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PREFACE 

More than one-quarter of the energy consumed in the United States is 
used to heat and cool b~ildings and to heat service water. Approximately 
83% of the energy for thP.se services is supplied from natural gas and oil. 
Recognition of the need to conserve these and other natural resources has been 
spurred, in large part, by the oil embargo of 1973 and subsequent _escalation 
~n fuel prices, by energy shortages, by in~reas ing electricity "brown-outs" 
~n urban centers, and by the crippling eff~cts of labor strikes ~~d stoppag~s 
~n the energy supply industries~ . In recent years, development arid acceptance 
of energy conserving systems which avoid dependence on scarce or interruptible 
fuels has increased markedly both in the United States and abroad. 

Integrated community energy systems (ICES) are a comprehensive approach 
to increasing the efficiency of the varied ways in which energy is provided 
to and utilized by a commun{ty. ICES als·o offer opportunities to reduce 
dependence on scarce resources, protect environmental quality, reduce costs 
of energy and energy-consuming services, and, perhaps most importantly, 
meet energy needs without adversely affecting lifestyles. 

The ICES approach to meeting these goals is embodied in three levels 
of integration. First, by incorporating innovative technology to maximize 
the resource-utilization efficiency, energy requirements can be reduced. 
Included in this method are cogeneration (or more precisely coproduction) and 
cascading uses of energy to minimize the thermodynamic mismatch of source­
energy qualities and actual energy needs. Also included is fuel substitution 
in centralized community-scale systems which would be impractical in inde­
pendent, individual-building and separate-service energy systems. Second, by 
integrating the energy and energy-consuming systems with th.e functional design 
and layout of the community., load-management advantages can be achieved and 
distribution losses can be minimized. At the same time, resource needs can be 
reduced through appropriate land utilization and planned growth. And third, 
the community systems development is integrated with the financial and regu­
latory mechanisms common to communities to' permit widespread implementation. 

A specific ICES may consist of either a partial or complete integration 
of these approaches, as appropriate to strike the desired balance among 
a community's economic, social, environmental, and energy-conservation goals. 
An ICES can be applied to a total community as well as to portions of a 
community and the services provided need not be the same for all areas served. 
While ICES include a broad spectrum of technologies to meet energy service 
requirements, the ICES concept does not arbitrarily define either the energy 
services to be provided or the type, size, or function of the area to be 
served. As a result, an ICES is tailored for each application. The determi­
nation of the kind and number of energy services provided and the size of 
the service area for each such service is based on an optimum c.ombination 
of energy efficiencies, indigenous resour~e and labor supplies, econom~cs, 
~nd environmental conditions. 

Heat-pump-centered integrated community energy systems (HP-ICES) are 
energy systems for communities which provide heating, cooling and/or other 
thermal energy services through the use of heat pumps. Si nee _heat pumps 
primarily transfer energy from existing and· otherwise probably unused sources, 
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rather than convert it from electrical or chemical to thermal form, HP-ICES 
offer significant potential for energy savings. By powering these heat 
pumps with nonscarce fuels, the use of which would be impractical in most 
conventional systems, less-abundant fuels including natural gas and oil can be 
conserved. Secondary benefits of HP-ICES include reduction of adverse en­
vironmental ef·fects as compared to conventional systems, reliable production 
of ~ervices ip contrast to the l.ncreasingly frequent utility curtailments 
and interrupt ions, and delivery of services to consumers at costs lower than 
those for conventional systems (including acquisition, operation, and main­
tenance costs). 

The report which follows is a result of the System Development Phase 
of the HP-ICES Project. The objec.tive of this multiphase project is develop­
ment and demonstration of HP-ICES. concepts leading to one or more operational 
systems by the end of 1984. The seven phases include System Development, 
Demonstration Design, Design Completion, HP-ICES Construction, Operation and 
Data Acquisition, HP-ICES Evaluati~n, and U~graded Continuation. 

This· Project is sponsorecl ·by the Urban Waste aful Municipal Systems 
Branch, Community Systems Division~ Office-of Buildings and Community Systems, 
Assistant Secretary for Conservation and Solar Applications, U.S. Department 
of Energy (DOE). It is a part of the Community Systems Program and is managed. 
by the Energy and Environmental Systems Division of Argonne National Labora­
tory. 

