  l i s t e d  reference c i t y  
having t h e  climate most similar t u  that; o f  tile proposed s i t e .  
From Tab le  A.2, determine t he  set  o f  two reference houses tha t  
have a thermal insulation level most nearly equal t o  t h e  proposed 

3 

the 

ACES house. I-louses 1 a n d  2 have medium insulation and houses 
and 4 have high insulation. 

b .  Record the index numbers o-f the reference houses selected and 
and the t w o  reference 
purpose i n  work form 1 

f loor  areas o f  the proposed ACES house 
houses in the spaces provided for  th i s  

c .  Record t h e  interpolation constants, C (  
by the expressions 

C ( i )  = -- A(i t- 1 )  - A ( x )  
A (-TT-)--qTJ- 

and 

) and C ( i + l ) ,  as calcu a t e d  

where the variables A ( x ) ,  A(i), and A ( i  + 1 )  are t h e  f loor  areas 
of the proposed ACES house and the two reference houses, respec- 
t i ve ly ,  and the reference house index number ( i )  i s  equal t o  
1 or 3, depending upon which s e t  o f  reference houses has been 
selected. 
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2. Record in work fonn 1 the  ACES design paranieters V, A, L, U, and E 
t h a t  are l i s t ed  in Table B.2 f o r  the two reference houses selected. 
These design parameters are  f o r  f u l l  
br ine-chi l ler  o r  ice-maker system being considered. 

Record in work form 1 the design parameters f o r  the proposed ACES 
house as calculated by the following expression; 

p a r t i a l ,  and miriirrium ACES of the 

3, 

P ( x )  = C( i )  * P ( i )  + C ( i  + 1 )  P ( i  + 1 )  , ( 8 . 3 )  

where P ( x ) ,  P ( i ) ,  and P(i + 1 )  represent an ACES design parameter o f  

the proposed ACES house and the two reference houses, respectively. 
Tha t  i s ,  in Eq. (8.31, P successively takes on the value of the 
variables V, A ,  L, U, and E. 

4. Record in work form 1 the to ta l  instal led costs net of salvage value, 
the present value of operating costs over a 20-year period, and the 
l i fe-cycle  costs o f  the f u l l ,  p a r t i a l ,  and  minimum ACES for  the  
proposed house. These cost  d a t a  are computed using work form 7 and 
the instructions provided for  i t -  
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RAPID ACES DESlGM 
Work Forrr 1 

JOB: DATE: 

Reterence House No i 1 - ft 

DES:GN PAR 

F75 .  8 . l .  Sample o f  work fo rv  S f o r  r a p i d  ACES design. 



INSTRUCTIONS FOR WORK FORM 2 
(Design Day Heating Load) 

1 .  F i l l  in the values requested in the heading of  work form 2 ,  shown in 
Fig. 8.2. 

Identify in Table B . 2  the reference c i ty  having the climate most 
s imilar  t o  the construction s i t e  of the proposed ACES house. 
the house design d a t a  and  the tabulated values fo r  the c i ty  selected,  
obtain and record the following quant i t ies :  

From 

TDD = o u t d o o r  winter a i r  temperature, O F ;  

TG = earth temperature a t  ground f loor  depth, O F ;  

V = average January wind speed, miles/h; 
TSW = desired winter indoor  a i r  temperature, O F ;  

VOL = heated volume of the house, f t 3 ;  
ACH = a i r  i n f i l t r a t i o n  r a t e ,  changes per hour. 

Values o f  TG a re  calculated by E q .  ( 3 . 2 )  using constants A,, Bo,  
and Po obtained from Table B.2 fo r  the reference c i ty .  The value 
of A C H  i s  calculated using the equation provided a t  the bot tom of 
work form 2 .  

2 .  F i l l  in values o f  A ,  U and AT fo r  each exter ior  surface element o f  
the proposed A C E S  house. 

A = area of an exposed surface element, f t 2 ;  
U = heat t ransfer  coeff ic ient  of the element, Btu/h/ft2/OF; and  

A T  = temperature difference across the surface element, "F. 

Values o f  U are  calculated using the methods of Chap.  22 ,  A S H ~ M E  1977 

E'unikrentaZs i-lmdbook, and the temperature difference AT i s  equal t o  
(TSW - T D D )  for above grade exposures and (TSW - TG) for  below grade 
exposures. 

3. Suin the ver t ical  surface elements l i s t ed  for  each side o f  the proposed 
house t o  check tha t  a l l  surface elements have been included. Compute 
the products ( A  U A T )  across each l ine  of the work form and enter 
t h e i r  s u m  in the l a s t  column o f  work form 2.  Compute the to ta l  ra te  
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of  heat loss from the house by conduct,ion and en ter  the answer i n  the 
space provided. 

4. Calculate the hourly loss  o-f h e a t  from the hotise by i n f i l t r a t i o n  o f  
outdoor a i r  and en ter  the r e su l t  in the space provided. Sum t h e  
ra tes  o f  heat loss  from t h e  building caused by conduction and a i r  
i n f i l t r a t i o n  t o  obtain the design-day heat loss  r a t e .  Enter- this 
r e s u l t  i n  the space provided for  i t  in work form 2 .  
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DESIGN DAY HEAT LOAD 

Work Form 2 
DATE JOB 

Indoor Air Temperature TSW = O F  House Volume VOL = F T ~  
Outdoor Air Temperature TOO = " F  Air Change Rdie' ACH = AC PR 
Crouid Temperatdie TG = O F  W nd S,xed ,&I = M P H 

EXPOSURE 

'ACH = N [-I, where AT = TSW - TDD. V = average wind speed lmphl, and N 2 1. 
0.695 

F i g .  8.2. Sample o f  work form 2 for calculating design-day heat load. 
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INSTRUCTIONS FOR WORK FORM 3 
(Design Monthly Loads) 

1 .  Record in columns A, B and C o f  work form 3,  shown in F i g .  8.3,  the 
estimated monthly thermal loads of tile proposed A C E S  house f o r  space 
heating, water heating, and space cooling, respectively. Tile designer 
who chooses not t o  estimate these loads using the optional procedure 
described in s t e p  2 shoiild proceed t o  step 3. 

2 .  Identify i n  Tables A . 2  a n d  B.2 the representative c i t y  f o r  t h e  
proposed A C E S  construction s i t e  a n d  the s e t  of two reference houses 
of t h i s  c i t y  having a thermal insulation level most nearly equal t o  
t h a t  of the proposed A C E S  house. This s e t  of  reference houses will 
be e i the r  houses 1 a n d  il or  houses 3 and 4. 

a .  Estimate the monthly space heating loads of the proposed A C E S  
housed ( M B t u )  by interpolating between the monthly space heating 
loads l i s t e d  in Table B.2 for  the two reference houses selected,  
according t o  the following expression: 

where q H ( x ) ,  q H ( i ) ,  and qH( i  + 1 )  are the monthly space heating 
loads of the proposed A C E S  house, reference house ( i )  a n d  refer-  
ence house ( i  + I ) ,  respectively. The variables D ( x ) ,  D ( i ) ,  and 
D( i + 1 ) a re  the corresponding design-day heating loads of the 
three houses. The design-day heating load of the ACES house i s  
obtained by f i l l i n g  out work form 2 ,  and the remaining variables 
in Eq. (8 .4)  a r e  obtained from Table 8.2 for  the reference c i t y  
selected. 

b. Estimate the monthly space cooling loads of the proposed ACES 
house ( M B t u )  using the .following expression: 
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3.  

A ( x )  - A ( i )  
i f 1 )  - A ( i ) ’  + qC( i  t 1 )  T--- (8.5) 

where q,(x), q,(i)? and q,( i  + 1 )  a re  the monthly space cooling 
loads of the proposed ACES house, reference house ( i )  and  
reference house ( i  f l ) ,  and A(x ) ,  A ( i ) ,  and A ( i  .f I )  are the 
corresponding f loor  areas o f  the three houses. 

c. Estimate the monthly water heating loads of the proposed ACES 
house t o  be the same a s  those l i s t ed  for  the reference houses o f  
the reference c i ty  in Table B.2. These water heating loads are 
based on an assumed domestic h o t  water consumption ra te  o f  
70 gal/day. 

A d j u s t  the estimated monthly thermal loads of the proposed ACES 
house t o  r e f l ec t  local experience. Record the design monthly loads 
t h a t  will be used t o  s ize  the ACES in columns D, E, F and G .  Compute 
and record the design-annual thermal loads o f  the ACES house and 
examine them for  reasonableness as ACES design c r i t e r i a .  
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0RNI.-DWG 79-16639 FI 

GFd MONTHLY LOADS 
Work Form 3 

F i g ,  8.3.  Saiuple 

......____ 

._____._._- 

G I  0 E F 

SELECTED ACES DESIGN LOADS 

o f  work form 3 f a r  ACES d e s i g n  monthly thermal l o a d s .  
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~ r ~ ~ T ~ [ ~ ~ ~ I ~ ~ s  FOR WORK FORM 4 
(Modal Operating Parameters) 

1. Record i n  work form 4 ,  shown in F i g .  8,116, t h e  values of the electrical 
power ratings n f  each component engaged in the f i v e  prin~ary irrr~des of 
operat i on e 
describing the components t h a t  have been selected For the system. 
(See Table 4.1 f o v  a sample l i s t i n g . )  

These val ues are o b t a  i tied from manu Facturer s 1 i s t i  ngs  

2 .  Record the ratings of  the campressor, indoor f an  c o i l ,  desuperheater 
and condenser for  the f ive rnodes o f  operation i n  the spaces provided 
i n  work form 4, 
during space cooling is  taken ‘to be 72% of i t s  value dur ing  t h e  ice 
phase. 
i s  circulated through t he  coi l  instead of 32°F brine,  as i s  the case 
during the ice phase OF the annudl cycle. 

The supplemental phase r a t i n g  o f  t h e  i n d o o r  fan coi l  

This reduction accounts for  the f ac t  t h a t  45°F cold b~ . ine  

3 ,  Record the rnodal operating paranietcrs o f  the system fo r  the f ive  modes 
o f  operation, as computed by the expressions g i v e n  i n  Sect. 2.1.2:  

H, - E, 

Ey.. (2 .2 )  

Eq. (2 .6 )  

C s  EC - 0.25ECB 
COP(BR) -- . . __. .-- 

E~ + E~~ + EHa + €OF ’ 

E q *  (2.11) 

E q .  (2.74) 
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E q .  (2.33 

E q .  ( 2 . 7 )  

Eq. (2.10) 

E q .  (2 .12)  
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1 ANNUAL CYCLE ENERGY 
j SYSTEM 

ACES MODAL OPERATING PARAMETERS 
Work Form 4 

DATE: JOB : 

ICE PHASE SUPPLEMENTAL PHASE 1 
HEATING 1 COOLING HEATING 1 COOLING / 51N REJECT 1 

I I 1 I 

1 
POWER EQUIPMENT: 

Heat pump compressor, E C  kW 
Indoor fan coil, E, k W  
Cold brine pump, Ecs  kW 

EHB kW Hot brine pump, 
Hot water pump, EHWkW 
Outdoor fan coil, kW 

1 Total Electrical Draw, E, kW 

I 
I 1 

1 

j I 

I x  X 
X X 

I 

X i x ;  X 

X X X X I 

~~ 

X X X 1 
1 i I 

X 

I I 

I 
Evaporator-side compressor COP i l x  j x  
Indoor fan coil, H Btul'hr X x j  
Desu perheater, HDH Btu/hr X X I X 1 

X X X Condenser, HCD Btu!/hr 

I COMPONENT RATINGS: 

X 
X 
X I 

1 

i System performance, COP,(M)* 
Bin transfer coefficients, ap(M)*  I 

I 

i 
f I 1 .oo 

a l (H)  a , (C)  as(H) 1 a,(C) 

i / MODAL OPERATING PARAMETERS: 1 COPI(H) I COP,(C) 1 COPS(H) I COP(BD) ~ COP(BR) 1 
~~ ~~ ~~ ~~ ~ _ _  ~ ~ _ _  ~~ 

( "P  denotes phase of the annual cycle, M denotes operating mode.) 

Fig .  8.4. Sample o f  work form 4 f o r . A C E S  modal o p e r a t i n g  pa rame te r s .  
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INSTRUCTIONS FOR WORK FORM 5 
(Solar Panel Size) 

1 .  I n  the spaces provided i n  work form 5 ,  shown it3 F i g .  8.5 ,  f i l l  in 
the values of t h e  b i n  t ransfer  coeff ic ients  a,([) arid aI(H) obtained 
from work form 4. Record t h e  values  o f  the ice  b i n  thermal capacity 
(MKtu)  a n d  t h e  arcas ( f t2)  o f  the bin t o p  and s ides ,  a s  computed by 
the expressions: 

TCAP = (8.138PF + 0.8l1)VNET , ( 8 . 6 )  

The ice  storage b i n  i s  assumed t o  have in t e r io r  diriiensions of H ,  W ,  
and 1. f t ,  respectively,  and  a maximum wetted volume o f  Y 
' ICAP i s  t i l e  thermal capacity o f  t h e  bin a n d  PF i s  the ice  packing 
f r ac t ion ,  0 .4  f o r  an ice-maker and  0.8 for  a brine-chiller ACES.  

f t3.  MET 

2. I n  column A, f i l l  i n  the 1 2  thermal loads Smpssed upon the ice  b i n  

by the building demands for  heating and  cooling. 
bin thermal loads ( M B t u )  by the expression: 

Calcu la te  the ice  

where q t i  T 
o f  work form 3. 
extraction from tile ice  b in ,  and a posit ive value f o r  qfISE(rn) denotes 
a heat deposit i n  the ice  bin. 

( m )  a n d  q c ( m )  are obtained froiii columns F and G 2  respectively,  
Note t h a t  a negative value f o r  qHSE(rn) denotes heat 

3 .  In column 8, f i l l  in the 1 2  values o f  ground  heat leakage into the 
ice  b i n .  Calculate the  ground h e a t  leakage,  q L ,  from the expression: 

q L (iil) :=: AT T B ( m )  + AS SD(m) . (8.10) 
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The monthly ice-bin heat-leakage coeff ic ients ,  TB(m) and SD(m) in 
P413tu/ft2, may be obtained from Table  B.2. 

4. I n  colunin E, f i l l  in the 1 2  values of %he thermal loads imposed upon 
the ice  bin as a resu l t  o f  house loads and ground leakage. These 
values are  obtained by summing, f o r  each m o n t h ,  the values entered in 
col uiiins A arid B: 

(8.11) 

5. In column F ,  f i l l  in the 12 values of the solar/convector panel heat 
collection capacity, PAN(rn), obtained from Table B.2. 
f i l l  in values of  the full-melt  panel area,  AFM(ni), only fo r  those 
months having a net heat extraction from the i c e  bin. 
full-melt  panel area by the equation: 

In column G ,  

Calculate the 

6, In  column E ,  s t a r t i ng  with the largest  monthly ne% heat withdrawal, 
sum in descending order unt i l  6 = 
capacity, TCAP, of the ice bin. 
value of 0 obtained and the months summed. 

( m )  exceeds the thernia1 storage - ~ D E P  
Record i n  p a r t  2 of work form 5 the 

7. I n  column F ,  sum the panel capacit ies over the same span o f  months a n d  
record the answer, y = l P A N ( r n ) ,  in p a r t  2 of work form 5. 
and record the quantity,  CY. = 8 - TCAP, in par t  2 o f  work form 5 and 
compute the f i r s t  i t e ra t ion  o f  the required panel s i ze ,  ApAN = m/y. 

Calculate 

8.  If exceeds the f u l l  melt panel areas ,  A F M ( m ) ,  of  a71 months n o t  

IF ApAN i s  l ess  t h a n  AFM(tn )  f o r  one of the months not 
included in the sunmation which determined A p A N ,  the i te ra t ion  process 
i s  comple%ed, 
included in the summation, the span o f  months t o  be sunnned must be 
expanded t o  include tha t  par t icular  m o n t h  and the i te ra t ion  process 
must be continued. 

9. In  column C ,  f i l l  in the 1 2  values of the monthly environmental energy 
col lected by the solar/convector panel. 
calculated for  each m o n t h  m a s  follows: 

These values, q C O L ( m ) ,  are 
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I f  q D E P ( m ) ,  l i s t e d  i n  column C y  i s  pos i t ive ,  then qco,-(m) = 0. 
riionth m i s  included i n  the span o f  months summed and l i s t e d  i n  par t  2 
0.f work form 5 ,  then qcoL(m) = Ap,qN x PAN(m), t h a t  i s ,  the panel 
operates a t  100% o f  capacity. I T  inonth m i s  not included i n  t h e  
span of months surnrnecl, then q 
i s  operated a t  l e s s  t h a n  f u l l  capacity t o  melt o u t  only tha t  amount 
of i ce  formed during the month. 

If 

(m) = -qDEP(m), t h a t  i s ,  t h e  panel COL 

10. In column D ,  f i l l  in  the 1 2  values o f  the net load imposed upon the 
ice  b i n  by house loads, ground heat  leakage, and the solar- panel. 
These values a re  calculated by t h e  expression: 

, and q a r e  obtained from HSE' '1- COL where the monthly values O F  q 
columns A, R ,  and C y  respectively. 
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II .____ .__._ 
IT. MONTHS INCLUDED IN 
NR. THE 

1 

2 

3 

4 
-I_--.___ 

ORNL--DWG 79-16fi45 

SOLAR PANEL SIZE 

Work Form 5 

._ DA-rE : JOB: 

F i g .  8.5. Sample o f  work form 5 fo r  s i z i n g  the  so lar  p a n e l .  
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INSTRUCTIONS FOR WORK FORM 6 

( A n  nua 1 Power Cons unipt i on ) 

Part 1 

1. I n  columns A and B o f  work f o r m  6 ,  shown in F i g .  8.6,  enter the 
1 2  ACES design monthly loads f o r  heating and cooling, respectively,  
as  o b t a i n e d  f r o m  columns F and  G o f  work form 3. 

2 .  In colu~nn C ,  f i l l  i n  t h e  1 2  n e t  monthly loads iiiiposed upon the icc  
b i n  by the house demands f o r  heating and cooling, ground heat leakage,  
and heat  depssi ts  in the ice  b i n  by the s o l a r  col lector  p a n e l .  The 
net, thermal l o a d s ,  q N E T ( m ) ,  a r e  obtained from column D a f  work form 5. 