The report which follows presents the findings in the development 
and analysis of one concept under investigation. This report was prepared 
by Dubin-Bloome Associates, P.C. 

The HP-ICES concept under examination uses the latent heat of fusion 
of water as a heat source .for the heat pump, thus, converting the water to 
ice. The ice is stored in a bin and used the following eummcr for cooling. 
The development of this concept is presentee! in Part I. The conce~L is then 
applied to two communities, in Part II, wit-h modifcatinns to meet the unique 
te4uirements of the specific community and climatic conditions. Both commu­
nities contain commercial, retail, office, hotel, and residential facilities. 
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ABSTRACT 

This report deals with a Heat-Pump-Centered Integrated Community Energy 
System which should provide all the heating, cooling, and other energy require­
ments to an entire community. 

The ice-generating HP-ICES uses the heat of fusion of water as a peat 
source for the heat pump, thus converting the water into ice. The ice will be 
stored in a bin and used the following summer for cooling which, therefore, 
'could be considered a "by-product" of heating. 

The annual overall Coefficient of· Pe~formance is expected to reach a 
value of 4.85 and related to source energy a value of 4.85 x 0.31 = 1.5. This 
is greater than 0.713, the value for which the HP-ICES would perform equally 
well with a conventional system having the same cooling and heating.output. 
Actually, the HP-ICES performs better than a conventional system operating even 
with 100% boiler efficiency and a cooling COP equal to 5. 

In a detailed case study on the Market Square project in Washington, 
D.C., it was found that for the HP-ICES the annual source energy input is about 
60% and the life cycle annual average cost is 40% of the corresponding quanti­
ties for a conventional central system with equal heating and cooling capacity. 

The annual average operating and administration cost for the HP-ICES 
is less than 70% of the corresponding costs for the conventional system, while 
the first cost of the HP-ICES is about 70% larger than.the first cost of the 
conventional system. With the values assumed for the discount rate, interest 
rate, etc., the return on investment was found to be about 15%, which gives a 
discounted payback period. of about 6.7 years. 

For the Park Plaza in Boston, the annual source energy input for the 
HP-ICES is 35% and the energy cost is about 30% of the corresponding quanti­
ties for the conventional system. 

The annual average operating and administration cost for the HP-ICES 
is 41.% of the conventional system cost while the first cost of the HP-ICES is 
4.5 times as great as the first cu~;;t for the conventional system. The return 
on investment is 13% and the payback is 8 years. 

These results show that the HP-ICES can be better both in energy usage 
and in life cycle cost than a conventional system of the same heating and 
cooling capacity, and holds great promise as an energy saving system. 
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HP-ICES PRQJ.ECT 

1 SYSTEM DESCRIPTION 

1.1 . SYSTEM CONCEPTG~L PESCRIPTION 

The Heat Pump Integrated Community .Energy System described in ·this 

report is designed to ·provide .energy f,or heating and domestic hot wat·er to 

an entire community in the winter time. The system uses the latent ·heat of 
• ·' • j 

fusion of water as its low tempera·ture heat source. 

The i.ce ·generated by the heat pump during the winter is sto.red in a bin 

and used the following summer for cooling purposes. Ice water is circulated 

throught the coils of the air conditioning equipment picking up heat and 

dumping it back into the ice bin, thus gradually ·melting the ice. Towards 

the end of the cooling season all the ice. will be melted and the cycle will 

begin again. 

The ice generated during the heat pump operation in the winter thus be-

comes "free·" energy obtained as a by-product of the heating cycle. Conversely, 

the summer cooling load could be considered as an indirect heat source for the 

heat pump making the heating a "free" by-product of the cooling cycle. 

Whichever way the system is looked upon, the ice generating HP-ICES is a 

highly efficient energy conserving arrangement. ·It not only utilizes the heat 

pumps concept, generally recognized as being highly efficient by elevating low 

grade energy to high potential form, but also utilizes bo~h'~nergy transfer 

levels of the heat pump to accomplish both heating and cooling. 

This considerably increases the annual overall Coefficient of Performance 

(the sum of cooling and heating effects divided by the power input) . 

. Another major benefit of HP-ICES is ··its utilization of seasonal storage 

-1..:. 





HP-ICES PROJECT 

which enables the transfer of cooling energy from the time of its generation 

to the time of its convenient use. 

This moves the air conditioning demand from summer to winter, cut-

ting the summer electrical pea~ demand and at the same time ~prov~ng the ele~-
~ .. 

trical utility's load factor, enabling the existing electrical power capacity 

of the power plant to accommodate all the existing and even growing electri-

cal energy demand. 

Also, the concept does not exclude the application of diurnal storage on 

the cooling cycle when chilled water may have to be generated to supplement the 

cooling requirements. In such cases, the chilled water would be generated at 

night again reducing the peak electrical demand. 
-.'.· 

The community, as envisaged here, would be composed of private residences, ;_,_ 

apartments, shopping centers, offices, and educational facilities which, taken 

together, could constitute a suburb of a large city or an independent muni-

cipality. 

The multisector community composition will cause a load diversity as the 

energy demand peaks are non~concurrent. This will allow the installation of 

smaller size equipment and thus reduce the first cost. 

Likewise, the HP-ICES being a centr~lized system, with .centralized storage 

bin will require a much lower capital outlay than several decentralized systems 

which would be required by the separate sectors of the community if HP-ICES 

were not appli~d. 

The thermal charac·teristics of the community, together with the stdrage 

systems (both seasonal and diurnal), impart considerable "thermal inertia" to 

the whole system, which results in the leveling of load fluctuations and a 

reduction in the energy demand. 

-3-
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HP-ICES PROJECT 

The HP-ICES is influenced to a large extent by the composition of the 

community. The predominance of either the residential sector or the com­

mercial sector with their annual load profiles will decide whether the HP­

ICES is applicable to the community or not. 

·--~()~n!.~~-~-s _co~.P-~i:sing __ _!llllny o~fj.._~~ P!1U.9it!g$ __ JY:f.ll JJ~ve .a.n __ internal .cool- . 

. ing load in the winter. In such cases, the heating load may be considerably 

reduced. If the internal heat gain is very large some mechanical cooling in 

the affected zones will be necessary and the heat pump might be able to per.;_ 

form cooling and heating simultaneously, using the internal cooling load as 

a heat sorce. 

When the heating load ~s reduce_~ _hr._ using the internal heat gain as a 

heat sorce, the heat pump will generate less ice. The reduced quantity may 

be insufficient for satisfying the summer cooling requirements, making it 

mandatory to provide supplementary cooling during the summer. 

The central HP-ICES contains a modified refrigeration system with com­

pressors, double bundle condensers, cooling towers, chillers, icemaking equip­

ment, evaporators, circulating pumps and heating and cooling distribution systems. 

The compressors should have the lowest horsepower per ton power consump­

tion possible. They should be able to perform satisfactorily at low suction 

temperatures necessary for ice generation and at high discharge temperatures 

required for generation of hot water for heating and domestic hot water. 

. The compressors should be :able to operate also under standard air con­

ditioning conditions, that is,with a higher suction temperature and a lower 

discharge temperature and with a performance which is competitive with that 

of a conventional air conditioning chiller. The transition from one range of 

-4-
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operation to the other should take place smoothly without any adverse influence 

on the system performance as a whole. 

The type of compressor to be used will be the subject of a separate inves­

tigation but the most likely choice will be the positive displacement screw 

compressor; 

Likewise, the type of the refrigerant used should have a high mass density 

which will reduce the required displacement of the compressor, and a high heat 

capacity which will increase th~ refrigerating effect. The refrigerant should 

be relatively inexpensive and available on the market. The type of the refri­

gerant to be used will be investigated separately. 

Ice generators (evaporators) should have large heat transfer surfaces, 

should be prefabricated, easy to install, control and maintain, and be readi­

ly available on the market. 