3. Determine the index number o f  the month, M, t h a t  marks the s t a r t  o f  
the ice  phase o f  the annual cycle by i d e n t i f y i n g  i n  column E o f  work 
Form 5 the a u t u m n  month a t  which qDEP(m) f i r s t  assumes a negative 
val UC. Compute 

(8.14) 

i n  MBtu, by summing algebraically.  For the month ident i f ied as the 
s t a r t  o f  the i ce  phase o f  the annual cycle, enter  the values 

i n t o  columns D ,  E ,  F ,  and G of work form 6 ,  respectively. 

For each succeeding month, m, compute a value o f  q T O T ( m )  by the 
recursi on r-el ationshi p ,  

4. 

(8.15) 
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i n  MBtu.  
TCAP, f o r  tha t  m o n t h  enter  the values 

If  t.he value of q.rOT(ii') obtained i s  l e s s  t h a n  or equal t o  

i n t o  columns D ,  E, F, and G of  work forin 6 ,  respectively. 

If the value of qTQT(m) obtained i s  greater t h a n  %CAP,  the ice phase 
o f  the annual cycle 'B's a t  an end and the system must operate in the 
supplemental phase t o  supply the house thermal demands. Compute the 
fraction F by the relationship 

(8.16) 

and enter  the values 

in to  columns D, E ,  F, and G ,  respectively. In the above expressions, 
qHT(m) and  q,(m) a re  obtained fram columns A and B of work form 6 ,  
respectively,  and q,(m) i s  obtained from column B of work form 5. 

Sum columns A, B ,  E, F, and G and enter the sums i n  the spaces provided 
i n  work form 6. 
a n d  Q,, respectively,  the system cooling COP i n  the supplemental phase 
of the annual cycle is  obtained from the expressions, from Eqs. (2.16) 
and (2 .17 )  

5 .  

I f  the sums obtained are denoted by Q,, Q,, Q,, Q,, 
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COPs(C) = [COP(BD)-l f KO COP(BR)-l]-l , (8.17) 

where 

Calculate COP,(C) u s i n g  Q,, Q,, and Q, from the bottom l ine  o f  work 
form 6 ,  par t  1 ,  and values f o r  the  other  parameters from work form 4 ,  
and enter the  value i n  l ine  3, column 4 ,  o f  work f o r m  6 ,  par t  2 .  
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INSTRUCTIONS FOR WORK FORM 6 

(Annual Power Consumption) 

Part 2 

1. In part 2, line 1, enter the annual heating and cooling loads that 
are delivered t o  the building during the ice phase and the supplemental 
phase of the annual cycle. These loads are: 

QHT(SP) = Q, (8.21) 

2. In the first 3 columns of line 3 ,  part 2, enter the primary modal 
COPS of the system, COPI(H), COPI(C), and COPs(H), as obtained from 
work form 4. 

3. Compute the electrical energy consumed by the system during each mode 
o f  operation, M, by the expression 

(8.23) 

where QEL(M) is the power consumption, QDL(M) is the delivered load 
shown in line 1, and COP(M) is the modal COP shown in line 3 o f  work 
fomi 6, part 2, for each of the four principal operating modes. 

Enter the electricity consumptions obtained i n  the spaces provided 
in line 2 of the work form. 

4. Sun1 line 1 t o  obtain the annual delivered load and enter the result 

in column G. 
consumption of the system and enter the result i n  column G ,  line 2. 

Similarly, sum line 2 t o  obtain the total annual power 
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5,  Calculate the annual COP o f  the  ACES, defined t o  be t h e  r a t i o  of  t h e  
annual delivered loads t o  t h e  annual power consumption, and en te r  
t h e  r e s u l t  obtained 7’n work form 6,  p a r t  2 ,  l ine  3. 
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ACES POWER CONSUMPTION 
Wnrk Form 6 

Part 1 
DATE:  

.. 

MONTH 

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

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

...... 

Sept 

Oct 

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

__ 

ORNL-DLVG 79-16646 

JOE: 

Part 2 
.................... ................................... I SUPPLEMENTAL I 

SYSTEM 

PERFORMANCE 

/-..--r+pnTSt.- ICE PHASE 1 A N N U A L  

HEATING COOLING HEATING COOLING CYCLE 
.................. ........... ..... 

Delivered loads, MBtlu 

- ..................................... I pwe;;;w mption, rd Btu --I- .... -I- -I--- ............_.. 

F i g .  8.6. Sample o f  work form 6 f o r  e s t i m a t i n g  ACES annual power 
consumption. 
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INSTRUCTIONS FOR WORK FORM 7 

(ACES L i f e  Cycle Cost) 

1 .  Record the s i z e  or  quantity of the items which have been cleterniined 
fo r  the ACES design in the colurtin headed "item quantity," work form 7 ,  

F i g .  8.7.  

2 .  Record u n i t  costs under " u n i t  materials cost ."  Record to t a l  materials 
cos ts ,  generally column one times column two, i n  the t h i r d  column. 

3 .  Estimate in s t a l l a t ion  costs and enter i n  the fourth column o f  work 
form 7. 

4. Sum the material costs and  the in s t a l l a t ion  costs and enter  i n  the 
f ina l  ( f i f t h )  column o f  work form 7 .  

5 .  Sum each column, entering subtotals where appropriate. Sum the 
subtotals of column f ive  ( in s t a l l ed  cos ts )  and enter in the space 
provided fo r  " to ta l  i n s t a l l ed  c o s t . "  

6 .  Compute and record the present value of operating costs fo r  e l ec t r i ca l  
power and maintenance, respectively. 

Power. _. - 

obtained froin work form 5 ,  by the local e l ec t r i ca l  power r a t e  t o  
obtain the f i r s t -yea r  power costs o f  thc system. 
year power costs by the present wor th  fac tor ,  obtained f r o m  Table 7.3, 
t o  obtain the present worth o f  expenditures f o r  power o v e r  a ZQ-year 
peri ed. 

Mu1 t i  ply the estimated annual power consumption of t h e  ACES, 

Multiply the f i r s t -  

Maintenance. __ I f  the service and maintenance costs shown I n  Table 7 , l  
are assumed, obtain the present worth o f  expenditures for repair  and 
maintenance direct ly  from Table 7 . 2 .  If  another service schedule i s  

considered t o  be more r e a l i s t i c ,  obtain i t s  present worth value by 
the use of Eq. ( 7 . 2 ) .  

1. Sum the to t a l  instaliled cost  o f  the ACES and the present value of 
annual operating costs fo r  power and maintenance. Deduct from t h i s  
amount any discounted residual w o r t h  or salvage value t h a t  the system 
i s  assumed t o  possess a t  the end o f  the 20-year per iod.  Record the 
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present value o f  the ACES l i f e  cycle cost i n  the space provided i n  
work form 7. 

Salvage value. - 
t h a t  apply i n  determining the discounted salvage value o f  the system. 

See Sect. 7 .2 .2  f o r  a d i s c u s s i o n  o f  the considerations 
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ORNL-DWG / Y  1bbSOA 

ACES LIFE CYCLE COST 
Work Fo i i i i  7 

COMPONEN r 
- 

Mechdnical Package 

~~ . ~ 

Ice Storage Bin 

H = h 

w = f t  

L = f t  

vTOT = tt3 

V W t T  = l t 3  

Ice Bin Heat 
Exchany r  

-~ - 

Solar Collector 

Other Components 

Total Installed Cost 

ITEM 

Heat Pump 

1 
UNIT ~ T O T A L  

~- 

ITEM M A T E R I A L  M A 1  ER14L 
QUANTITY 1 COSr COST 

I I tons I 
- -  

SUBTO-I I4L 1 

Operating Costs Present Vdlues 

p- 

Presrnt Value L i l e  Cycle Cost 
- -  - -  

, i Fuel 

JOB 

1 p-- ~ ~ 

- ~ - -  tlot  water tank gal I 

i 

Control system I 
A 

Auxiliary pumps hp 
- ~- - 

Back u p  heating system kW 

Duct system 
- 1 - 

I 

SUBTOTAL 

- I  

1 
Maintenance 

-- 

- ~~ 

E S I I M A r t  1 ITEM 

cosr COST 
INSTALL  INS f A LLE C 

i 
F i g ,  8 , 7 .  Sample o f  work form 7 (ACES life-cycle c o s t ) .  
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9. SAMPLE A C E S  DESIGN PROBLEM 

9.1 Description of the Problem 

A hoiiie builder in Anderson, I n d i a n a ,  plans t o  construct an 1800-ft2, 
single-stor-y, ranch-type house having the character is t ics  l i s t ed  in 
Table 9.1 and wishes t o  consider an ACES heating and cooling plant for  the 
building. The building will be of frame construction and will be occupied 
by a family o f  f o u r ,  consisting of parents and two teenage children. 
Before coniniitting himself t o  an A C E S ,  the builder requires preliminary 
answers to several important  questions. What s ize  ACES i s  needed f o r  the 
typical weather conditions of Anderson? How much will  i t  cost? What i s  
the estimated performance of such a system? 
i l l u s t r a t e  how the builder can obtain approximate or detailed answers t o  
these questions. 

The following sections 

Table 9.1. Planned 1800-ft2 ranch building 

Foundation (30'  x 6 0 ' )  
Cei 1 ing and f loor  area,  f t 2  
Total wall area,  f t 2  
Window area,  f t 2  
Nomina? R-value, f loor  
Nominal R-value, ceil ing 
Nominal R-value, walls 
Window type 
Storm doors 
Garage 

Unheated basement 
1800 
1224 
216 
11 
38 
13 
Double glazed 
Yes 
Attached 

9.2 Rapid Design Method 

From the l i s t  o f  111 c i t i e s  given in Table 8.2, the builder finds the 
c i t y  having the climate most similar t o  t h a t  of the proposed construction 
s i t e .  As a general rille, the c i ty  nearest the construction s i t e  i s  
selected,  although variations i n  climate result ing from topographical fea- 
tu res ,  such as elevation, m u s t  be taken into account. The builder then 
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determines the geographical zone of the selected c i ty  and obtains a de- 
t a i led  description of the four  reference houses o f  t h a t  zone from Table A.2 .  

The reference houses l i s t ed  f o r  each c i ty  possess tvso different  levels 
of  b u i l d i n g  envelope thermal insulation: medium and h igh .  'The builder 
must decide w h i c h  0.f these levels most closely describes t h a t  o f  his planned 
building; the decision ident i f ies  the t w o  reference houses t o  be used in 
estiiiiatiny the ACES design parameters f o r  the planned building. An ap- 
proximate A C E S  design f o r  the proposed building i s  obtained by interpo- 
la t ing ,  on the basis o f  f loor  area,  between the ACES design parameters 
l i s t ed  for the reference houses. 

In the sample problem the nearest c i ty  t o  Anderson, Indiana, t h a t  i s  
l i s t ed  in Table B . 2  i s  Indianapolis, Indiana, which l i e s  in geographical 
zone G .  Table A . 2  shows t h a t  reference houses 3 a n d  4 in th i s  zone have 
a high insulation level similar t o  t h a t  o f  t h e  planned ranch house. The 
ACES design parameters f o r  the ranch house can now be obtained by l inear 
interpolation between the design parameters l i s ted  for  these t w o  reference 
houses i n  Table R .2 .  The interpolation i s  performed according t o  E q .  (8 .3) .  

where Px ,  P 3 ,  and P 4  represent ACES design parameters of the ranch house, 
reference house 3,  and reference house 4 ,  respectively; and Ax ,  A,, a n d  A,+ 
are the corresponding f l o o r  areas. Work form 1 (shown in Fig. 9 .1)  l i s t s  
the estimated ACES design parameters of a br ine-chi l ler  system f o r  the 
planned ranch house. 

9 .3  Manual Custom-Desi g n  Method 

After considering the approxiinate ACES design paranieters for the 
planned ranch house, the builder may decide t o  i n s t a l l  a par t ia l  ACES t h a t  
h a s  a somewhat smaller ice storage bin t h a n  the example shown in Fig. 9 .1 .  
One reason f o r  th i s  decision might be t h a t  the planned location of the ice 
storage bin i s  beneath an outdoor  patio,  where space available i s  insuff i -  
c ient  f o r  a f u l l  ACFS ice b i n .  The ob%jective may also be t o  reduce the 



DATE:  1974  

Geographical Zone: Proposed ACES House: (X I :  1800 ft2 interpoiation Curlstants: j 

OR rY L-DWC 73.21 240 

RAPID ACES DESIGN 

F i g .  9.1. Completed work form 1 for sample problem. 
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i n i t i a l  capi ta l  costs o f  the system. On the other hand, the builder may 
believe tha t  a minimuiri ACES, which has an i ce  tank thermal capacity 
capable of supplying heatiny needs f o r  only two weeks in to  January 
without supplemental so la r  col lect ion,  may n o t  afford a suf f ic ien t  
margin o f  safety fo r  win te t -  weather conditions in Anderson. For these 
reasons an ACES may be selected t h a t  has an i ce  storage b i n  w i t h  the recom- 
mended 11-40 insulation on a l l  surfaces and a l a t en t  hPat thermal storage 
capacity large enouqh t o  supply a l l  space- and water heating needs o f  the 
b u i  l d i n y  throughout January. 1 his sec t i  on i 1 lus t ra tes  the procedures t o  be 
followed i n  designing an ACES t o  meet these conditions. 

9.3.1 Determination of thermal loads 
.-..I___ ___.___ ..... _I ---.. -- 

‘Ihe custoin d e s i g n  o f  an ACES requires determination O F  the design 
hourly heating load and the monthly loads of the planned building for 
space heating, walxr heating, and a i r  conditioning. These thermal loads 
may be e i the r  calculated or derived from available fuel-consumption data.  
‘[he method of loads determination f o r  the ranch house is  based an inter-” 
polation between the precalculated loads of l h e  reference houses l i s t e d  
in  Table B . 2 .  
coolirig demands of  the planned building i s  based on t o t a l  f loor  areas,  
whereas the interpolation method f o r  estimating monthly space-heating 
demands is  based on the calculated d e s i g n  hourly heating loads.  

The interpolation method for estimating the monthly space- 

Design hourly .__I. heating load 

The f i r s t  step the b u i l d e r  must undertake i n  performing the custom 
ACES d e s i g n  analysis i s  t o  calculate  the design hourly heating load o f  the 
planned ranch house, by completing work form 2 according t o  the detai led 
instruct ions provided. Figure 9.2 shows the completed work form fo r  the 
sample problem; the design haurly heating load f o r  the Anderson, Indiana, 
ranch house is  computed t o  be 37,985 B t u / h .  I t  should be noted t h a t  
calculation o f  the design hourly heating load i s  a l s o  required f o r  properly 
s iz ing other heating plants than an ACES. 



OR N L-DWG 79 663ER 

DESIGN DAY HEAT LOAD 

Work Form 2 
JOB D A T E & &  1 9 7 9  

House 'volume: VGL = 

Air Change iiafe'. ACb = 

iNF:LTRATlOk HEAT LOSS RATE: [0.(31E X VOL X ACH X (?SV$ - Tor?)] = 7,084 1 
TOTAL DESIGN DAY HEAT LOSS RATE. (CONDUCTiON + IkFILTRATiON) = 373 98s; L 

p. 1 5  + 0.013V + 0.005AT 
'ACH = N ,  1 where AT = TSW - TDD, V = avevage wind speed (mph), and Pi 1. 

L 0.695 

F i g .  9.2. Completed work form 2 for sample problem. 
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Ma tit h 1 y x a c  - e - h -- ea t i n L  1 o - -  a d s _ _  

The builder should next  estimate the rrionthly space-heating loads o f  
- the ranch house. 

the loads of the refere:?ce h o u s ~ s  l i s t e d  in  T a b l e  B.2 according t o  
E ~ J .  ( 8 . 4 ) ,  

[ he  PStimate i s  made by l inear  intprpolation between 

where Q x ,  43, and Q l +  a re  the des ign  monthly heat-ing loads of  the ranch 
house, reference house 3 ,  and referpnce house 4 ,  respectively; and U,, 

D3. and  D4 are  the corresponding d e s i g n  hourly heating loads. 
house monthly space-tipaling loads cstiinated in t h i s  manner are entered 
i n  column A of work form 3. The estimated monthly space-heating l o a d s  
f o r  the sample problem are shown i n  F i g .  9.3.  

The ranch 

Mo n t h 1 y w a t e r - he a t  i two - a d s _ _ _ _ _ _  _ _ _ _  
Monthly water-heating loads for the Indianapolis region, based on a 

h o t  water consumption rate  of  10 gpd a n d  a h o t  water storage temperature 
of  120°F, are  l i s t e d  i n  T a b l e  B.3 .  
heating loads should be entered d i rec t ly  in column B o f  work form 3 .  

Figure 9 .3  shows the estimated water-heating thermal requirements for 
the sample problem. 

For the sample problem these water- 

Monthly __ - __ s ~ e - c o o l i r i ~  _ _ _ -  I-- loads 

Monthly space-cooling requirements of  the ranch house should be 
estimated by 1 inear interpolation between the cool ing denlands o f  reference 
houses 3 and 4 listed in Table R . 2 ,  according t o  E q .  ( 8 . 5 ) ,  

where Q,, Q 3 ,  and QL, a re  the design monthly coaling demands of t h e  ranch 
house, reference house 3,  and reference house 4 ,  respectively; and Ax,  
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DATE: JOB: 

A B c 
CALCULATED LOADS 

e 
_..__. 

.- 

.._.___I__ 

! 1 I 
ar  

.I. 

APr 

May 
I__.-UII 

Jcr n 

Sep 

N O V  

Dec 

TOTAL 

Fii l .  9.3. Gnmpleted work forril 3 for sample. problem. 
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A,, and A4 are the corresponding total  f loor  areas. 
cooling requirements o f  the ranch house are entered in column C of work  
form 3. 
in Fig. 9.3.  