Ice· generation could be ac.complished in two ways (to be discussed later)­

either by the use of '!ice maker$" (where water is converted to ice by ·being 

circulated by a pump and sprayed over evaporators) or by the use of chilled 

brine carrying coils immersed in the ice bin~ 

. The ice storage bin should be able to accommodate all the ice which will 

be used for cooling in the summer. There are two criteria for sizing the ice 

bin. In locations where too much ice is generated - more than the summer cool­

ing requirements - the ice bin is sized to accommodate only the amount of ice 

required for the summer cooling. The excess ice will be melted. In locations 

where the heat pump winter operation gen~rates less ice than required for the 

summer cooling, the ice bin is sized to accommodate all of the ice that tne 

'heat pump is capable of generating. 

-6-
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The insulation of the ice bin, likewise, will be dependent on the loca-

tion. 

In some locations the HP-ICES will contain standard chillers along with 

the ice making evaporators (connected in parallel) to enable chilled water 

generation if the ice obtained from the heat pump proves insufficient to 

satisfy the summer cooling requirements of the community. 

Condensers will be of the double bundle type with as large of a surface 

area as possible in order to be able to supply the rP.qnirPd heat to the com­

munity or, alternativcl~ to reject heat to the cooling towers if necessary. 

Pumps will circulate hot and chilled water between the central plant and 

the community through a 4-pipe distribution system arranged either in a single 

loop or in a primary-secondary pumping arrangement for each of the chilled and 

hot water systems. The choice of the pumping arrangement will depend on the 

spread and composition of the community. 

The type of the heating system chosen, either an alr ur water system, will 

depend on the temperature of the hot water obtainable from the double bundle 

~ondenser. 

Many interdependent factors will affect the temperature of the hot water­

Llle COP of the heat pump, the size of the piping, the insulation of the piping 

and the pumping power of the hot water. 

The final trade-off between all the factors mentioned is the utilization 

temperature. This will affect the size of the coils if air systems are used 

or the size of the radiators or convectors if water systems are used. 

The successful operation of the HP-ICES will depend, to a large extent on 

the climate and the length of the seasons in addition to the aforementioned 

-8-
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dependance on the composition of the community and its internal load. 

In moderate climates there m~y be a balance between the winter heating 

requirements and the summer cooling requirements. The .ice gen~rated .in winter 

by the heat .pump would sufficiently cover .the summer cooling requirements. 

However, the ex~stence of a large internal load will disturb the balance and 

cause a deficiency in the generated ice. 

In nor·thern latitudes where the winters may be severe and prolonged whil~ 

·the summers are mild and short, the heat pumps will produce more ice than is 

required for the summer. However, the existence -of a large ·internal load will 

reduce the ex.cess ice and in certain cases may cause a balance between the heat-

ing and cooling loads. 

On the other hand, in southern areas where the summers may be hot and long 

while the winters are short and mild, the ice produced by the heating cycle is 

no,t sufficient to satisfy the summer cooling requirements of the community. 

The existence of a large internal load may •cause this deficiency to become more 

severe. 

Whichever way the imbalance points,certain modifications to the HP-ICES 

are necessary. 

Whene-vet: there is an excess of ice, it is dealt with first by deliberately 

leaving the ice storage bin uninsulated to encourage heat leakage into the bin 

and cause some mel·ting of the ice. If this proves insu~ficient, supplementary 

heat, mostly solar heat,is used to melt the excess of ice. 

Another method used to reduce the ice generated in cold climates is to 

·generate ice sparingly by utilizing outside air as a heat source. This is 
- . 

done for air temperatures down.to 45°F. Ice generation is resumed 

-9-
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only when the temperature drops below 45°F. 

On the other hand, wherever there is a deficiency of ice produced by the 

heat' pump, other mean!? must be sought to overcome the deficiency in the avail-

able "cooling" energy for -~~pp~yin_g the summer cooling requirements. First, the 

bin is well insulated to reduce heat gain and thus prevent the loss df ice. 

This, however, :j..s usually insuffid.ent ;md it may be necessary to generate 

chilled water by conventional me~ns w:ith heat rejection to the cooling towers. 

Alternatively(and preferably), chflled water may be generated by the heat pump 

generating domestic hot water at the same time. : Better yet, this could be done 

at night -~he~~~!. .. :':lt~-~~8.- ~~-~ th7 electrical demand if electric drive is used. 

This also implies the utilization of the diurnal chilled water storage concept 

with the use of the already available ice storage bin or part of it. · 

Another way to overcome the'deficiency in ice is to supplement this·de-

ficiency by me~ns other than the heat pump, namely to generate ice by passing 

cold, outside air (at a temperat~re below 25°F) over A hrine carrying coil. 

The cold brine is circulated through another coil immersed in the ice bin pro-

clueing ice. With the use of this method, the size of the storage bin might have 

t.o be increased slightly. 
:..·. ~ ' . . ~ 

~ 

The heat pump of the HP-ICES does not necessarily hAVP. tn hP powered elec-

trically. It could be powered by a thermal engine (oil or gas), or by a gas 

ti.n:Lluld. 
' •' 

This is espe_daliy beneficial in locations where the winter electrical demarid 

is consider~ble. In such cases,; additional heat recovery could be employed~ 

thereby reducing the size of the· heat pump. However, additional environmental 

problems might be caused, offsetting some of the benefits of heat recovery. 

·-10-
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Therefore, the advantages and disadvantages of thermal engine drive should be 

compared with those of electric drive. 

With regard to the management of the HP-ICES, it could be integr~ted with 

an existing thermal utility. The local power companr ~.rould probably bP. ,.rery 

interested in the acceptance of the new concept which, by its versc?til:'.ty and 

many new possibilities, would enable ~he power company to maintain bett~~ pc~;er 

acd load management in the ut!lity. 

The charge to end users could be based on a·measurement of the c~et·gy 

supplied in chilled and hot water. 

To sum up, the HP-ICES offers a great variety of opti.on::::. all of which 

tend to reduce the consumption of energy. It is the most ~op_histi.cated and 

cff!cien:: energy system to-date capable of supplying all the heating, domestic 

hot water, and cooling requirements to an entire co~unity ~Jith the lecst ex­

penditure of input energy. 

-11-
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1.2 OVERALL COEFFICIENT OF PERF?RMANCE 

For the comparison of the ice generating Heat Pump Integrated Commu~ity 

Energy System with an alternative conventional system where heating is accom-

plished with fossil fuel-fired boilers and cooling with centrifugal.chillers, 

an annual overall coefficient of performance should be computed for both 

systems. 

This overall COP should reflect the source ~nergy utilized and should bP. 

the ratio of both heating anu ~uqling output tn raw source anergy input. 

The COP for the ice generating HP-ICES based upon compressor shaft ener~y 

input is 

COPe = _qc 
w 

COP Overall = Oc + Qh 

w 

Accounting for the thermal !efficiency of the prime mover at the power 

station, for the transmission and for distribution losses and motor efficiency, 

~· a correction factor of 0.31 shoJ.ld be applied to adjust fat' source energy input. 

Therefore, the overall COP adjusted to reflect the source energy input is: 

COP overall • (Qh + Qc) 0.31 · 

w 

csirig Qh ~ Qc + W, COP overall = 0.31 (1 + 2 COPe) 

The overall coefficient of .i performance for a conventional plant with tA~ 

saL,e heating and cooling output~as the HP-ICES is determined as follows: 

-12-
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· COP overall = : Oh + Oc 

:~ + !!l 
E 0.31 

where Qh and Qc are the heating and cooiing outputs assumed to be equ~l for 

both HP-ICES and conventional system: · E is the head.ng plant effic.iency of 

the conventional system and w1 is the. convention~l cooling plant shaft work 

input. 

To illustrate the point the overall COP's for both the conventional anq 

HP-ICES will be calculated for Qh = 15,000 Btu/hr and Qc = 10,000 Btu/hr. 

ASsume E = 0.6 and the coefficient of performance for cooling for the con-

ventional system, COP! = 4.4. 