The result ing monthly 

Estimated monthly cooling loads for  the sample problem are shown 

Aces d e s a  monthly loads. ___-- 

The monthly thermal loads entered in columns A, B, and C o f  work 
form 3 shown in Fig. 9 .3  represent f i r s t  estimates o f  the monthly thermal 
needs o f  the ranch house d u r i n g  an average weather year. 
can be designed t o  supply e i the r  these loads o r  any other s e t  of thermal 
loads t h a t  the builder might select .  Tha t  i s ,  a t  t h i s  stage u f  the ACES 
design analysis,  the builder can modify f i r s t  estimates of  monthly loads 
as dictated by judgment o r  t o  r e f l ec t  special circuiiistances related 
t u  proposed bui ldi nq design and  anticipated usage. Modifications t o  the 
f i r s t  estimates o f  the monthly space- and water-heating loads are entered 
in columns D a n d  E of work form 3 and t he i r  sum i s  entered in column F.  
These loads, together with the revised cooling-load estimates l i s t ed  in 
column G ,  become the ACES design monthly loads, That i s ,  t h e  capacity a f  
the A C E S  a s  designed allows delivery o f  the monthly heating and cooling 
loads l i s t ed  i n  the l a s t  two columns of the work form shown in Fig. 9 .3 .  

In the sample problem, f o r  example, the builder notes t h a t  the  f i r s t  
estimates o f  the monthly space-heating and space-cooling loads for  the 
planned ranch house do n o t  take into account possible heat losses (or 
g a i n s )  in t h e  a i r  ducts. Because some o f  the a i r  ducts of the planned 
ranch house are t o  be instal led in unconditioned space, the  builder 
estimates t h a t  duct losses ( o r  gains) will  amount t a  about 10% o f  the 
delivered loads. For t h i s  reason the builder increases the rfionthly ACES 
design heating and cooling loads by 10% over the f i r s t  estitiiates. 
addition, the builder judges tha t  t h e  assumed hot  water coilsumption rate  
f o r  the reference houses, 70 gpd,  i s  not adequate during the summer months 
f o r  a family o f  four with two teenage children. He decides t o  increase 
the water-heating loads f o r  the months o f  June, July,  and  August by 50% 
over the values l i s t ed  in Table H.2. 
monthly thermal loads  t h a t  are assumed for  the sample problem. 

]he ACES,  howcver, 

In 

Figure 9 .3  shows the ACES design 
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9.3.2 -IIIc- Component s i ze  and system performance 

Heat pump mechanical package 

The hea t  pump model selected f o r  an ACES application should have a 
___I.- ~ . - -  

heating capacity t h a t  exceeds by as  l i t t l e  as possible the design hourly 
heat loss of the building. ( In  special cases where the estimated design 
hourly cooling load i s  much greater  than the design hourly h e a t i n g  load o f  
t,he building, the heat pump model must be selected on the basis o f  i ts  
cooling capacity.) 
mechanical packages having heating capacity ratings o f  30,000, 45,000, 
60,000, and 75,000 B t u / h  a r e  avai lable ,  as shown i n  Table 4.1. Heat 
pump mechanical package model HP-2 should be selected fo r  the pa r t i a l  
ACES o f  the sample problem because i t  i s  the smallest available u n i t  
having a heating capacity su f f i c i en t  t o  meet the estimated 37,985 B t u / h  
design hourly heat loss of the planned ranch house. 

For the sample problem i t  is assumed t h a t  heat pump 

Modal operating parameters 
--I__ 

After the heat pump mechmical package has been selected,  the 
eff ic iency o f  the ACES i n  i t s  principal modes o f  operation can be e s t i -  
mated by u s i n g  work form 4 ,  shown in Fig. 9.4. For the sample probleni 
the power draws and performance ratings o f  the ACES components a re  sum- 
marized i n  Fig .  9.4. These data,  taken from Table 4.1 (Sect. 4 .1 )  and 
converted where necessary t o  the proper uni ts ,  pertain t o  heat pump rnodel 
W - 2  which was selected for the sample problem on the basis o f  i t s  rated 
heating capacity. The modal COPS and bin t ransfer  coeff ic ients  f o r  the 
basic modes of operation a re  calculated from these da ta ,  using the 
def ini t ions given i n  Sect. 2 ,  as shown below: 

(1  + CC)EC + EF + EHB f- 0.75ECB 
EC + EF + EHB +F- - COP (H) = .---__ I 

(3.01)4.548 + 0.79 f 0.33 + 0.75(0.24) I 2.537 
I 

- -l_._l_l_ - - --_-II_ 

5 .. 908 

... I............ ............., -: .. 
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ACES MODAL OPERATlMG PARAMETERS 
%Work For<-n 4 

rka i  pump comuressor, 
indoor f a n  coi l ,  
Coid brine pump, 
Ho; br,ine pump, 
Hot water pump, 
O2tdioor far. mi!, -r3.>- La. : Eiecr.:icai Craw, 

ZOMIPONE NT RAT;  N G S :  i i j 
Evaporator-side compressor COP 

~j esu per h ea? er , 
indoor f a n  coii, i+ Btu/hr 

Coniexer ,  hcz  bt;l/tlr 
W,, 8 t u l h r  -. 

Sysrerri performance, CUP, (M' * 
Bin  zranster coefficients, cu,IM)* 

( * P  deno'les phase of the ~ R C L I ~ ~  cyce ,  V dermes  ojjeTaLng mods.) 

F i g .  9.4. Completed work f o m  4 for samp'ie problem. 
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= 1.993 (2.14) 

(2 .7 )  

= 0.663 (2.10) 

(2.12) 

The system COP i n  the supplemental cooling mode a f  operation i s  
g iven  by Eq. (2.16). 
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where the constant KO i s  defined by Eq. (Z.Ii”), 

Here, the symbols 
heating ’loads d u r  

QC(SP) and Q,.,(SP) represent; delivered cooling arid 
ng the supplemental phase o f  annual operations and 

QL(SP) i s  the heat leakage in to  the i ce  b i n  d u r i n g  t h i s  period, 

values must f i r s t  be determined f o r  the sample problem before COP,(C) 
can be calculated. 

These 

Ice b i n  volume 
_I ~ I.......-p- 

In  the sample problem the volume o f  the ice  storage bin i s  determined 
by the decision of the builder t ha t  the i c e  b i n  must have a l a t e n t  heat 
storage capacity t h a t  will allow the ACES t o  del iver  a l l  of the space- 
heating and watxr-hea t i  ng needs o f  the b u i  lding during January, wJi thoert 
supplemental heat from so la r  heat collection. When the ACES operates r’n 
the heating mode the fract ion o f  the t o t a l  delivered heat t ha t  comes f r om 
the i c e  storagfl  b i n  i s  a I ( H ) .  For the ACES t o  supply a l l  of the January 
heating needs o.f the building, q H T ( 1 ) ,  the ice  b i n  nrust have an effect ive 
storage volume [Eq. (4 .2 ) ]  o f :  

For the sample problein, q H T ( l )  i s  obtained from t h e  work foriii shown i n  
Fig. 9.3 and the b i n  t r ans fe r  coeff ic ient ,  a I ( H ) ,  i s  obt.rt;ned from 
F i g ,  9.4. Thesc values are;  q H T ( l )  = 12,091 and u I ( H )  = 0.606. When 
these values a re  inserted i n t o  t h e  above expression, the required e f f e c -  

t i v e  storage volume of the ice  b i n  i s  determined t o  be 1116 f t 3 .  

same as the to t a l  tank volume, b u t  represents the wetted volume t h a t  
niust  be available i n  thc b i n  t o  contdin t h e  mixture of water and ice .  
Addi t ioi ldl  space, f o r  ice  ballasting and f o r  freeboard access above the 
surface o f  the water, must be taken in to  account i n  determining the 
overall b i n  dimensions. 

Note t h a t  thc effect ive storage volume o f  the ice  b i n  i s  n o t  the 
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_-___ Ice-bin thermal capacity 

In addition t o  la ten t  heat storage, the ice b i n  can also s tore  
sensible heat, corresponding t o  a bin temperature o f  up t o  45°F. 
to ta l  heat-storage capacity (MBtu), l a ten t  and sensible ,  of the bin i s  
denoted by TCAP and i s  obtained from E q .  (2.22), 

The 

For the saniple problem the wetted t a n k  volume i s  V = 1116 f t 3  and  the 
ice packing fraction i s  PF  = 0.80. The to ta l  thermal capacity o f  the ice 
bin i s  found t o  be: TCAP 8171 M B t u .  

Ice-bin heat exchanger 

The principal design c r i t e r i a  for  the ice-bin heat exchanger are  
t h a t  i t  must be able t o  del iver  heat t o  the evaporator a t  a ra te  tha t  
allows the heat pump t o  operate a t  i t s  design heat o u t p u t  and evaporation 
temperature, and t h a t  a suf f ic ien t  number o f  paral le l  flow paths  must be 
provided i n  the tubing c i r c u i t  t o  yield an adequate brine f l o w  r a t e ,  a t  
a reasonable pumping power. 
objectives are discussed i n  Sect. 4.3 o f  t h i s  report. These procedures 
are  i l l u s t r a t ed  below fo r  the sample problem. 

l___l 

The design procedures for  achieving these 

1.  Determine the evaporator rating of the selected heat pump from 
Table 4.1. 
problem i s  found t o  be: 

The evaporator rating fo r  the heat pump i n  the sample 
HEV = 31,150 B t u / h .  

2. Determine the energy extraction density,  ERD, according t o  Eq. (4.7),  

i n  Btu/h/ft3. 
o r  the heat extraction r a t e  per u n i t  voluine o f  ice b i n ,  i s :  
ERD = 37,150/1,116, or 27.9 Btu/h/ft3. 

For the sample problem the energy extraction density, 
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3. Determine the f a t t i c e  spacing o f  the heat-exchanger tubing t h a l  
corresponds t o  an energy extraction density o f  2 7 . 9  arid an average 
brine temperature o f  15°F. Froin Fig. 4 . 2  (Sect. 4 . 3 . 2 )  the ? a t t i c e  
spacing of the ice-bin heat exchanger tubing f o r  the sample problem 
i s  f o u n d  t o  be: D = 15.52 i n . ,  which i s  rounded o f f  t o  15 in.  

4. Determine the to ta l  length (f t)  o f  heat-exchanger tubing "chat i s  
required i n  the ice  bin. This i s  done using the fclllowing expression 
obtained from Eq. (4.81, 

L = 144 

where VWET i s  the wetted volume o f  the t a n k  in . f t 3 ,  and  D i s  the 
l a t t i c e  spacing in inches of the heat-exchanger tubes. 
sarriple problem the to ta l  length o f  heat-exchanger tubing required 
i s  found  -to be: L = 628 fl;. 

For the 

5. Determine the brine coiiiposition t h a t  has a freezing point well below 
the winter design-day temperature o f  Indianapolis, l i s t ed  in Table €3.2 
as -2°F. From Table 4.3 in Sect. 4 .3 .3 ,  the brine composition 
selected i s  35% by weight methanol in water, which freezes a t  - 2 1 O F .  
The K values l i s t ed  in Tab le  4.3 for  t h i s  brine composition are:  
K1 = 10,108 and K? = 2159. 

6 .  Determine the maximum number o f  paral le l  flaw paths for  the heat- 
exchanger tubing in the ice  storage bin t h a t  will s t i l l  yield 
turbulent brine flow according t o  the expression: NrdAX = WE-/KI, 
where the computed value of NNAX i s  rounded o f f  t o  the n e x t  lower 
integer. 
G ? S - f t  length of  heal-exchanger tubing i s  segmented into more than  
three parallel  f l o w  paths, turbulent brine f low will no t  be achieved. 

For the sample problem NMAX = 3. This means %hat,  i f  the 

7 .  Determine the minimuin number o f  paral le l  flow paths  t h a t  can  be 
provided for the heat-exchanger t ub ing  in the ice storage bin and 
s t i l l  yield a pressure d r o p  result ing from f r i c t ion  t h a t  i s  l ess  than  
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6 psi using the graph i n  Fig .  4.4 of Sect. 4.3.3. 
obtained from F i g .  4.4 must be rounded off to the next higher integer.  
For the sample probleiii, NMIN = 4. 
o f  heat exchanger tubing i s  segmented i n t o  four o r  more paral le l  
flow paths, the pressure d rop  result ing from f r i c t i o n ,  occurring across 
each branch of brine flow, will exceed 6 psi .  

The value o f  NMIN 

This means t h a t ,  unless the 628 f t  

8. Deternine the number of paral le l  f l o w  paths t h a t  will be provided. 
The resu l t s  o f  steps 6 and 7 reveal tha t  turbulent brine flow cannot 
be achieved with a pressure d r o p  of 6 ps i ,  o r  l e s s .  
condition yielding an acceptable pressure drop i s  selected.  
sample problem the ice-bin heat exchanger tubing, consequently, should 
be segmented into four equal-length paral le l  flow paths. 

Therefore, the 
For the 

_-.._I- Ice storage-bin .-~ dimensions 

The ice storage b i n  o f  the sample problem i s  constructed by pour ing  
concrete i n t o  prefabricated polystyrene molds, 16 i n .  h i g h  by 48 in .  long, 
t h a t  are reinforced by ver t ical  s t ee l  rods passing through the center o f  the 
plastic-forin blocks. The p l a s t i c  f o m s  contribute an insulating value o f  
approximately R-16 t o  the tank walls. 
i s  depicted in Fig. 5,1 (Sect. 5.1.3). For the sample problem an overall 
b i n  height of 8 f t  i s  chosen, corresponding t o  s i x  t i e r s  o f  the foam-form 
molds. 
because space m u s t  be reserved fo r  ice  ba l las t  and for  freeboard access 
above the surface o f  the water. If a concrete s lab i s  used for  ice 
ba l las t ,  i t s  thickness must be a t  l ea s t  6% of  the e f fec t ive  ice  storage 
height of the bin. 
level and the inside surface of the b i n  l i d  should be provided for  anchoring 
the b i n  l i n e r .  

This type o f  ice-bin construction 

However, not a l l  of this height i s  available f o r  water storage 

A t  l e a s t  6 t o  12  in .  of  f r ee  space between the water 

The l a t t i c e  spacing of the ice-bin heat exchanger tubes, for  the 
T’his means t h a t ,  a t  saniple problem, has been determined t o  be 16 in .  

most, f i ve  16-in.-diam. ice  logs can be stacked horizontally on top o f  
one another i n  the 8-ft-high storage bin. T h u s  the effect ive ice  storage 
height of the b i n  i s  80 i n . ,  o r  6.67 f t ,  leaving 6 i n .  for  ba l las t  a t  the 
bottom and 10 i n .  f o r  access space a t  the top of the tank. For the sample 
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problem the length of the ice  storage b i n  i s  selected to  be 1 2  l a t t i c e  
spacings, o r  16 F t .  Then, t o  yield a n  effect ive ice-storage volume of 
1116 f t 3 ,  the w i d t h  of the b i n  must be 

Based upon these dimensions of the ice  b i n ,  the heat  f l o w  arcas o f  the  
b i n  are:  fo r  the top,  AT 7 168 ft2; f o r  the bottom, AB = AT; and f o r  t h e  
sides,  AS = 424 f t 2 .  In computing the r a t e  of heat flaw from t he  sur- 
roundings in to  the b i n ,  an insulation value of R-40 i s  assumed for a l l  o f  
the storage-bin surfaces. 

Solar-collector .... panel 

The s i z e  o f  the solar/convector panel i s  determined by f i l l i n g  out 
work form 5 according t o  the instructions provided. 
completed work form for  the sample problem; the so la r  panel area needed 
fo r  the planned ranch house i s  computed t o  be 150 ft’. 
f o r  f i l l i n g  out work form 5 are  i l l u s t r a t e d  below. 

Figure 9.5 shows t h e  

The steps required 

1 .  In column A f i l l  i n  t h e  12 thermal loads imposed upon the i ce  b i n  by 
the building deniands f o r  heating and  cooling. Calculate the ice-bin 
thermal loads by E q .  ( 8 .9 ) :  

For the sample problerri aI(C) = 1.065, aI(H) 2 0.606 and the ACES 
design monthly thermal loads f o r  the p lanned  ranch house are  obtained 
from work form 3 ( F i g .  9 .3) .  
month o f  January, yields:  

The above equation, evaluated f o r  t h e  

(1) = (1.065)(0) - 0.606(12,091) M B t u ,  qHSE 

or  
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SOLAR PANEL SIZE 

‘Work Form 5 
DATE : JOB. ANDER SON 

Part 1 

T A B C 
ICE BIN HEAT FLOWS FROM 

E D 

NET 
BIN 

LOAD 
 NET 
MEtu 

BIN 
HEAT 

DEPOSIT 
q o E P ’  
MBtu 

SOLAR F U L L  MEL’  
PANEL PANEL 
RATING AREA 

PAN AF M 
M B t u / f t 2  f t2 

Ground Solar 
Leakage Panel 

House 
Loads 
9HSE 
MBtu MBtu M E t u  

-7.327 -4371 -7194 18.74 1 382.9 
- 5 S &  I 
-4063 B -473% 

0 90.91 14.9 
ii7.24 u t I525 

t499 I 4 9 9 1  
+64U -68 55 

k4426 

-423 L 
4-5953 

+3792 
h642 6 

-453 -64 0 

-4124 0 -38 3-f 
-6315 -2514 

Part 2 

IT. 
N R  

MONTHS INCLUDED IN a -  P =  Y =  
THE SUMMATION lid TCAP) I -> qDEP 1 L PAN 

F ig.  9.5.  Completed work form 5 for  sample problem. 
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A negat-ive s i g n  fo r  q,lSE denotes heat; extraction from the ice  b i n ,  
whereas a posi t i v e  s i g n  denotes a hea t  deposit in the b i n .  

2 .  I n  column 8 f i l l  i n  the 12 values of  g round  heat leakage i n t o  the 
i ce  b i n .  Calculate the ground heat leakage q L ,  using E q .  (8 .10 ) :  

i n  M B t u ,  where the monthly ice-bin heat leakage coeff ic ients ,  T B ( m )  
and SD(m),  a re  obtained f r o m  Table B.2 (Appendix B ) .  
sample problem the ice-bin heat t ransfer  areas a re :  
and AS = 424 ft2. 

i s :  

For the 
AT = 168 ft2 

The ground heat leakage for  the  month of January 

q L ( l )  = (168)(0.315) f (424)(0.130) MBtu , 

q L ( l )  = 133 M B t u  . 