Thus for the conventional $ystem 

Fot: the HP-ICES 

cor overall = Qh -:· Qc 

Ot · . ....;::0~----=~~ 
E COP 1 x 0.31 

= 1~000 i· 10,000 

----------·------------
~15000 + 10,000 

.0.6 4.4x0.31 

COPe = ·10,000 

15,000 - 10,000 

Cop overall =,0.31 (1 + 2 COPe) 

:.. 0.773 

= 2 

::a 0.21 (1 + 2 X 2) = 1.55 

which is greater than the COP overall~for the conventional system. 

Moreover, if we assume a boiler efficiency of 100% and a COP1 = 5 the 

COP overall of the HP-ICES will still be greater than the COP overall for 
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the conventional system. 

Thus 

COP overali = 15000 + 10,000 

15000.+ 10,000 = 1.16 
1 5 X 0.31 

A general formula connecting; the c~efficients· of performance·for cooling 
\ 

for the two systems where the two overall COP's are equal will now be derived. 

Heating plant efficiency = ~ = Qc + W 
E . E 

where W is the shaft work input for the HP-ICES, the other terms having been 

already defined: 

For the conventional system 

COP overall = Qc + W + Qc 

Substituting COPI = Qc/Wf and COPe = Qc/W 

and simplifying 

COP over.all = (l +.7. r.rWeJ 0.3l:E 

0.31 (C.OPc+l)+(COP~~E 

(COPt) 

t.: 

Setting the two expressions for overall COP equal to each other and solving for 

COPe yields 

COPe = E - 0.31 

O.;n + E/COPl 

The assumption of a heating plant seasonal efficiency of.60% and a con-
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ventional cooling plant ·coefficient of performance, COP1 of 4. 4 (based upon 

0.8KW·per ton), will yield a COPe of 0.65 for the HP-ICES. For these con­

ditions the overall COP's for the two systems will be equal. 

The overall COP would be 

n.Jl (1 + 2 x o.65) o.713 

and COPH (1+;0.65) -1.65 

Inspection .of manufacturer's data for refrigerant compressors reveals .tha.t 

a cooling COPe of 0.·65 is much 'lower than the COPe obtainable within the range 

of saturated discharge and suction temperatures considered for the HP-ICES. 

Therefor.e, the .HP-ICES should be more efficient than a conventional plant 

in ·th~ use of source energy. From Fig. 1.·4 the saturation d.ischarge temperature 

.has to be less than 160°F if the COP for heating . is not to be lo:wer than 1. 65 . 

. -15-
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1. 3 OPTIMUM TEMPERATURE RANGE FOR COMPRESSOR OPERATION 

The saturated suction temperature (SST) and the saturated discharge tern-

per;ature (SDT) are .set as a consequence .o~ .many different and often ·conflict-
: I 

ing factors. 

The SST is set by the ice making conditions. The 20°F S·ST is the highest 

temperatur.e feasible for ice making. This sets the lowe.r limit for the ,tetp-, 

;perature range of the compressor. In any other condi·tions, for example, 

·chilled water generation in summer, the suction temperatur,e :will be :higher, 

thus improving the COP. 

'The ·choi·ce of the SDT is more involved. The ~ T employed for 'heating will 

determine the flow rate. The flow rate will det.ennines the pipe size. The pipe 

size, in turn, will affect·. the pumping power. For a ·cons·tant return tempera-

ture of, for example, '90°F, a higher b. T .means ·smaller flow and smaller pipe 

s·izes. On the other hand, higher temperatures mean lower cop·' s. 

The saturated discharge temperature of the compressor has a lower limit 

set by the ut·ilization temperature of the hot water for heating and .domestic 

hot water which may not go below 110°F, if it is t·o pr.ovide efficient heating. 

Accounting for heat distribution losses of,. say, 10%, the drop ·in'tempera-

ture for a A T = 110°F - 900F = 20°F will be 2°-F permitting the mini-mum tern-

perature for the hot water to be 112°F. This would set the condensing tempera-

ture at 122°F. 

The hi,gher limit of the compressor sat,urated discharge temperature is set 

'by cycle efficiency considerations resu.lting from the thermodynamic comparison 

of the ·overall COP of the hea.t pump ·system with the COP of the conventional syst·em. 