3. I n  column E f i l l  i n  the 12  values o f  the thermal loads imposed upon 
the ice  b i n  as  a r e s u l t  of ground heat leakage and the building 
thermal loads. These values a r e  obtained by summing algebraically 
fo r  each month the values entered i n  columns A and B as shown i n  

E q .  (8.11): 

i n  M B t u .  The i c e - b i n  heat deposit f o r  the month o f  January i s :  

( 1 )  = (-7327 -t 133) MBtu ‘DEP 

Oi- 

(1 j = -7194 MBtu . ‘DEP 



171 

4 .  In column F f i l l  i n  the 1 2  values o f  the so l a r  panel heat-collection 
capacity,  PAN(m), obtained from Table B.2 of Appendix B.  
f i l l  in values o f  the full-me1 t panel area,  A F M ( m ) ,  only f o r  those 
months having a net heat extract ion (negative values i n  column E )  
from the  ice  b i n .  Calculate the full-melt  panel area ( f t?)  by 
means of Eq. (8.12): 

I n  column G 

The full-melt  panel area fo r  the month of January i s :  

A F M ( l )  :E 7194/18.79 f t2  , 

or  

AFM(1) = 382-9 f t 2  

5. I n  column E, s t a r t i ng  with the la rges t  monthly heat withdrawal, sum 
i n  descending order unt i l  p = - C q D E P ( m )  exceeds the thermal storage 
capacity,  T C A P ,  of the ice b i n .  Record i n  par t  2 of work form 5 
the value of fi obtained and the indices of the months summed. For 
the sample problem TCAP = 8171 B M t u  and B = -(-7194 - 6110) M B t u ,  
o r  p = 13,304 M B t u .  

6 ,  I n  column F sum the panel capaci t ies  over the  same span o f  months 
used i n  obtaining B and record the answer, y = l P A N ( m ) ,  i n  par t  2 
of work f o m  5 .  Calculate and record the quantity,  CY. = 8 - TCAP, 
i n  pa r t  2 o f  work form 5 ,  and compute the f i r s t  i t e r a t ion  o f  the 
required panel s ize  by the expression, ApAN = a/y, as shown i n  
work form 5. 
y = (18.79 + 23.94) M B t u / f t 2 .  
sample problem i s :  

For the  sample problem, w = (13,304 - 8,171)  M B t u  and 
The value o f  ApAN obtained f o r  the 
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7. I f  ApAb, exceeds the ful  l-me1 t pane areas,  A 
n o t  included i n  the summation tha t  determined the it.eiration 
process i s  completed. ess than A F M ( m )  f o r  one of the 
months n o t  included i n  the summation, the span o f  months to  be summed 
m u s t  be expanded t o  include t h a t  par t icular  month and the i t e r a t ion  
process niiist be continued. In the sample problem i t  i s  seen tha t  
the value o f  ApAN obtained i s  l e s s  than the value o f  AFM fo r  t h e  
month o f  February. Iherefore, the i t e r a t ion  process must be con- 
tinued. Increasing the span of months t o  include December, January, 
and February yields  a second i t e r a t ion  panel area o f  1513.2 f t ? .  
new value of ApAPJ s a t i s f i e s  the ahwe c r i t e r ion  and the  i t e r a t ion  i s  
compl e Led I 

(m) , of a l l  tnonths FM 

I f  ApAN i s  

- 

This 

8. In colurnri C f i l l  i n  the 12 values o f  the heat collected by the 
so l a r  panel during each month o f  the year. 
a r e  calculated f o r  each month i n  the following manner: 

These values, qCOL(m) , 

If  q D E P ( m ) ,  which i s  l i s t e d  i n  column E, is  posit ive,  then 

I f  the month under consideration i s  included i n  the span o f  

months summed i n  part  2 of work form 5 ,  then qCO,-(rn) = ApAN ? A N ( r n ) .  
That i s ,  the panel operdtes a t  fu l l  capacity during these months. 

I f  the month under consideration i s  not included i n  the span o f  

months summed, then qcoe(rn) = -qDEP (m) ( i  .e .  , the panel i s  operated 
a t  less  than f u l l  capacity t o  melt o u t  only t h e  amount of ice  farmed 
d u r i n g  the month). 

qc0&"') = 0. 

9. In column D, f i l l  i n  the 1 2  values of  the net thermal load imposed 
upon the ice  b i n ,  a s  calculated by E q .  (8.13): 

For the sample problem we obtain,  

( 1 )  = [ - 7 3 2 7  3 133 + 28233 MBtu  , ET 
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or  

CINE-+')  = -4371 MBtu  . 

ACES power consumption -.-- ..-I___-.I __I 

The annual power consumption of the ACES i s  determined by f i l l i n g  
ou t  work form 6 according t o  the instruct ions provided in Sect. 8.3. 
Figure 9.6 shows the completed work form for  the sample problem. 
annual energy consumption o f  the ACES i s  computed t o  be 34,865 M B t u ,  o r  
10,218 kWh, and the annual COP o f  the system when supplying the design 
monthly thermal loads shown in Fig. 9 . 3  i s  2.58. 
f i l l i n g  ou t  work forrn 6 are  i l l u s t r a t ed  below f o r  the sample problem. 

The 

The steps required for  

Part 1 

1. In column A of work form 6 f i l l  i n  the  12 ACES design monthly 
heating loads, qWT(m) ,  as obtained from column F of work form 3. 

2 .  I n  column R f i l l  in the 12 ACES design monthly cooling loads, as 
obtairied f rm column G o f  work form 3. 

3 .  In column C f i l l  i n  the 12 monthly loads imposed upon the ice  bin as  
a r e su l t  of the building thermal demands, ground heat leakage, and  
heat deposits by the so la r  calllector panel. These values of qNET(m)  
are obtained from column D of work form 5. 

4. From work form 5, shown in F i g .  9 . 5 ,  determine the m o n t h  t h a t  marks 
the s t a r t  o f  the heating season by identifying the month f o r  which 

m o n t h  is October; thus, September marks the l a s t  m o n t h  of the 
supplemental phase and October marks the f i r s t  m o n t h  of the ice  phase 
o f  annual opera t i  ons . 

( m )  f irst  assumes a negative value. For the sample problem this 
Q DEP 

Compute the to ta l  heat content o f  the ice storage bin (MBtu)  
present a t  the end of October according t o  Eq. (8 .14):  
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DATE 

~ H T  j q c  
~ MBtu , MBtu 

- -+ -i-- 

L- --- 

Work Form 6 

Part 1 

C 

Part 2 
_ -  _ _ _ _ _ ~ -  _ _ _ _ _  

SUPPLEMENTAL 
ICE PHASE 1 P b i r E  

4 N N U A L  
z A E / & O % G  HEATING COOLING CYCLE 

F i g .  9 .6 ,  Completed work form 6 for sample problem. 
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where the values of  TCAP and q 

shown i n  F i g .  9.6. 
t o  the sampKc problem yie lds :  

( m )  arc3 obtained f rom work ~ Q Y X I  6 ,  
Evaluation of the above expression w i t h  re spec^ 

NET 

(30) = 8171 f 0 M B t u  . 'TOT 

Far the month o f  October t h e  value 9171 is entered i n  col!nmn D o f  

work form 6 and zeros a re  entered i n  columns E ,  F,  and G. 

5, For each succeeding m o n t h ,  m, compute a value of  q i n  f4Btu by 
the recursion relationship according t o  Eq. (8.15): 

Successive evaluatians o f  this  relationship f o r  the sample problern 
yield:  

( 1 1 )  = 8171 -I- 0 = 8171 M B t u  %IT 

 TOT 
 TOT 
 TOT 

( 4 )  = 0 M B t u   TOT 
~ T Q T  
 TOT 

(12 )  = 8171 - 2514 5657 MRtu 
(1 5657 - 4371 1286 B M t r l  
( 2 )  = 1286 - 12136 0 MBtu 

qTOT 

( 3 )  = 0 MBtu 

(5 )  = 0 + 1525 = 1525 M B t u  
( 6 )  = 1525 -+ 4991 = 6516 MRtu 

The monthly variation i n  the to t a l  heat. content u f  the i c e  
s torage b i n ,  shown above, i l l u s t r a t e s  the i ce  phase a f  annual syst.en~ 
operdtions. Ice buildup occurs d u r i n g  December, Januzlry, and 
February; and f u l l  i c e  inventory is  reached by the end  of  Februa ry .  
The f u l l  i ce  inventory i s  maintained through March and A p r i l ,  and 
ice  decline begins i n  May as  heat i s  deposited -in the i c e  b i n ,  
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providing space cooling. 
i s  nearly depleted. 
i n to  column D o f  work form 6 
f o r  the corresponding months a r e  set equal t o  zero .  

t h e  thermal capacity o f  t h e  ce b i n :  

By the end o f  June the winter-formed i ce  
The values o f  qTUT l i s t e d  above a r e  entered 

and t h e  supplemental phase hea t  flows 

For the month of July a value o f  qToT(7)  i s  obtained t h a t  exceeds 

q.r-oT(7) = 6516 + 6055 = 13,371 M B t u  . 

Then, t h e  f ract ion o f  the July heating and cooling loads t h a t  rriust be 
supplied while the system i s  operating i n  the supplemental phase i s  
expressed by Eq. (8.16): 

For the sample problem, 

and fo r  the month o f  July the following values a re  entered 
respectively in to  calumns D, E, F, and 67 o f  work farm 6. 

q r o T ( 7 )  = 8171 M B t u  
q , . lT(s~)  = (0.7586)(1560) = 1183 r m t u  
qc(SP) = (0.7586)(6908) = 5240 M B t u  
yL(SP) = (0.7586)(443)/2 168 MBtu 

Supplemental phase operations continue throughout August and September. 
For these months F i s  equal t o  unity, S O  t h a t  the fulil heating and 
cooling loads, l i s t e d  i n  columns A and B y  a r e  entered i n t o  columns E 
and F. The ice-bin heat leakage, qL(SP), i s  obtained by halving the 
b i n  heat leakage value l i s t e d  i n  column B o f  work form 5. 
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6. The system cooling COP i n  the  supplemental phase of operations i s  
calculated from Eqs. (8.17) and (8.18), 

COPs(C) = [ C O P ( B D ) - l  + KO - COP(BR)”l]‘l , 

where 

QG QE 
0 QF QF 

K = u,(C) + - - os(H) - . 

Values o f  Q,, Q,, and Q, a re  obtained by summing the entries i n  
columns E, F, and G o f  work form 6. The results obtained f o r  the 
sample problem are:  

3728 
Ko = + 15,839 625 - 0.663 15,839 = 0.9764 , 

and 

COPs(C) = C8.88-l + 0.9764(1.993)-1]’1 = 1.660 . 

Part  2 

1 .  On l i n e  1 ,  enter the annual heating and cooling loads tha t  a re  
delivered t o  the b u i l d i n g  during the i ce  phase and the supplemental 
phase of annual operations. The values a r e  obtained from par t  1 o f  

the work form as  follows: 

QHT(IP) = 62,079 - 3,728 = 58,351 MBtu;  
QC(IP) = 27,683 - 15,839 = 11,844 M B t u ;  

QHT(SP) = 3,728 M B t u ;  and 
QC(SP) = 15,839 MBtu. 



2.  On l i n e  3, enter the lnoclal COPS o f  the system t h a t  have been 
calculated f o r  the sample problem. These values a re :  

C0PI(ti) = 2 ,537 ;  
COPI(C) = 12.69; 
C O P S ( H )  = 2,682; and 
CO?,(C) = 1.660. 

3 .  For t h e  saii iple problem calculate  the e lec t r i ca l  energy consumed by 
the system d u r i n g  cach inode of operation. 
divide the entry on l i n e  1 by t h e  entry on l i n e  3 ,  and enter  the 
r e s u l t  on l i n e  2. Sum t h e  en t r i e s  o f  l i n e  1 t o  obtain t he  t o t a l  annual 
load delivered by t h e  system. Sum the en t r i e s  o f  l i ne  2 t o  obtain tine 
to t a l  purchased energy consumed by the system d w i n g  the year. 
annual COP o f  the system, ACOP, i s  the r a t i o  o f  the annual  delivered 
loads lo  the annual energy consumption. For the sample problem the 
annual C O P  o f  the ACES i s  89,762 MBtu/34,855 M B t u ,  o r  2.575. The 

annual consumption o f  e l e c t r i c i t y  by the sys tm i s  34,865 MBtu o r ,  
dividjng by 3.412 MRtu/kWh, 10,718 klalh. 

For  cach column o f  p a r t  2 

The 

9 .4  Systenr Costs 

The l ife-cycle cosc o f  t h e  ACES i s  the t o t a l  investment t h a t  would be 
required today for purchasing the system and prepaying a17 o f  the costs 
for maintenance and e l ec t r i ca l  power over the expected l i fe t ime o f  20 years  
For the sample problem the average escalation ra te  o f  maintenance and 
posrder costs d u r i n g  t h i s  period o f  time i s  assimed t o  amount t o  8% per year,  
and  the personal  discount ra te  of t h e  owner i s  i s  assumed t o  be 10%. The 
liFe-cycle c o s l  o f  the  ACES i s  given by E q .  ( 7 - 1 ) :  

where 



P = present value l i fe-cycle  cost  o f  the systemg 
IC = i n i t i a l ,  i n s t a l l ed  cost  of the ACES, 
SV = discounted salvage value o r  residual worth o f  t h e  A C E S ,  
MC = present worth o f  annual maintcnance costs, 
PC = present worth o f  annual expenditures f o r  elect.ra’ca1 pa 

Each o f  these l i fe-cycle  cost  compcrnents a r e  now estimated f o r  the sample 
problem, 

9.4.1 

I n i t i a l  cost  

___I..__ L i f e - g c l e  cost  components I__ 

..._. l.ll--.- 

The i n i t i a l ,  i n s t a l l ed  cost  o f  an ACES i s  comprised o f  costs for  the 
purchase arid i n s t a l  la t ion of factory-bui I t  components and cos ts  for .  

components t h a t  are  b u i l t  o n s i t e .  
such as  the heat pump mechanical package, the control system, ho t  water 
tank, e t c , ,  are ob ta ined  frvrri pr ice  I j s t j ngs  of manufacturers, whereas 
the c o s t s  o f  coniponents constructed ons i t e  inust be estimated by the 
b u i l d e r .  In general, the casts  o f  these components, such as  t h e  i ce  
storage bin, the i ce -b in  heat exchanger, the so l a r  panel, e t c . ,  a r e  
estiiiiated on the  basis of local u n i t  costs f o r  materials arid labor. I n  
most cases the in s t a l l ed  u n i t  costs of these components can be estimated 
approxiinately by  d o h 1  i ng the u n i t  costs o f  the materials. 

F i g u r e  9 . 7  shows the costs o f  factory-built  corrayonents and the rina’ t  

installed costs of camponents constructed onsi te  t ha t  were assumed fo r  
the sample problem. 
only and s h o u l d  n o t  be taken Lo represent actual construction costs i n  
the Anderson, Indiana, area. 
b u i l t  components o f  the  ACES that  a r e  n o t  yet c o ~ ~ e r ~ ~ i a l l y  available 
are inferred frani the costs of sirni?ar products curreritly on the market, 
Fium costs f o r  these components and for the so la r  col lector  panel can be 
established only when the ACES has become more widely deployed. 
upon the assumed costs listed i n  the f igure,  the f i r s t  cost of  the ACES f o r  
the sample problem i s  $9970. 

The costs of factory-built  components, 

These assumed costs  are for  purposes o f  i l l u s t r a t i o n  

In F i g .  9 - 7  the assumed costs o f  factory- 

Based 
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ACES LIFE CYCLE cow 
Work Forin 7 

COMPONENT ITEM 

__ ~- 

ice Storage Bin 

H = i t  

w = f t  

L = f t  

VTO,  = ft3 

V W E T  = f t3 

Ice Bin Heat 
Exchanger 

~ - - _  - 

Solar Collector 

-~ _ _  
ESTIMATE 
INSTALL 

COST 
INSTALLED 

COST 

I S U B T O l A L  1 
1 I 

Total  Installed Co,t 

ODeratinq Costs Present Values I - - - -  Fuel 

~- -_ -~ - - - -  ~ - _ _  

I Maintenance 

F i g .  9 . 7 .  Completed work foriii 7 for s,vnple problem. 
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Salvage value 

The residual worth o f  an ACES a t  the end of i t s  assumed l i fe t ime l i e s  
Both of these principally i n  the a i r  duct system and the ice  storage bin. 

components may be expected t o  deter iorate  very l i t t l e  over the assumed 
20-year l i f e  and bo th  have a l te rna t ive  uses i f  the ACES were t o  be 
replaced by another system. 
another type o f  central  heating and cooling system and the i c e  storage 
b i n  could be converted into useful basement area of the building. For 
the sample problem i t  is  assumed tha t  the discounted salvage value o f  the 
ACES i s  equal t o  75% o f  the i n i t i a l  costs o f  these two cotnponents. In  
the case of the ice  b i n ,  only the basic construction costs a r e  considered 
t o  be recaverable i n  this manner. 
saiiipl e probl em is  : 

The a i r  ducts could continue t o  serve in 

The salvage value of the ACES for  the 

SV = ( 0 . 7 5 ) ( 8 9 5  + 390 + 605 + 315 + 800) dol lars  , 

or 

SV = $2254 . 

Maintenance costs 

The present value o f  the annual maintenance costs ,  or the investment 
t ha t  would be required today for  prepaying the ACES maintenance costs fo r  
a period o f  20 years,  i s  calculated according to  the procedures described 
i n  Sect. 7 .2  of the report. The assumed annual service and maintenance 
schedule for  the sample problem i s  shown in Table 7 .1 .  
problem the present value o f  these maintenance cos ts ,  obtained from 
Table 7.2, i s :  

For the sample 

MC = $2270 e 

. . . . . . . 
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Power costs 
.. .. . . . . -- 

T h e  present value of the annual power costs of the A C E S ,  o r  the 
payment made today t h a t  would cover a l l  power costs o f  the ACES f o r  a 
period o f  20 years ,  i s  calculated according t o  the procedure described 
in Sect. 7.2-4. Assuming that the current cost  o f  e lec t r i ca l  power in 
Anderson, Indiana, i s  5$/kWh, the power b i l l  f o r  one year of ACES operation 
would amount too: 

Po  = (0.05)(10,218) dol la rs  , 

o r  

Po = $510.90 . 

trorri Table 7.3 the present worLh fac tor  corresponding t o  an annual power 
cost  escalat ion r a t e  of 8% and a personal discount r a t e  o f  10% i s  seen 
t o  be 16.59. For the sample problem the present value o f  the annual 
expenditures f a r  power over a period of 20 years i s :  

P C  = (16.59)(510.90) dol la rs  , 

or  

P C  = $8475.83 . 

9.4 .7  Life-cycle -- cost -- 

When the values calculated f o r  I C ,  SV,  M C ,  and PC a re  suiiimed, as 
shown in Eq. ( 7 . 1 ) ,  the l i fe-cycle  cost  o f  the ACES i n  the sample problem 
i s  found t o  be $18,462. By investing t h i s  amount o f  money today the A C E S  
purchaser could presumably enjoy 20 years of air-conditioned comfort and 
hot water- i n  h is  home a t  no fur ther  cost .  Although t h i s  information may 
be of i n t e r e s t  t o  a prospective buyer, i t  has pract ical  value only i f  he 
can compare t h i s  cost  t o  the l i fe-cycle  cost  o f  some other home heating 
and cooling system. Suppose, for  examplc, t ha t  he could buy another H V A C  
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system a t  half of the i n i t i a l  cost  of the ACES b u t  t h a t  the system would 
consume twice as much e l ec t r i ca l  power. 
a l te rna t ive  system, assuming no maintenance costs and no salvage value, 
would amount t o  [(0.5)(9970) + (2)(8475.83)]  do l l a r s ,  or  $21,937. 
these two systems, the ACES would c lear ly  represent the be t t e r  buy. 

The l i fe-cycle  cost  of the 

O f  

9.5 Summary of the ACES Design fo r  the Sample Problem 

The br ine-chi l ler  par t ia l  ACES o f  the sample problem, custom-designed 
according t o  the specif icat ions of the bui lder ,  has the component s izes  and 
engineering performance charac te r i s t ics  l i s t e d  in Table 9.2.  

Table 9.2. Sample problem ACES design parameters 

Wetted volume of fce  storage b i n ,  f t 3  1,116 
Area o f  so la r  co l lec tor  panel , f t 2  150 
Length o f  in-bin c o i l ,  f t  628 
Usage o f  e l e c t r i c i t y ,  kWh/year 10,218 
Efficiency (annual COP) 2.58 

II Ice storage b i n  

The ice  storage bin has a thermal capacity o f  8171 MBtu and i n t e r i o r  
dimensions o f  8.0 f t  x 16.0 f t  x 10.5 f t .  
provides for  a 10-in. access space above the water level and fo r  6 i n .  of 
space a t  the bottom f o r  a concrete s lab  ba l l a s t  w e i g h t  t o  keep the ice  logs 
submerged. 
insulating value of R-40 and a nylon reinforced "Hypalon" liner i s  ins ta l led  
t o  make the b i n  waterproof.  
poured i n t o  "Foam Fom" blocks.  

The design of the storage b i n  

The walls,  f loor ,  and l i d  of the bin a re  prov ded with a heat 

The bin i s  constructed of re nforced concrete 

Solar col l  e c t o g a n e l  

The so la r  panel i s  an unglazed, f l a t - p l a t e  co l lec tor  of the type used 
fo r  heating swimming pools. The panel i s  t i l t e d  toward the equator a t  
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an angle of 60" from the horizontal plane and i s  mounted in such a manner 
t h a t  a i r  can c i r cu la t e  on both o f  i t s  surfaces.  The brine tha-t i s  pumped 
through the panel t o  remove collected heat consists of 35% by weight o f  

methanol i n  water and has a freezing temperature o f  -21°F. 

Ice-bin heat exchanaer 

The ice-bin heat exchanger i s  constructed o f  628 f t  a f  act ive,  r i g i d  
heat-set, p l a s t i c  t u b i n g  (0.85-in. ID, l - i n .  OD) connected by r i s e r s  in 
serpentine configuration w i t h  the act ive t u b i n g  positioned on a 16-in.  
square, horizontal l a t t i c e .  The active t u b i n g  length i s  segmented in to  
four equal-length flow c i r c u i t s  t o  prevent the brine pressure drop from 
exceeding 6 p s i  e 

ropes attached t o  the ba l l a s t  weight a n d  t o  the b i n  cover. The support 
ropes a re  spaced 70 i n .  apart. 
leaving the heat pump evaporator i s  15°F. 

The t u b i n g  in the i ce  b i n  i s  positioned by polypropylene 

The average temperature o f  the brine 

Power consumption 

The ACES requires a 3.75 t o n  heat pump having a compressor draw of 
4.55 kW. 
indoor a i r  fan,  the cold brine pump, the h o t  brine pump, and the outdoor 
fan. The power draw values f o r  these components are 0.79, 0.24, 0.33, 
and 0 -58  kW, respectively. The anriiial power consumption of the ACES,  when 
delivering the design annual loads of 45,089 M B t u  for space h e a t i n g ,  
16,990 M B t u  f o r  water heating, and 27,863 MBtu  f o r  space cooling, i s  
estimated t o  be 10,218 kWh. 

Other power consuming equipment of the system includes the 

Annua 1 ef f i ci  ency 

2 - 6 8  
a n d  
ACES 

The modal COPS o f  the system are :  2.54 i n  the space-heating mode, 
in the water-heating mode, 1 2 , 7  i n  the ice-mel-t space-cooling mode, 
.66 i n  t h e  supplemental space-cooling mode. The annual COP o f  the 
operating t o  del iver  i t s  design monthly thermal loads, i s  2.58. 
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. ._I___ Sjstem costs 

The initial, installed cos t  of the ACES i s  $9970, o f  which a discounted 
s a l v a g e  value o f  $2254 i s  assumed to be recoverable at the end of the 
system lifetime. The discounted maintenance costs, over a 20-year period, 
are  $2270 and the present v a l u e  o f  the power c o s t s  over the same period o f  
time i s  $8476. 
i s  $18,462.. 

Based upon these v a l u e s ,  the life-cycle cost o f  the ACES 
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A.  BUILDING THERMAL LQADS DETERMINATION 

Monthly thermal deniands for space heating water heating, and space 
cooling have been corriputed for  four reference single-family houses in 
each of 111 c i t i e s  dis t r ibuted throughout 16 geographical zones o f  the 
United States  (Fig. A . l ) .  The houses of each zone vary i n  design and level 
o f  thermal insulation accord-ing t o  construction practices typical for  the 
regi0n.l 
compute the thermal loads a f  the houses. These calculated thermal loads 
then form the basis of the f u l l - ,  pa r t i a l - ,  and minimum-ACES designs for  
b o t h  ice-maker and br ine-chi l ler  systems. The reference houses of each 
geographical zone and the methods used t o  calculate  thermal loads f o r  each 
a r e  described below. 

Weather d a t a  spec i f ic  for each of the 111 c i t i e s  are used t o  

A.l Description of the Reference Houses 

The four reference houses f o r  each c i ty  are single-family residences 
o f  frame construction having I200 f t7  or 2400 f t 7  o f  l iving space with two  
different  levels o f  thermal insulation in the building envelope. The re f -  
erence houses are  assumed t o  be oriented along the primary compass direc- 
t ions and t o  have equal window areas an each o f  t he i r  four s ides ,  
construction and use charac te r i s t ics  affecting the thermal loads of a l l  
the reference houses are  l i s t ed  in Table A.l. 
graphical zone of  i t s  location, the reference house rimy have one o r  two 
s to r i e s  and e i the r  a basement, crawl space, o r  concrete s l a b  foundation. 
Table A.2 l i s t s  design features o f  the reference houses fo r  each zone. 

Assumed 

Depending upon the geo- 

A . 2  Climate Data Sources 

The monthly space-heating and air-conditioning loads of the reference 
houses are  computed based on the assumption t h a t  the houses are free- 
standing - in an area unsheltered from the prevailing winds and  sun by 
variations i n  t e r r a in ,  the proximity o f  t r ee s ,  or by adjacent buildings. 
The climatological data used in computing thermal loads are  long-term 
averages t h a t  represent weather observations o f  f ive  t a  ten years. The 
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Table A.l. Characterist ics of the reference houses 

Year-round 
Window shading factor  
Abs o r p t  i on coeff i ci ent , outs i de wall s 
Absorption coeff ic ient ,  roof 
Internal heat sources (1 igh ts ,  appliances, e t c .  ) Btu/h 
Air i n f i l t r a t i o n  normalization,“ a i r  changes per hour 
Number of equivalent adult occupants 

Winter 
Indoor a i r  temperature, O F  

Occupant sensible heat emission, Btu per hour per person 
Indoor re la t ive  humi di t y  control 

S urrinie r 
Indoor ai  r temperature, O F  

Occupant sensible heat emission, B t u  per hour  per person 
Occupant la ten t  heat emission, E t u  per hour per person 
Extraneous moisture sources, pounds of water per day 
Maxi ilium i ndoor re?  a t  i ve hurrii d i  ty  , % 

0.42 
0.78 
0.87 
4300 
1 
3 

70 
308 
None 

78 
220 
200 
5 
52 

“Air i n f i l t r a t i o n  normalized t o  1 a i r  change per hour a t  conditions 
o f  15 mph wind speed and 70°F teniperature difference across the building 
thermal envelope. 



Tab le  A.2. D e s c r i p t i o n  o f  r e f e r e n c e  houses i n  16 zonesa 
_ _ _ _ ~ _ _ _ _ _  - _ _  _ _  - _ ~ _ _ _ _  

house 1 

House 2 

House 3 
tiouse 4 

House 1 

House 2 

;loL;se 3 

tiouse 4 

House ! 

House 2 

Hobse 3 

~ o u s e  4 

House 1 

Hol;se 2 

House 3 
tiouse 4 

Numoe r 
Of 

s t o r i e s 

Cape Cod 

2 

Cape Cod 
2 

Ranch 

Ranch 

Ranch 

Ranch 

Ranch 

Rarich 

Ranch 

Ranch 

Ranch 

Ranch 
Ranch 

Rancn 

Founda t i  on 

F u l l  baseinent 

Fb 11 basement 

Ful: basement 

F ~ i l :  basement 

Fu 11 basement 

Fu l ;  basement 

F L I ~  1 basement 

F u l l  basement 

Crawl space 

F u l I  basement 

Crawl space 

F u l l  basement 

S l a b  

Crawl space 

S l a b  

Crawl space 

Main Ground 
f l o o r  f l o o r  
a r e a  nominal  
( f t 2 )  R-va;ue 

Wa l l  ( t o  a t t j c )  ( t o  a t t i c )  area 
C e i l i n g  Ze i l - i r ;g  

a re3  nonii ri 3 1 
( f t 2 )  R-va lue (ft’:: 

Wa l l  l.Jindov? W’n(iow S t O r T  
Garage t y p e  doors nomina l  c r e a  

R-va l i le  ( f t 2 )  

832 0 

1200 0 
832 3--i: 

1200 R - 1 :  

1200 0 

2400 0 
1200 R-1; 

2400 R-1: 

1200 0 
2400 0 

1200 R-1: 

2 400 R-11 

I200 0 
2400 r: 

1200 R-7 

2400 R - ?  1 

Zone A 

832 

i: 200 

832 

1200 

Zone B 

1200 

2400 

1200 

2400 

Zone C 

1200 

2400 

1200 

2402 

Zone D 

1200 

2400 

120% 

2400 

R-19 

R-19 

R-38 

R-38 

R-19 

R-19 

?-38 

9-38 

R-19 

R-19 

R-38 

2-38 

R-19 
R--i9 

R-38 

R-38 

1480 

1952 

1480 

1952 

976 

1472 

976 

1472 

976 

1472 

976 

1472 

976 

1472 
976 

i 472 

R-11 

2-11 

R-13 
R-13 

R - l l  
q-.i 1 

R-13 

R-13 

R-11 
R - 1 ;  
R-13 

R-1 S 

R 4 1  

2-1 7, 

R-13 

R-13 

144 - ! -g laze  No A t tached  

285 1 -g laze  No A t tached  

144  2 - g l a z e  Yes A t t a c h e d  

286 2-Glaze Yes A t tached  

-144 1 - g l a z e  No At tached  

288 i - g l a z e  Xo A t tached  P 
C J l  

144 2-Glaze Yes A t tached  

288 2 -g laze  Yes At- tached 

141; ] - g l a z e  rio None 

285 I - g l a z e  Yo C a r 2 o r t  

144 2 -g laze  Yes None 

288 2 -g laze  Yes C a r p o r t  

.!44 l -g . laze  No None 

288 I - g l a z e  Yo C a r s o r t  

-144 2 -g laze  Yes None 

288 2 -g laze  Yes C a r p o r t  



Table  A.2. ( c o n t i n u e d j a  

Storm 
Main Ground C e i l i n g  C e i l i n g  W a l l  
f l o o r  f l o o r  ( t o  a t t i c )  ( t o  a t t i c )  area 
a r e a  nominal a r e a  nominal ( f t z )  [<-value ( f t z )  type doors  
( f t ’ )  R-value (ft’) R-vaiue 

Wall Window Window Number 
o f  

s t o r i e s  
nomina? a r e a  Garage Founaation 

House 1 
House 2 
House 3 
House 4 

House 1 
House 2 
House 3 
Hoiise 4 

House 1 
liouse 2 
House 3 
House 4 

House 1 
House 2 
House 3 
House 4 

1 
1 
1 
1 

1 
1 
1 
1 

Bi- l eve l  
Ranch 
B i - l eve l  
Ranch 

1 
1 
1 
1 

S l a b  1200 
S1 ab  2400 
S1 ab 1200 
S l a b  2400 

P a r t  basement 7200 
Ful l  basement 2400 
P a r t  basement 1200 
FLI 1 1 basement 2400 

P a r t  basement 832 
F u l l  basement 2400 
P a r t  basement 832 
F u l l  basement 2400 

Fu 11 basement 1200 
Ful l  basement 2400 
Fu l l  basement 1200 
Fu l l  basement 2400 

L7 
0 
R-7 
R-7 

0 
0 
R-i 1 
R-ll 

0 
0 
R-11 
R-11 

0 
0 
R-11 
R-1: 

Zone E 

1200 
2400 
1200 
2400 

Zone F 

1200 
2400 
1200 
2400 

Zone G 

832 
2400 

332 
240G 

Zone H 

1200 
2400 
1200 
2400 

R-19 
R-19 
R-38 
R-38 

R-19 
R-19 
R-38 
R-33 

R-79 
R-19 
R-38 
R-38 

R-19 
R-19 
R-38 
R-38 

976 
1472 

976 
1472 

976 
1472 
976 

1472 

1480 
1472 
1480 
1472 

976 
1472 
976 

1472 

R-11 
R-11 
R-13 
R-13 

R-11 
R-11 
R-13 
R-13 

R-11 
R-11 
R-13 
R-13 

R-11 
R-11 
R-13 
R-73 

144 
288 
144 
2 86 

144 
288 
144 
2 88 

144 
288 
144 
288 

144 
288 
144 
288 

1 -gi  aze  
1 -g l aze  
2-g laze  
2-gl aze  

1 -g laze  
1 -g laze  
Z-glaze 
2-91 aze  

1 -g l aze  
1 -g laze  
2-g laze  
2 -g laze  

1 -g l aze  
1 -gl  aze  
2 -g laze  
2-91 aze  

N 0 

No 
No 
No 

No 
No 
Yes 
Yes 

No 

NO 

Yes 
Yes 

NO 

NO 

Yes 
Yes 

Ca r p o r t 
Carpor t  
Ca rpor t  
Ca rpor t  

At tached  
At tached  
At tached  
At tached  P 

4 

I n t e g r a l  
At tached  
I n t e g r a  1 
At tached  

At tached  
At tached  
At tached  
At tached  
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Table A.2. ( con t inued)”  

Ma7 i Window Main Ground C e i l i n g  C e i l i n g  
f l o o r  f l o o r  ( t o  a t t i c )  ( t o  a t t i c )  area 
a r e a  nominal 
(ft’) R-value (ft’) R-value 

Foundation nominal a r e a  type doors  Garage 
Piumber 

O f  
s t o r i e s  a r e a  (ft-2) R-value ( f t 2 )  

Hodse 1 
House 2 
Hotise 3 
douse 4 

House 1 
House 2 
House 3 

bQUse 6 

Hoose I 
House 2 
House 3 
House 4 

House 
House 2 
House 3 
Hoose 4 

S l a b  
S l a b  
S l a b  
S l a b  

Crawl space  
Craw’ space 
Crawl space  
Crawl space 

S l a b  
Crawl space  
S l a s  
Crawl space  

SI ab  
S i  a b  
SI ab  
SI ab 

1200 
240Q 

120% 
2400 

12% 
2430 
1200 
2409 

1206 
2400 
120% 
2400 

-1 20% 
2400 

i 200 
2400 

0 
0 

u 
0 

0 
r: 
R-11 
R - 1 1  

b 
0 
0 
R - 1 1  

0 

0 
c 
0 

Zone K 

I200 
2400 
1200 
2400 

Zone N 

‘1 ZQI 

2400 
1200 
2403 

Zone 3 

1 200 
2400 
1:uo 
2400 

Zone ? 

120% 
2400 

7 200 
2400 

H-19 
ti-19 
R-38 
R-33 

2-19 
R-13 
R-38 
R-38 

i i -19 
R-19 
2-38 
R-38 

R-74 
R-<9 
R-38 
R-38 

976 
1472 

976 
1472 

976 
i 472 

976 
1472 

976 
1472 

976 
1472 

976 
347:‘ 

976 
1472 

2-1 1 
R-11 
R-I3 
R-13 

R - 1 1  
2-11 
9-13 
R-73 

2-1 1 
Fi-13 
R-13 
R-13 

R-1;  
8-1 1 
2-13 
R-13 

14% 
288 
144 
288 

7 44 
2 8E 

7 44 
285 

i 54 

238 

144 
288 

144 
28E 

144 
288 

1-97 aze  
7 - g l aze  
2-g laze  
2 -g laze  

1-51 a z e  
1 -g l  azu 
: -g laze  
2 -g laze  

-gl a z e  
1 - g l a z e  
2 -g laze  
2-g laze  

1 -g: aze  
1-g laze  
2-gTsze 
2-91 a z e  

%O 

NO 

N3 

No 

N 0 
N 0 

NO 

No 

No 
NO 

Yes 
Yes 

No 
No 

%O 

No 

Carpor t  
Ca rpor t  
Cs rpo r t  
Carpor t  

Carpor t  
At tached  
Carpor t  
At tached  

At tached  
At tached  
At tached  
At t ache  3 

Carpor t  
Carpor t  
Ca r p o rt 
C a r p o r t  

P 
i 
CD 
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design-year weather data f o r  each c i t y ,  which describe the monthly 
envi ronmental conditions exi s t ing  outside the thermal envelope o f  the 
reference houses, consist o f :  

1 .  