-17-
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It was shown in Section 1. 2, Page.l5 that for the ice generating HP-ICES 

to be efficient, the overall COP of the heat pump should be greater than 0.713, 

accounting for the source energy considerations. From the analysis and graph 

in Section 1. 2, Page 16, the resulting. COP for heating should be greater than 

1.65, and the highest corresponding sa~urated discQarge temperature should be 

less than 160°F. 

Table 1.1. shows that increasing the outlet temperature does not necessarily 

decrease the pipe size, nor does it reduce the pumping power. However, in every 

case the power input to the compressorof the heat pumps is increased. 

It is evident from the ta.ble that: going from a. 110°F to a 120°F water t·em_. 

-- .. . ·-·- ... --- - -·--·-····. ··- .... ···--·· ...... -··-··--
perature raises the power input to ~!te ___ ~_Oll!P_x:e~_S.<?,~_by __ 176 _ ~P .. ~ W.hil~ . .t~'a. -~~y_i~g_)_~ 

pumping power (without changing the pipe size) is 0.704 hp per 100ft. of 

piping. 

This means that if the piping is 

11.3 .. X 100 = 'flA.)574 ft. 
0.704 1 

the saving in pumping horsepower will-balance out the additional compressor 

power input. Up to 25,000 ft. the compressor power input exceed~ th~ ~avings 
. ' 

in pumping power. ~~hove 25,000 ft. there is a saving in pumping power over the 

compressor power input. 

The size of the piping being the ;same, it appears that the ll0°F water tem­

perature is more feasible than the 120°F temperature.- Comparing the 1200F and 

130°F water temperatures, ~t appears .that at the i30°F water temperature, both 

the pumping power and the compressor power input are greater than at the 120°F 

water temperature. Comparing the 120qF with 140°F.water temperature shows a 

compressor incremental power :input of 490 hp that can be compensated by saving 

-18.;. 
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in pumping horsepower with a distribution network larger than 17,500 ft~ 
. . . 
The condensing temperature of the ice generating heat pump is within the 

Naturally, a SDT of 160°F wo~ld make the.HP-ICES : :. f .. ; . . . 

just ccmpetitive with the. conventional syste~. This is. from an energy usage. 

point of view alone without consideration of the capital costs of the two systems. 

1500F which would result in a hot water temperature of .140°F. 

Therefore, for the HP-ICES to be b~neficial, the SDT stould at. lea~t be . 
. : . . . ~ . . :'· 

tt thus appears 

that the two feasible limits for the hot water temperature are 110°F and 140°E. 

The four candidate temperatures for.the hot water, 110°F, 120°F, !300F cni 140~:: 
' . 

were investigated in a brief analysis by comparing the pumping horse por~·er of 

the hot water for each temperature with the compressor, horse power input re-

quired to produce and deliver 10,000,000 Btu/hr with ·a 90°F return water 

temperature. 

The d·ata are tabulated below. 
L.-

TABLE 1~1 ------
hp to Com-

Pipe Flow Hot Head hp per pressor per 
Dia- Velo- Water Loss Gal. 100 ft 107 Btu/hr 
meter city Temp. Ft per per of SDT heat· reject-
(in.) ft/sec. "F 100 ft Min. Pipe COP Fo ed 

8 6.5 110 2. 75 1000 0.992 3.50 120 1123 

8 4.5 120 1.20 666 0.288 3.03 130 1296 

.6 5.5 130 2.5 500 0.451 2.75 140 1429 

5 6.5 140 4.00 400 0.577 2.2 150 1786 

6 4.4 140 1.8 400 0.26 2.2 150 1786 
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It is thus obvious that the· hot water temperature has to be chosen for 

each particular community dependent on its size, the length of the dis-

tribution system, and the interrelation between the pumping power and the com-

pressor input power •. 

Besides, we have to consider the degredation of the system with years of 

operation. 

Considering the above, for the purpose nf this report we are going to use 

the mean temperature from the preceding table, that is 120°F water which will 

·set the saturated discharge temperature at 130°F .. 