2. 

3. 

4. 

Average monthly w i  r i d  speed. Wind d i  rec t i  on i s n o t  tzrken i n t o  account 
in computing the thermal loads of the reference houses. 

Monthly average daily to t a l  s o l a r  r a d i a t i o n  fa l l ing  on a horizontal 
surfacee2 
i nsol a t i  on on ver t i  cal surfaces. ) 3 

(These values a re  used t o  cornpute the average daily 

Monthly mean frequency o f  outdoor dry bulb t e r n p e r a t ~ r e s . ~  
coincident wet bulb temperatures are available f o r  each dry bulb 
temperature range.'.' 

Mean 

Monthly average ground temperatures a t  various depths are calculated 
according t o  the method described in Sect. 3.3. An average so i l  d i f -  
fusivi ty  o f  0.025 f t 2 / h  i s  assumed for  a l l  locations. Local variations 
in so i l  properties and moisture content are n o t  taken in to  account. 

A.3 Methods o f  Loads Calculations 

A.3.1 Monthly space-heating .....___I_-__ loads 

The heating and cooling loads o f  the reference houses, l i s t e d  i n  

I_ ... . . ..- 

Table 8 .2 ,  were computed using ternperaturc-hin weather d a t a .  
consist  o f  tabulations o f  o u t d o o r  a i  r temperatures and time durations for 
each m o n t h  of the year. 
5°F-wide temperature bins and finding t h e  t o t a l  elapsed time i n  each m o n t h  
f o r  which the outdoor a i r  temperature f a l l s  within each b i n  range. The 
time d u r a t i o n s  o f  temperatures may be fur ther  broken down in to  daytime a n d  
nighttime hours.4 The temperature-bin d a t a  preserve the integral  of 
temperature vs time needed fo r  cal ciil a t i  ng steady-state heat 1 osses from 
the building b u t  lose information on temperature sequences tha t  i s  required 
f o r  calculating t ransient  heat f l o w .  As a r e s u l t ,  the temperature-bin 
method cannot correctly t r e a t  t h e  e f fec t s  of thermal i n e r t i a  i n  a b u i l d i n g  
and i s  limited t o  i ~ s e  with l i gh t  residential  s t ructures .  

the construction, or ien ta t i  on, locat i  o n ,  and intended use schedule o f  the 

These data 

The tables a re  coinpiled by defining consecutive 

Application of the b i n  methoi? requires de-tai led information concerning 



A - 1  1 

building. 
required for  estimating the so l a r  g a i n s  a5 the building. 
t h r o u g h  g l a z e d  areas are computed by m i n q  solar radiation i n t e n s i t i e s  

obtained by t h e  method of T. K u s ~ d a . ~  
lated f o r  v a r i o u s  locat iui is  in t h e  United S ta t e s ,*  S o l a r  gains result ing 
frail r a d i a t i m  impinging upon opaque areas o f  the b u i l d i n g  ( roof  and w a l l s )  
are comprrl;ed by a, method t h t  i s  equivalent t o  the s o l - a i r  temperature 
t-echnique. The hei t  emitted by ia te rna l  sources (sensible and laterit 
heat deliveries t o  the b u i  lcling result ing from .the operation o f  1 i g h t s  
and appliances a n d  the  presence of p e o p l e )  i s  estirmated frniii intended USE 

and occupancy schedules. 

i n f i l t r a t i o n  and h e a t  conduction determines i t s  overall "heat  loss 
c o e f f i c i e n t . "  
h e a t  loss. per degree of t empera tu re  difference exi s t  ir iy  between t h e  

i n t e r i o r  a n d  ex te r ior  of the house. The coefficient.,  i n  B ~ L I / ~ / ~ F ,  i s  
expressed by: 

The o r i e n t a t i a n ,  window areas,  and location 0.f t h e  building are 
Solar gains  

These i n t ens i t i e s  have been tabu- 

The e f f e c t  t h a t  the  construction and desa'gn o f  a l n u i l d i n g  has on a i r  

The heat loss coeff ic ient  of a building, UAT3 i s  the  r a t e  o f  

where 
C I N F  = the m o n t h l y  average a i r  i n f i l t r a t i o n  coe f f i c i en t ,  Btu/h/OF;  

U = the heat transmission coeff ic ient  o f  sur face  elernent k ,  k 
B t u h /-f t / F ; 

A = t h e  area of surface element k ,  f t 2 .  k 
The sirrnrnation in E q .  ( A , I )  i r ;  t aken  over- a l l  surface elements af t h e  
building envelope  t h a t  a r c  exposed t o  o u t s i d e  ambient-air temperatures. 

outdoor bal  ance temperature, TBAl., , t h e  teniperature a t  which t h e  h e a t  
losses sf the house are balanced by heat inpiats from internal a n d  s a l a r  
sources. This hea t  f l o w  balance condit ion, in B t u ,  is  expressed by: 

The h e a t  lass  coeff ic ient  o f  the b u - i l d i i i y  car1 be used t o  compute the 
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WhPYP 

= the  i n t e r  l o r  rooin temperature, O F ;  

- the  rate o f  h e a t  i n p u t  by i n t e r n a l  sources, B t u / h ;  
‘ S E T  

I NT R 
RSUN = t h e  s o l a r  heat  ga in  through b o t h  glazed atid opaqire sur faces,  

Biu/ i i .  
- So lv ing  Ea.  (?.2) f o r  I ~ ~ , ~  g i ves :  

Chr p h y s i c a l  s i gn i f i cance  o f  I g A L  i s  t h a t  fhr heat ing  p l a n t  must d c l i v e r  
heat  Lo the hause only when the outdoor a i r  t e m p e r a t u r e  f a l l s  below L h i s  
Val UP. 

The rnontihly q u a n t i t y  o f  heat. t h a t  must be del? ’vercd tu  thc b u i l d i n g  
by the  heat ing  p l a n t  t o  ma in ta in  t h ~  desirrd room temperature can be 
ob id ined by equat ing t h e  monthly heat  losses o f  the  b u i l d i n g  t o  the  
II loilthly heat  gains. Fo r  any g iven month III, t h i s  c o n d i t i o n  i s  ~ x p r e s s ~ d  

by : 

I I 

t I t -  ^pa d r i l L . l  L. 

qH(m) - tt-t LoLal space heat ing  l oad  du r iny  month IN; 

ni = l i i c  moni i i  index number ( 1  t o  1 2 ) ;  
i the  temperature b i n  index nlrmber; 

T( i ) - the  mid-tempPrature o f  b i n  i , ‘t ; 
h(i,In) = thc temperabur? t ime du ra t i on  i n  b i n  i, f a r  month 11-1, hours; 

I = thP b i n  index nuinber fo r  which T j i )  = Y B A L .  
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The monthly space h e a t i n g  1md,  i n  R t r i ,  i s  o b t x i n 4  by scrlvirag 
E q -  (A.4) for  q (m) and  i n s e r t i n g  the d e f i n i t i o n  of TBAL, which i s  givet7 

i n  E q ,  (A.3), i n t o  the resulhing expression. The r e s u l t  obtained i s :  
w 

( A . 5 )  

T h i s  riionthly space-heating load  i s  i d e n t i c a l  1r-1 form -to t h e  c o n v e n t i ~ n a l  
heat ing  degree-ddy method. 

e x p l i c i t l y ;  i n  t h e  heating degree-day methcod .T i s  a s s u w d  t o  be 6 5 " ~  for BAL. 
a l l  buildings and climates. The e x p l i c i t  ca lcu la t ion  o-f .T makes .it EA L 
p o s s i b l e  t o  account f o r  d i f f e r e n c e s  i n  1 i f e - s . t y l e  (the:-liio:;ta.f; s e t t i r a y ,  

1 i g h t s  and appliance usage, and occupancy ;chedules) and t o  account. for 
differences i n  the  b u i l d i n g  cons t ruc t i on  ( l o c a t i o n ,  o r ien ta t ion ,  window 
areas ,  thermal insulation level,  and  air i n f i l t r a t i o n  control), F u r t h f i . r . - .  
mwe, TEAL i s  n o t  assumed t o  hc c o n s t a n t ,  h u t  i s  ca lcu la t ed  each m o n t h  
separately f o r  daytime and night t ime conditions. Thus the ternpera.t~re-- 
b i n  rnethod o f  c a l c u l a t i n g  tiarrmal loads a f f o r d s  flexibility i n  model ing 
s p e c i f i c  b u i l d i n g  designs and uses. 

T n  the b i n  method, hwever, T5Ai_ i s  calculated 

A. 3 . 2  Monthly space-cool  ...,- --I_ i n g  loads 

The c;elculation o f  monthly space-cooling loads by the temperature-bin 
method requires separate es t i r r i a t i ons  o f  t h e  sensible a.nd 1at.ei-t heat gai t is  

s f  the b ~ i l d i ~ g ,  The s e n ~ i b i i e  hetit gains arc. f rom s o l a r  radiation, i l i t e r * n i , i I  
hec1.i; sot~rces iaif'i I t r a t i o n  o f  outdoor  a i r ,  and  heat conduction thr-ouqh 
t h e  therma.1 envelope sf the bu i  I d i r i g .  

i s  o b t a i n e d  from E q .  (A.31, where TSEX i s  t h e  house f o r  coal i n y ,  

des i red  surniner indnor -  a i r  tmpera ture ,  The  coo1 i n g  p l a n t  i s  a c t i v a t e d  
t o  reiiiove sens ib le  heat from the  b u i l d i n g  only when the outiloor a i r  tern- 
perature r i s e s  above T 
f rom t h e  exp ress ion ,  

The balance temperature o f  t ,he 

'T3AL9 

'The mc~nthly sens ib le  coal i n y  load i s  obtained BAL' 

I M A X  
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BAL ’ wherz I M A X  i s  t h e  bin i n d e x  number of  Lhc l a r g e s t  T ( i )  t h a t  exceeds T 

and t h e  o t h e r  v a r i a b l e s  a r e  2s deflrlcd p r c u i o u s l y .  
- 
I h E  ir,onthly l a t e n t  coolfng load a r i s e s  from t h e  d p s i r a b i l i t y  of  

mainta in ing  t h c  r e l a t i v e  humidity o f  the  indoor  a i r  a t  a coinfor-table l e v e l .  
D u r i n g  t h e  siiimer the ; i !ois i l i rc  corlteni o f  t i l e  indoor  a i r  tetlds t o  r i s ?  
k c a u s ?  of  mois ture  in l roduccd  by a i r  i n f i l i r d t i o n ,  t h P  prespnce o f  p e o p l e ,  
and activities such as rookin9 and washing. Ihc l a t w i .  c o o l i n g  l o a d  
C S U S P ~  by a i r  i n f i : t r a t i o n  i s  based on an e s t i m a t e d  ai:- exchanqr  *-at? a n d  
i s  c a l c i i l a t e d  f r om mean c o i n r i d e n l  w e t  bcrlb leliiperatures t h a t  a r e  l i s l p d  
i n  t h e  temperature-bin &La.  he l a t c n i  iieai emjssion o f  the occupants  o f  
t h 3  b u i l d i n g  i s  about  200 Ktu/h per pprso t i ,  and thi; , n o i s i u r e  added t o  the 
indoor  a i r  by cooking,  d i s h  Na%’ning, launberir ig ,  and b a t h i n g  i s  e s t i m a t e d  
t u  r-cillye frolii 5 to 10 l b  o f  water  per day. The i o t a 1  rrionthly space-  
cool ing  load  i s  obta ined  by summing tirr s e n c i b l e  arid l a t c n t  cool ing  l o a d s .  

- 

A . 3 . 3  Moniiily __ - water -hea t ing  __ __ loads  

Monthly w a k r  h e a t i n g  l o a d s  corresponding t o  a consumption i a t r  o f  

/O g a l / d  of  h o t  w a I P r  have been computed u s i n g  til? w t h o d  d p s c r i b e d  i n  
Sec t .  3 .? .3 .  The c o l d  water  i n l c t  t m p e r a t u r e  f o r  each o f  t h ~  r e f e w n m  
c i t i e s  i s  assunled t o  be equal t o  ihc a v P r a g P  I ~ I G ~ ~ I I I ~  ground teii iperature 
a t  a d e p i h  just  below the  f r o 5 t  l i n e .  i he  rnr l t iod o f  c s t i i n a t i n g  ground 
i m p p r a t u r e s ,  de5cribed i n  S e c t .  3 .3 ,  rcquires knoWledgc o f  the anrlual 
average a i r  teinprrature, aniyli tudc o f  I I ? ?  annual c y c l e  o f  monthly averaye 
outdoor  a i r  tenlperitures, and t h z  pi~dse a n g l e  o f  the  r a r t h  tempersture 
c y c l e .  Ihese  paraw!Prs ,  d e n o k d  by fl B o ,  and P o ,  r e s p e c t i v e l y ,  a r p  
listsri i n  l a b l c  B . 2  f o r  each o f  thr 111 r e f e r e n c e  c i t i ‘ s s .  rhc e s t i m a t e d  
tnontllly water -hea t ing  loads  o f  the foor  refere:ice houses a r e  l i s t e d  i n  
IZ~ IP  B . 2 .  - 

A. 3 .  4 - Coiripuier program - 
- 

I h e  proc?dures  c1ebLr-i bpd  h p r p  f o r  Pst imat ing  thc motnthly thermal loads  
o r  a b u i l d i n g  have been i n c o r p o r a l e d  i n l o  a computer p r o g r m ,  MAD. From 
w e ~ t / , e r  ;;;d house-design d a t a ,  thz program coniprrtes. t h r .  ,nonLllly Lht?ilnaI 
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PUTER ACES DESIGNS 





R .  C O f V U T E R  ACES DESIGNS 

* geographical z m e  i n  which the c i t y  i s  1oc:ated; 
@ 

@ r a t i a  o f  the  t o t a l  t u  seni;ib?e cool ing 1rmai-l For the four u'eFc;-ence 

@ l a t i t xde ,  l o n g i t u d e ,  and e1eva.kiai-i o f  the  re ference  c i t y ;  

and Po f a r  use i n  Eq.  ( 3 . 2 1 ,  0 '  
0 grosmd ternyeraturc cons tan ts  A 

.a winter and summer design-day temperatures i n  "F  fr ir t h e  refermce 

average January wind speed i n  mph; 

hellses; 

where A and B have rin-its o f  " F ,  a n d  P i s  i n  rad- ians;  and 

c i t y  and t h e  assumed i r tdoor a i r  t~:?aaipc:u.ati.nres o f  the h ~ m .  

0 0 0 



SYS tem prrformancea 
Heatin9 spason COPI(H) 
S t o r e d - j c e  cool ing  C O P I ( C )  
C h i  1 l e i l .watcr  coolirly CO?(BE) 
Heat col l r c t i o n  COP 
Summer w a i ~ r  h e a t i n g  C O P s ( H )  
B i n  heal removal C O P ( B R )  
Supplemental cool ing  COPS( C )  
Cycling 1 0 ~ 5 ~ s  
Duct losses 

I c e  s torage  birr 
lleigtit o f  w t i c d  volume, f t  
Cross s e c t i o n  
Depth below qroi ind s u r f a c e ,  f t  
ThPwa1 insc l la t ion  ( t o p ,  bottom, and sidcs 

2-55 
72.71 
8.90 
Calcula ted  
2-60 
2.01 
Ca 1 c u 1 a t e  d 
0 
0 

8 
S q II a re 
1 

R-value) 40 

Solar /Convector  panel 
t inned aluminum t u b i n g  o r  p l a s t i c  cor ruga ted  s h w i  
Number o f  convect ive  s u r f a c e s  1 
Mounting, optimum t i l t  a n g l e  For x i n t P r  s o l a r  h c a t  

Unglazed 

co l  l e c t S  on 

I401 watcr  tank  
Tarik wal l  a r e a :  f t ?  30 
Insu 1 a t  i on R-Val UC 1 2  
Hot ivatcr s toraqc lelllperatlrrP O t- 120 
Hot water  urage r a t e ,  gpd 
Tack VOllJmP, 80 

TO 

~ I______ _ _ _ _ _  - _ _ ~ -  - __-_ - __-_ 
a 

o p e r a t i o n .  
Mecharri c a l  packagc i s  vented i o  t h e  ou i d o o r s  d u r i n g  Summet' 
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Tht. computer printouts a lso l i s t  t h e  estimated design hourly 
h t s d t i n g  and cooling loads for  t he  foinr reference houses a n d  the  c s t i -  
m,3ted nionthly dcrriands f o r  space heating, water heating, and spacc 
cool ing where 

QHW(f.1) = design monthly w a t e r - h e a t i n g  load, in MBtu/rnonth; 
design rruntt-tly space-heat ing l oad ,  i n  MBtu /mon th ;  

MBtu/manth. 

Q k a ( M )  
q C ( M )  = design monthly l a t e n t  and sensible cooling l o a d ,  i n  

The design monthly water-hea,ting loads a r e  assumed t o  be t h e  same f o r  
each o f  t h e  f o u r  reference houses o f  a g i v e t i  c i t y .  
c ~ t s  l i s t  t h e  t.otal annual ,thermal demands o f  each reference house for 
space heat ing ,  water heating, and space cooling. 

The computer printouts include a listing f o r  each c i t y  o f  the  
estimated average nmtithly hea t  leakage froin the ear th  i n to  an under- 
ground, 32'F s torage  b i n  t h a t  i s  insulated on all silrfaces t o  a thermal 
r e 5 i s t a n c e  o f  R-40, 
collection capaci t ies  o f  a f l a t  p l a t e ,  unglazed solar-collector- p a w l  
t h a t  f a c e s  sctuth and is a t  an  angle from the  horizontal p lane  equal to  
t h  l a t i t u d e  o f  t h e  c i t y  plus 20". 

The  computer p r i n t -  

A l s o  1 i s ted  a re  the estimated average rnonthly heat- 

I n  t h e  computer pr in touts  

TB(M> y :  average monthly ground h e a t  leakage i n t o  the storage b i n  
t h r o u g h  t h e  combined t a p  and  bottom areas o f  the t a n k ,  i n  
MB t u /  6' t2 /mo n t h ; 

throingh the combined areas o f  the four  s ides  o f  t h e  t a n k ,  
i t-1 MBtu/f t2 /month ; 

unglazed so l a r  col lector  panel t h a t  i s  optimally mounted 
f o r  winter hea t  col lect ion,  i n  MBtu/ft2/month. 

SD(M) = average monthly ground heat leakage in to  the storage b i n  

P A N (  M) = average monthly ambient heatcol lect ion c a p a c i t y  o f  an 

A l s o  1 isted' a re  the following design parameters o f  optimized b r i n e -  
c h i l l e r  and ice-maker ACES Far each c i t y :  



volume o f  Lhe ice  s l o r a g e  b i n ,  f t 3 ;  

a r c s  o f  t h e  s o l a r  collector pane!, ft7; 
length o f  ~LLl-ie i c e - b i n  h e a t  exchanger c o i l ,  f t ,  a 

B ariliual P l e c t r i c i  ty U S P .  k!4h; and 
.T e f f i c i e n c y ,  o r  anniial COP. 

lhesc  df=?iqn paramete rs  a r e  I i s t p d  f o r  t h e  L~II-FP d i f f e i - c n t  qizes o f  tkr 
i c e  storay:? b i n  ( i . e . ,  f o r  a f u l l ,  p a r t i a l ,  arid In in i inum Kts l  f o r  each dr 
t i l e  f o u r  re f r rcnce  h0ust.s in  each c i t y .  
tiiinilliuiil-!,CES b i n s  wx c a l c u l a t c d  accord ing  t o  procei;u1-Ps d e s c r i b e d  i n  t h i s  
r e p o r t .  
1 1 1 i d ~ 3 y  between t h e  T i i F s  o f  f u l l -  a n d  liiininuni ?.CtS b i n s .  

ihe size.; o f  t h e  f u l l -  and 

[he  s i z e  of tile par i ia l -ACtS s i n  was s e l c c t e d  a r b i t r a r i l y  a t  

9 . 3  ACFC Design and Perforiilance Table5 

A1 abama 

Arizona 

A r k  an sa  s 
Ca 1 i Sorr i  i a 

Colorado 

D i s t r i c t  o f  Col umbi a 
n o r i  da 

Georgia  

Idaho 

I l l i n o i s  

C i  t j  _ _  

Fi i  r-~fii fighain 
Moiltgome:qy 
Pihoer:i x 
T u  c 5 o i i 
I i t i i o  Rock 
I os  , h q e I e s  
MPrced 
San Diego 

Colorado Spri  ngs  
Denver 
Grand Jut ic t i  on 
Washi ilgton 
Apalachi c o l a  
Jacksonvi  1 l e  
,Atlaritrl 
AIJ~ IJ  t a  
Macon 
B o i s c  
Idaho  k a l l s  
Chicago 
East S t .  i o u i s  
U r b 2 12 a 

B--12 

B - - 1 4  
B-15 

B-18 

B-2’7 

B - 2 9  



I n d i a n a  

Iowa 

Kansa 5 

Me vi t u  cky 
Louis iana 

Ma i IIF! 

Ma s s a c h u 5 e 2; t s 

Mi ch i  gan 

M i  otncsota 

M i  s s i  s s i  p p i  

M i s s o u r i  

M o  n t d  na 

N e b r a S k a 

Nevada 

New Jersey 
New Mexico 

Tort Wayne 
I n d i a n a p o l  i s  
Solrth Bcnd 

Dodge Ci ty  
Topeka 
Loetisvi 7 l e  
Lake Ftwrles 
New or1 earls 
Sh re ve p e, r t 
Port1 and 
Fa 1 mo u t h 

Uul 11th 
In te rna t iona l  Fa1 1 s 
M i  nnt?apol i s 
B i  1 oxi  
Col l i i l IbWr3  
Jackson 
Col umbi a 
Kansas Ci ty 
spri ng  f i 21 d 
E i  11 i ngs 
G r m t  F? 11s 
M i  ssoul a 
Grand I s l a n d  
L i  iicol n 
Nos-th P l a t t e  
E1 y 
Las Vegas 
W i t? n em c r a 

T r P n t mi 
A1 buqzaerqve 
Roswe 1 1 

A1 bany 
:3 i  riglaamton 
N i  agara Fa3 1 s 
Syrac ll sc 

B-32 

e -35  

B-37 

3-39 
P-40 

8 - 4 3  
X” 44 
B 45 

8-,4-8 

E -  51 

K-54 

B-57 

B-60 

€3-63 

B-69 



B-8 

North Carol i n a  

North Dakota 

O h  i i) 

Oklahoma 

Pennsylvania 

S o u t h  C a r o l i n a  

South Dakota 

lennes see 

Utah 
Vermont 
V i r-g i n i a 

Washington 

West V i r g i n i a  

Wisconsin 

New Bern 
G re e ii 5 b o r- o 
B i  si i iai-rk 
Grand Forks 
W i  11 i s t o n  
Akron 
Col umbus 
Dayton 
To1 edo 
A7 tus 
Oklahoilia City 
Tu I s a  
Astori a 
Me d f o r d 
Port1 and 
Mi d d l  crtown 
P h i l a d e l p h i a  
P i t t s b u r g h  
Wi 1 kes-Karre 
Char 'res ton  
G r e e n v i l l e  
Sumter 
Huron 
Rapid C i t y  
Bri s to1 
Knoxville 
Memp t l  i 5 
N a s h v i l l e  
E7 Paso 
F t .  !.lorth 

San Anton io  
S a l t  Lakp C i t y  
Burl i ngton 
Norfol k 
K i  chmond 
Roanoke 
Moses !Lakc 
S e a t t l e  
Spokane 
Char1 cs ton  
El kins 
Green Bay 
Madison 

lI0 11 S t 0 tl 

B-73 

B-75 

€3-78 

8-82 

0-85 

B-88 

6-92 

B-95 

B-97 

B--101 

R-105 
B-106 

B-107 

B-1 I O  

B-113 

B - I  15 
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P Z O E N I X ,  A R I Z O N A  

GEOGRAPHICAL ZONE = E LATITUDE (DEG) = 33.5  G R O U N D  20 = 70.93 P 413 TEMP: CrUT333R T.ADOOR 
JBWUART RTND (7PR) = 4.0 L O N G I T O D E  ( D E S )  = 7 1 2 . 4  PEZPERAT3RE 33 = 2 0 . 4 9  P R I X C R  32  p F 
C03LFNG~TSPhL/SEWS.) = 1.02 S L Y f ? t T O N  { F T )  = 9101. COUSTAHT'S: P3 = 0.575 RID S3flYEE" 1 0 7  B ' 8  F 



TUCSGN, ABTZOSA 

L h T I T U D E  (9%) = 32.2 GEOUlPD BiO = 68.30 P BIB TEKP: OOTDOOR 1ND308 GEOGRhPRfChL ZOftE = N 
. n m R r  RIBD = 7.0 LONGXTZUE (DEG) = 110.9 TEHPERhT332 E13 = 1 9 - 0 7  'P WINTER 29 P 70 F 
COOLI HG rroiaz/ssas. 1 = 1 .oz ELfVkPI3H :P?) = 2554. CONSRAIJTS: PO = 0.543 KB3 SUKF,ER 132 P 78 P 

fFDLL iLEAGTH OP I C E ' B I H  COIL. FT I. I o i  3 9 A  I n 
0 

6 1 1  
14394 

-_--2:23. 
1181 

2 0  
575 

153 99 
2.09 

406 
45 

--------_ 
503 

1 6 0 1 6  

W 
I 

w 
d 



LZTTLE R D C K ,  ARKBRSILS 

A 0  = 62.25 ? 4 I R  TEti?: OUTDOOR T N D O O R  GEOGRAPSICAL ZONE = D i h T I T 3 D X  (3EG) = 34.9 GROUND 
J 8 8 G A R Y  WIN3 (133) = 8.0 LONGI'XJ'DE (Des) = 92.- TENPERATORE BO = 23.54 F 'd1B"ER 1 5  P 70 ? 
COOEIRG('?X'AL/SEYS.) = 1 - 7 9  BLEYRTIOX (PT) = 371. CONSTANTS: PO = O . 5 U 6  Q A 3  SErqqEB g 6  P 79 2 
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BERCXD. C A L I F O X R I A  

BIR TEHP: OOTDOOR IlDOOR CEOGRAPFIICAL Z O R E  0 LATITUDE (DEG) = 37.4 G R O U N D  BO = 65. 86 P 
Y m u a R Y  W I N D  (BPFI)  = 6.0 LOHGITrJBE (DEG) = f20.6 TZAPERATDRE BO = 2Y.97 P RIWTER 2 9  F '0 F 
cO9LZ?G(TOThL/SEBS.) = 1.00 ELEVATIOX (PT) = i 9 8 .  C O N S T A N T S :  20 = 0.568 R A D  SUPlflER 9 9  P 78 P 



SAW D I E O O ,  C A L l F O R l I A  

GEOGRaPRiCBL ZONE = 3 LBTITUDE [DEG) = 32 .7  GROUND A 0  = 62.24 F AIR TEEP: OUTDD[ER I N D O O R  

cooLINs(Torar /szNs.)  = 7-08 ELEVATION (IT) = 4 8 .  C O I S T t N T S :  PO = 0 , 9 3 5  BBD S3fElY:eB 6 8  F ? 9  P 
JANijlRP # I B D  (3P9) = 6.0 GOFGIT7DE (DEG) = 717.4 SE3PSFATC3.E 80 = 6.84 f WIATEB 44 F 7 0  F 
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B O I S E ,  I D A H O  

GEOGRAPBICBL ZONE = N L A T I T U D E  ( D E G l  = 4 3 . 6  GROUND A O  = 50.711 I ZLIR TEPID: 0WTD30R I N 3 O O R  
J A B O A R 1  V I N D  (MPQ = 9.0 LONGITUDE ( 5 E G )  = 116.2 TEXPERATDRE BO = 21.33 P WINTER 3 F  70 P 
COOLTIC: (TOTAL/SEtlS. 1 = 1 .DO ELEYP.TTDB (FTJ = 2838. CONSTANTS: PO = 0.579 BAD SUME3R 94 F 78 P 

.. 
IPlRTIRLlLENGTA OF I C E  BIN COIL, PT L I  0 1  5 8 2  I 390 1 0 1  -725 
i I USAGE OF E L E C T R I C I T Y ,  K K B / Y l i  U I 9342 i 9315 I 18580 I 18562 I 6009 I 6031  I 11121 I 1'11U11 
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SOUTH PEl l i i ,  I N D I A N A  

AT3 T E Y P :  OCTD30F ICDOOR G E O G R A P A I C A L  Z O N E  f G L A T I T U D E  (DZG) = 01.7 G R O U N D  
J A N U A R Y  RIND (PIPB) = 12.0 L O N G I T U D E  (3EG) = 86.3 TEMPERBTURE 30 = 2li.17 5. R I M T  E R -3 F 70 F 
COOLING('I'OTAZ/SBHS.) = 7 . 1 0  ELEVATION (PTj = 793 .  CONSPXATS: PO = 0.631 RAD 5 3 M f l E R  E5 F 76 V 

A0 = 09. 5 7  F 

$ ADV i 0.617 1 0.363 1 40.54 1 1270 1 6640 j 0 1 1 6 4 1 0  j 0 1 3443 I 

m 
I 

w 
P 



DES 80iWE5, I O W A  

LkTlTDDE (DEG) = 4 1 . 5  G R 0 U h ’ D  A 0  = 49.63 F a n  TEND: C D T D J O R  I N D O O R  
JANWRP RTAD (IPR) = 12.0 L O K G I T U n E  (FEG] = 93.6 TEBPXRATV3X BO = 27.95 F BIITEB -10 P “3 p 

SLBVATIOA (PP) = 938.  COXSTABTS: PO = 0 .6OO RAD SrJIIfiER 92 R 7% F 

GEOCRAPATCfiL ZORP = I 

COOLlRG(K’OTAL,’S”,XS.) = 1 .I3 

m I 

w rn 
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irtt O R L E A I S ,  L O U I S I A N A  
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SPREVEPORT, L O T I I S I A N X  

G E 3 3 i W H I C L L  ZONE = D LATITUDE (DEG) = 3 2 . 5  GPODS'D AD = 6G.34 p A I R  TEflP:  OUTDOOP INDOOR 
3 h K U b X 1  W I N D  (MPm = 9.0  l . O V G I T C 3 2  ( D E G J  = 93.8 TZYPESATUFIE E 3  = ?8.70 P VItNTES 20  F 70 F 
COOL1 NG (TOTAL/Si?MS. > = 3.2  i ?LEVATIOX (PT) = 25b.  COXSTkXTS: PO = 3 . 5 5 9  Q k D  SOI14ER 97 ? 78 F 



PORTLAND, KAIAE 

GEOGRAPAICAL Z O N E  = A LXTITIIDE fDEG) = 43.6 GROUND A 3  = 45.97 P A I R  TEBP: OUTDJOH I N D O O R  
JAIWRY WIND (BPH) = 10.0 L O N G I T U D E  (DEG) = 70.3 TERPERhTCHE BO = 22.38 P WINTER -6 ? 70 F 
COOLXNG(TOI'kL/SENS.) = 7 .OR ELEVATION (FT) = 43, CORSTBKTS: PO = 0.677 R B D  SDRMER 86 F -te F 

. ~ _ _  ~ ~~ 

I MOQTipB i BIA REAT LEkK i PANEL i WATER I I 
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D E T R O I T ,  K I C H I G A B  

GEOGXAP4ICAI. Z O N E  = P L A T I T U D E  [ D E G )  = 42.4 G R O U N D  hO = 4 8 - 0 7  P AIR TEAP: OUTDOOR I N D O O R  

~OOLI~~elTOT4L/SEsS.! = 1.73 ELEVATZO?? ( F T j  = 619. COXSThINTS: Pi) = 0.572 R A D  51714PiER. e9 p 78 F 
Y A I I U B S Y  BIND ( A P W  = 11.9 L O N G I T U D E  ( D E G )  = 93.0 TEMPERATURE 80 = 24.85 F WIYTEF! 3 ?  71) F 

* O B G L A Z E 3  PANET, 2XCEEDS A PRi lCTICkL S I Z E ,  &N 4LTERNBTfYE SUPPLEMENTBRI NEAT SOUBCE S Y O ' J L D  BE U S E 3  1El TElS D F S I G N .  
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* O R G L A Z E D  DANXI, EXCEEDS A PRBCTICAL SIZE, R N  AL?ERNRTIVE SUPPLEEBXTbRY HEkT SOlJIxCS SPOi3L.D B E  ?SED ZX TBlS DESIGR. 



KIENEAP3LIS ,  SXNKESOTA 

9;R T"?: @UT330? 11139@X GEOGRI?HBC%L Z O N E  = a LBTITBDE ( D 3 G )  = 44.9 G 3 O U X D  A 0  = 45.27 P 
3 B M V A R Y  ZIND (VPH) = 11.0 L O W G I T U D Z  ( 3 E G )  = 93.2 TEYPER4!?US3 B O  = 29 .22  R'CNTES - 1 6  F 7 3  P 
COOLTHG(T3TAL/SENS.) = 1.09 ZLZVh?lOX (PT) = 8 3 9 .  CONSTANTS: PO = 0.6112 ?A5 SL!Y'?EP 8 9  F 7 ;  Q 
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LIWCOL2, MEBRRSKA 

FBOGRAPSICSE ZONE = I LXTITTJD'E (DEG) = 47.1 GROUND p.0 = 50.49 P AIR TEXP: U U T D O O R  IN330R 
LUHGITUDE (DEG) = 95.9 TEMPEXATBRE 30 = 1 7 . 6 9  P GlfBTER -5 P 70 ? 

COULIf4G{TOT&L/SFX?S.p = 1.14 ELEVRTIOH (FT) = 7048.  COSSTXNTS: a9 = 0 . 5 8 9  sari SUBEER 46  P 78 F 
JhAUARY R I W D  (NPK) = 10-0 

*'JIGLAZED PAREL EXCEEDS A PRACTICAL S I Z E ,  AX kLTERNATLVE SUPPLEBZMTARY BERT SOURCE SROWLD B E  'JSED I# THIS DESIGN. 
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ALBAWY, NEW Y O R K  



B- 70 

I 
I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I i i i I I I I 1 I I I 



e- 71 



B-72 



B-73 



B- 74 



B- 75 



R-76 



13-77 



B-78 I 1 I I I I I I I I I I I I I I I I I I I I I I I 



B- 79 



G R O U N D  A0 = 53.73  TI AIR TEEEP: 3 C T D O 3 P  T N D O O F  

X L X V & T ' I O N  [PTP) = 8211. CONSTANTS'  PO = 3.505 F I R 3  S JL'*3? 90 P 7 8  F 

GBOGRLPRPCIE ZQHZ = G LaTIT'G'DE (DEG) = 3 9 . 8  
Y A X U A R Y  T I X D  (BPF) = 112.0 LONGITUDE ( B E G )  = 80.0 TEbPERXT3RE YO = 23.50  P WIN TB R -1 P 79 c 

cOuziusjioTaL/szNs.) = 1.13 
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BRISTOL, TENBESSEE 

GZOQtAPRICAL ZQKE = C L A T I T E D E  (DZG) = 36.5 GROVED X O  = 56.56 P LXli TEEIP: 0!1TDOOR IN11008 

ELE'IATPOW {FT) = 1507. CONSTANTS: PD = 0.558 RAD SUJHIER 90 F 76 F COOLING(TOT&L/SEt3S.) = 1-10 L O N G I T U D E  [PRG) = 82.4 TEBPXRATURE BO = 20.15 P HINTER 9 F  70 P JIIlRLRP R I N D  (MPB) = 7.0 
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F3RTII WORTH, TEXAS 

A 0  = 65.58  F AT? TEMP: C I U T D O O I  L t l D O 0 9  GEOGRbP4ICAI. ZONE = J LSTITIIDE fDEG) = 3 2 . 8  ZFOFND 
JARWNY VIND (EIPH) = T3.0 LONEZTUJE ;DXG) = 97.11 TEZMP334TURE BO = 20.99 XINTE? 77 F 70 P 
C G O L ~ % ~ T O : 8 7 , / S E R S . )  = 2 .  T S  X t E V 9 ' 2 1 0 Y  'F'KI = 650. CDIISTAVTS: YO = 0.5'39 7RD SIJbllF6 101  F 7 8  P 
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* U N G L A Z E 3  PANEL EXCZBBS A PBWCT'CCAE S I Z E ,  ?iN ALTERNATIVE SOPPLEMBllT$HY MEBT SGYRCE S A O U C 3  BE USED IN ?HIS 3BSIGN. 
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B O A N O K E ,  Y I R G I R I A  

L A T I T U D E  {bEG) = 3'.3 G R O U N D  IO = 5 6 . 5 0  P A K R  T E B P :  OU'TDOOR INDOoR 
J A N U B R Y  W I N D  (HPA) = 10.0 L O N G I T V P E  (BXG) 1 85 .3  T E E P E R A T U E F  BO = 20.19 F R I N T E X  1 2  P 70 P 
G E O G R k P H I C A L  Z O N E  = C 

cOOLIRG[TOTAL/SET?S.) = 1.10 EmvrrraN (PT) = 1 1 9 3 .  CONSTBATS: PU = 0.561 2kD SURMER 01 v 7 8  ? 

W 
I 
-I 

Q 
c9 



NOSES LAKE, WASHINGTON 

GEOGRAPRICAL ZONE = R LATITUDE (DEG) = 47.2  GROUND A 0  = 5 0 . 9 9  P A I R  TEMP: O'JTDOOR I N D O 3 3  
J A F l U A R Y  H I N D  ( J P m  = 5.0 LOSGITDDE (DEG) = 1 7 9 . 3  TE3PERATURE BO = 2 2 . 5 3  F T I N T E R  1 F  70 P 
COOLlNG(T.JTAL/SENS.) = 7 -00 ELEVBTIOX (PT) = 1185. CONSTANTS: PO = 0 . 4 9 7  R A D  SUPIHER 9 4  F 7R F 

I 1 

0 
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C S A R L E S T O N ,  BEST V I B G I B I A  

AIR TEIP: OUTDOOR I R D O O R  J A I W R P  UTHD (MPH) = 8.0 
COOLT!4G(TOTAL/SERS.) = 7 - 1 7  E L E Y R T I @ K  ( P T )  = 939. CONSTANTS: PO = 0.568 RAD SUBE17A 90 F 78 P 

G E O G B A P A I C A L  ZONE = B LATITUDE (DEG) = ?e,$ GROUND A0 = 55.57 a 
L O K G f T U D E  (DBG) = 81.6 TERPEBATDRE RO = 20.32 F l fWTEX 9 F  70 P 



E L K I N S ,  YBST V I R G I X I h  

A I R  TEBP: O G T D O O R  I X D O O R  
LOEIGITUDE ( D E E )  = 79.8 T E H P E R A T U X E  BO = 19.59 F W I N T E R  1 P  73 P 

78 F 

GBOGRAPAICBI. ZOPE = B L A T I T U D E  ( D E G )  = 38.9 G R O U N D  A 0  = 49-91  P 

COOLTNG(TOTAL/SENS.) = '1 -09 E L E V A T I O N  (FT) = 1948. CONSTAXTS: PO = 0.554 R A D  SUREER 811 F 
J A R U A X Y  WIND (iY?FI) = 7.0 



GREEN B A Y ,  WISCONSIN 

hIR TEBP: OUTDOOR INDOOR GROUND A 0  = 44.24  F 

C Q E ~ T A R T S :  PO = 0 , 6 3 4  R A D  SUnEER e5 F 78 P 

GEOGRAPHICAL ZONE = p LATITUDE (DEG) = 44.5  
J A I U A R Z  H I N D  (HPH) = 17-0 
COOLING(TOTLL/SZPIS.) I 1-10 ELEVATIOW (Fl'pr) = 682.  LONGITUDE (BEG) = 88.1 TEEPERATFBZ BO = 2 6 . 1 1  p WIYTER -13 F 70  P 

*BIGLAZED PkSEL EXCEEDS A PRACTICAL S I Z E ,  A N  ALTERNATIVE SUPPLEBERTARY AEAT SOURCE SAOULD B E  BSED I N  TRIS DESIGN. 
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CASPEB, A P C K I Y G  

GEOGEIkPBICLL ZOgE = K LATITUDE (DEG) = 02.9  GROUND BO = &.a7 F AI3 TEIP: OUTDJDR I N D O O R  
J A N O A R Y  WIND (KPA) = 18.0 L O N G I T U D E  (DEG) = 106.5 TEEPEBBTUBE BO = 2 3 . 6 3  F R l N T E B  -11 P 70 ?? 
~ ~ ~ ~ I ~ ~ ~ ~ O ~ A L / ~ ~ ~ S . )  = 1 .OO E L E V A T I O N  (W) = 5338 ,  CONSTBITS: PO = 0.633 R R D  9 3 n e f E K  90  P 7% F 
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L A N D E R ,  RYOMING 

A 0  = 44.34 F A I R  TEKP: OUTDOOR INDOOR GEOGRAPffICIL ZONE = R LITITUDE (DEG) = 42.8 GROUND 
LONGXTODE (DEG) = 108.7 TERPERATT3RE: BO = 23.74 F WINTER -16 P 70 F JARVARY RIND (KPK) = 6.0  

COOL1 RG (T@TIL/SENS. ) 1 00 ELEVATION (FT) = 5563. 88 P ?8 F SOMBER CORSTAYPS: ?O = 0.622 H A D  

---- -----_-I_--- ----- __ I 1 
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Appendix C 

ACES DESIGN WORK FORMS 





C. ACES DESIGN WORK FORMS 

T h i s  appendix p r o v i d e s  samples of work forms 1 through 7, which may 
be reproduced and used i n  ACES des ign c a l c u l a t i o n s .  The work forms 
p r o v i  ded a r e  : 

1 - Rapid ACES Design 
2 - Design-Day Heat Load 
3 -- ACES Design Monthly Loads 
4 - ACES Modal Operat ing Parameters 
5 --- S o l a r  Panel S i z e  
6 - ACES Power Consuniption 
7 - ACES L i f e  Cycle Cost 

c-3 





ORNL-D'VVG 79-21240 

RAPID ACES DESIGN 
Work Form 1 

DATE: JOB : 

Geograph icai Zone. Proposed ACES House. ( X i .  Interpolation Constants 
Reference City Reference House No. ( ) :  ft2 
lnsu lation Level: Reference House NO. ( 1 .  f t2  

DESIGN PARAMETER 





ORNL-DWG 79-1663BR 

DESIGN DAY HEAT LOAD 

Work Form 2 
DATE JOB 

Indoor Air Temperature TSW = O F  House Volume VOL = FT3 
Outdoor Air Temperature T D D  = "F Air Change Rate' ACH = AC/HR 

Ground Temperature TG = O F  Wind Swed v =  MPH 

'ACH = .[-I, 0.695 
where A T  = TSW - TDD, V = average wind speed Irnph), and N 3 1 





c- 9 

OR NL-DWG 79- 16639 R 

ACES DESIGN MONTHLY LOADS 
Work Form 3 

..... ............. .................. . . ~  ................ .~~ ................... 





08  rU L-DVVG 79-21 247 

ICE PHASE 

DATE: 

SUPPLEMENTAL 

ACES MODAL OPERATING PARAMETERS 
Work Form 4 

i 

POWE R EQU IPM E NT: 

Heat pump compressor, E, kbV 
I X 

Indoor fan coil, E, kW i x  
1 Hot brine pump, E,, k\N X I x  
1 Hot water pump, E 1-1 w kW X X 1 
i Outdoor fan coil, E O F  kW i x  x ~ : x  
1 Total Electrical Draw, E, kW ! 

Cold brine pump, E,, kW 1 

JOB: 

j I 
t 

X 
X 

X i 

x j  
x j  j ( 

; 

X 

X 

SYSTEM 

X x j  X 

i HEATING 1 COOLING I HEATING 1 COOLING j B IN  REJECT 

System performance, COP, ( M i  * 
Bin transfer coefficients, u,(M)* I 

t I 

1 

i 1 .oo 4 

C Y ~ ( H )  j CU,(C) 1 c+!H) i cvsfci i 
i I i 

COMPO N E NT RAT I N GS: 
Evaporator-side compressor COP 
Indoor fan coil, H Btuihr 

Condenser, H,, Btuihr 
Desu per heater, HDH Btu/hr 

X 1 x 1  j 

I X I X I  1 x 1  X 

, MODAL OPERATING PARAMETERS: 1 COP,(H) 1 COPI(C) 1 COPSIH) 1 COP(BD) 1 COP(BR1 1 

( “P  denotes phase of the annual cycle, M denotes operating mode.) 





C-13 

ORN L--  DWC 79- 1 6 6 6  

SOLAR PANEL SIZE 

Wark Form 5 

-- DATE : 

MONTH 

Jan 

Feb 

Mar 

Aug 

Sep 

OCt 

Nov 

Dec 

A B C 
ICE BIN HEAT FLOWS FROM 

Part 1 

E 

House 1 Ground I Solar 
Loads Led ka ge Pallel 

I 
I___- 

NET 
BIN 

LOAD 
 NET 
MBtu 

BIN 
HEAT 

D E POS I T 
q D  E P '  
MbtlJ 

F 

SO LA R 
PANEL 
RATING 

PAN 
Fvl B t u I f t2  

MONTHS INCLUDED IN I rR. I THE SUMMATION I (0 :;CAP) 

I '  I I 
1 2  I 
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ACES POWER CONSUMPTION 
Work Form 6 

Part 1 
DATE: 

JOB: 

- .... --.___ 

SYSTEM 

PERFORMANCE 

Delivered loads, MBtu 

'ower consumption, MBtu 

I_ ~. 

____ ............ 

.............. ~ 

COP 
----- .......... __ 

Part 2 
-. 

SUPPLEMENTAL 

-.. -_... ... 

........ 

..... ... -. ....... ._ . . . . . . . . . . .  .......................... ......................... ....................... ~~ 





C-17 

DATE: __ ~- 
........ 

.... 
COMPONENT 

~. 

Ice Storage Bin 

H = f t  

W = h  

L = f t  

V T O T  = f t3 

V W E T  = ft3 

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

Ice Bin Hedt 
Exct ianwr 

Solar Collector 

Other Cori,ponenta 

ACES LIFE CYCLE COST 
Work Form 7 

JOB - 

..... 

Floor mristruction 

Top con~truction 
.............. ......... -______ 

ft  $/ft 
.... ..... ................ 

Wali insulatiori, in. 
....... .___ ...... ~ ..... 

~ Floor insulation, 1 ~ 

ft2 1 hd-ft  $pod - ft ............... .- ........ ~ ...... __- . - _ _ ~ _ _ ~  

Top insulation, hd-ft $/tld.fr 

Water-proof liner $/it2 

__ 

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

Other, ex cilvat io t i  
............................... .................. ..... 

SUBTOTAL 
.. 

Tubing 
... ..................... I... Other 

... 

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

Panel surface 

Other 

......... - 

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

SUBTOTAL 1 

TOTAL 
MATE RIAL 

COST 
INSTALL INSTALLEL 

E ST I MA 1-E 

COST COST 

ITEM 

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

. . . . . . .  ~ - I .- 

~ 

Hot water tdnk 

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

~ -- 

Duct system 
................................ . . . . . . . . . . . .  ........ . .- 

, 
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110. 

111. 

112. 

113. 

114. 

115. 

116. 

117. 

118. 

119. 

120. 
121. 

1 2 2 .  

Mr. Bruce Appelbauni, Gordian A s s o c i a t e s  Inc .  7 1 1  T h i r d  Avenue, 
New Yor-k, N Y  10017 
Mr. Hamp B a r n e t t ,  Power Research S t a f f ,  i ennessec  Valley 
A u t h o r i t y ,  350 Commerce l l i l ion Bank Rui l d i n g  , Chattanooga,  T N  
37401 
Mr. Larry B. Barrett , Potoinac E l c c t r i c  ?ower Conipany , Manager, 
Energy Management S e r v i c e s  D i v i s i o n ,  1900 PFnnsylvaiiSa Avenue, 
N W ,  Washington, DC 20058 
Mr. Gene B r e w r ,  NIBS, S u i t e  700, 1015 75th S t r e e t  N W ,  Washirig- 
t o n ,  DC 20005 
Mr. Williaim B .  B r i g g s ,  McDonnell-Douglas Company, Department 
E080, Pos!: O f f i c e  Box 516, S t .  Loiuis, MO 63165 
Mr. Thomas Cahi 11 , Energy Systems D i v i s i o n ,  C a r r i e r  C o r p o r a t i o n ,  
C a r r i e r  Tower-, P o s t  O f f i c e  Box 4800, Syracuse ,  N Y  13221 

I 

- Mr. Joe Canal ,  General E l ~ c t r i c  Coiripany, l roup Highway, T y l e r ,  
TX 757ii  
Dr. W, James Cole ,  Program D i r e c t o r ,  New York S t a t e  Energy 
Research and Development Auttiori t y  , Agency Bui l d i n g  No. 2 ,  Eiilpi re 
S t a t e  P l a z a ,  Albany, N Y  12223 
Dr. David Colv in ,  l r i a n g l e  Research and Development Corpora t ion ,  
Pos t  O f f i c e  Box 12696; Research T r i a n g l e  Park ,  N C  2'7703 
P r o f e s s o r  George E. Courvi 1 1 ~  Departrrient of P h y s i c s ,  Fai r l e i g h -  
Di ckinson Uni  versi t y  , Teaneck, NJ 07666 
Mr. John J .  C u t t i c a ,  Chief, TEchnology and Consumer Products  
Branch, Mai 1 Stop 2221 C ,  Department u-f Energy 20 Massachuset ts  
Avenue N W ,  Washi i igton, DC 20545 
Mr. H.  E .  D a v i s ,  Concentrat ion S p e c i a l i s t s ,  I n c . ,  26 Dundee 
Park ,  Andover, MA 01810 
Mr. Gordoti D .  Duffy,  Execut ive E d i t o r ,  Air Condi t ion ing  News, 
700 Eas t  Maple, Birmingham, MI 48011 
Mr. William A .  E l d e r ,  P r e s i d e n t ,  8utomated Air Systeills, i n c . ,  1723 
Rhoadnii l l e r  S t r e e t ,  Richmond V A  23220 
Mr. Douglas Funkhouser, Urban Systems Research and Engineer ing ,  
I n c . ,  36 Boylston S t r e e t ,  Cambridge; MA 02138 
Mr. Ted G i  11 i s  , Lennox I n d u s t r i e s ,  Promenade T Q W ~ S ,  Pos t  O f f i c e  
Box 400450, D a l l a s ,  TX 75240 
Mr. George E. Gilinore, Consol ida ted  Edison Company of New York, 
I n c . ,  Four I r v i n g  P lace ,  New York, N Y  10003 
Dr. L. R. G I  i cksman Department o-f Mrchani ca l  Engineer ing , 
Massachuset ts  I n s t i t u t e  of Techno1 ogy , Cainbri dgsl* MA 031 39 
Mr. Dieter- Grether , Vi ce P r e s i  dent  Engi  nccri ng  , Fri edri ch A i  r 
Condi t i  oni  rig and Kefri g e r a t i  on ,  Pos t  Off i ce Box 1540 San 
Antonio,  TX 78295 
Mr. Gerald C .  GroPf ,  Research D i v i s i o n ,  C a r r i e r  Corpora t ion ,  
Syracuse ,  N Y  13201 
Mr. Donald G. I - I o f fa rd ,  P o s t  O f f i c e  Box 3221, P o r t l a n d ,  OR 97208 
Mr. F.  Honnoi d ,  Consumer Froduct,s Di v i  siori , C a r r i e r  Corporat i  oil, 
Syracuse ,  N Y  13201 
M Y .  E .  J .  !-loran, Exxon  Research and Engineering Company, Pos t  
O f f i c e  Box 8 ,  Linden, NJ 07036 

- 
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146. 

147. 

148. 

149. 

150. 

151. 

152. 

153. 

154. 

155. 

156. 

157. 
158. 

159-185. 

186-550. 

Mr. James b. Schulze,  Technology Program Manager, General E i  
Company, Appliance Park ,  L o r r i s v i l l e ,  KY 40725 
Mr. D. E .  Sherperee l  Research and Engineerrng Cer i te r ,  Whirljioo! 
Corpora t i  on ,  Renton Harbor,  MI 49022 
Dr. Mason t1. Somervi l l e ,  Manager, Engineer ing Experirneni S t a t  iori, 
U n i v e r s i t y  o f  North Dakota: Grand Forks ,  N D  4,8?02 
Mr. E .  Spannhake, White Consol idated I n d u s t r i e s ,  ll'i71s k r e a  
Road, Cleve land ,  OH 44711 
Mr. Richard D. Stewart Manager, Advanced 'Tectinoloyy Programs 
General E lec t r ic  Corirpany, Appliance Park ,  Rui lding 35 ,  L o i i i s v i l l e ,  
KY 40225 
Mr. Steven S t r o n g ,  Solai-  Design A s s o c i a t e s ,  271 Washington S t rwt ,  
Canton, MA 02021 
Mr. Floyd Stuckey ,  FSA Engineering C o n s u l t a n t s ,  315 Eas t  S i x t h  
S t r e e t ,  Winf ie ld ,  KS 67956 
Dr. Walter  D. S y n i u t a ,  Advanced Mechanical Technology I n c . ,  
141 C a l i f o r n i a  S t r e e t ,  Newton, MA 02158 
Ms. Susan S .  Waddle, Department of  Energy O a k  Ridge Operat ions 
Office, Oak Ridge, TN 37830 
Mr. Frank S.  Wang, Research S p e c i a l i s t ,  Funct ional  Prsdlicts a n d  
Systems, Larkin Lab, Swede Road, M i d l a n d ,  MI 48640 
Mr. W .  F. Waser, FHP Manufacturing Company, 610 Sout.hwest 
12th Avenue, Pampano Beach, FI- 33060 
Mr. Robert G .  Werden, Werden $ A s s o c i a t e s ,  Inc .  , Post Qff i ' ce  
Box 414, Jenkintown,  PA 19046 
Mr. Frank White,  A i  Research Manufac.turi ng Company, P o s t  Offi ce 
Box 3413, Oak Ridge, TN 37830 
I n s t i t u t e  of  Energy A n a l y s i s ,  ORAU Library  
O f f i c e  of A s s i s t a n t  Manager, Energy Research and Development, DOE-OR0 
Techni ca l  Informati  on Center, Department of Energy, Pos t  O.ffi ce 
Box 62, Oak Ridge ,  TN 37830 
Energy Conservat ion D i s t r i b u t i o n  Mailing List and  Energy 
Conservat ion Office (B ldg .  9102-1, Room 2 )  
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