. ·i 
' . ! i~:: $. ' 

' . I '. ~~ ~ 
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1.4 REFRIGERANT INVESTIGATION 

Although the primary function of a refrigerant is. to remove heat, the 

choice of the refrigerant for a particular application is det.ermined by con-

sideration of all of i~s pro~erties~ 

Its flammability" toxic·ity, density, viscosity and availability are taken 

into account in. making the choice although its refrigerating capacity remains .. ;. 

the deciding factor. 

The Second Law of Thermodynamics, and the Carnot Cycle 

require that for a heat engine, heat be supplied from a high temperature source 

at as high a temperature as possible and be rejected to a low. temperature sink 

at a ~emperature as low as possible. This· would increase the area of temperature-

entropy diagram and thus increase· the work obtained from the peat engine. 

For the refrigeration cycle (or the reversed cycle heat engine), we are 

interested in reducing the area on the temperature-entropy diagram, that is, 

the work input. Consequently, the heat absorbed from the low temperature 

source should be achieved at a temperature as high as possible and rejected to 

the high temperature sink at a temperature as low as possible. 

Thus, according to the. Second Law,- for·the refrigeration cyc"te and consequent-

ly for the heat pump cycle, the evaporation temperature at which heat is ab-

sorbed should be as high as possible, and.the condensing temperature at which 

the heat is rejected should be as low as possible. 

As shown inthe temperature analysis (Section 1.3), the saturated suction 

temperature (SST) of the system was set at 20°F and the saturated: d_ischarge 

temperature (SDT) at 130°F. 

For any medium, the pressures are proportional to the temperatures and not 

-21-
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being able to control the temperatures any more, we shall look for a refri-

gerant having the condensing and evaporative pressures as close to one another 

as possible, that is, a compression ratio as low as possible. 

In other words, the most desirable properties of a refrigerant should be 

an evaporating pressure as high as possible and a condensing pressure as low as 

possible. 

Coup~ed with this, a ~ood refrigerant should have a high refrigerating 

·capacity; that is, a large latent heat at evaporator pressure. A h1ih refri-

gerating capacity, together with a low compression ratio, would necessarily 

lead to a low horsepower per ton refrigeration requirement which is the ul-ti­

mate goal in any refrigeration or heat pump system. 

In this study, R~ll, R-12, R-22, R-113, R-500, R-502 and R-717 were in-

vestigated for suction temperatures at 20°F and condensing temperatures of 

130°F. Single stage compression and two stage compression with intercooling 

between the stages were considered •. 

Generally, two stage compression was found to be more efficient, especially 

if the intercooling was done w~th water·rather than with thP. rP.frigP~ant. In 

the latter case; refrigerant liquid from the condenser is injected into the . . ' ~ . 

first stage discharge to desuperheat the gas. This increases the mass flow 

through the second stage of ~ompression, increasing the work or energy input 

to the secbrid stage. 

·However, R:..12 and R-502 show an opposite trend, namely that single stage 

compression is more efficient. The calculations are shown in Appendix lA apd 

were performed on certain assumptions like saturated suction conditions, 

isentropic compression and saturated l:f.quid in the condenser. The results are 

-22-
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summarized on Pages25-26, Tables 1.2 and 1.3. 

R-11 and R-113 were discarded as possible candidates because of very 

large suction volumes requiring very large displacement compressor~. Also, 

both have high compression ratios and very low evaporator pressures. Both 
' . 

are limited to centrifugal compressors and require multi-stage compression 

which is expensive. R-11 is more suited for water chilling than for ic~ 
. ~ . . 'j'' . 

making. In the case of R-113, it was found that the assumption of saturated 

suction conditions leads to discharge conditions in the wet region. To ob= _ 

tain saturated discharge conditions, a superheat of suction vapor would have 

to be assumed which was contrary to the assumption made in this study. 

R-717 has some desirable properties like a large refrigeration capacity 

and consequently a small ~ate of flow per ton, a small volume rate of flow 

allowing a smaller compressor displacement, smaller piping, and generally a 

smaller system. Cost is about 15¢ per lb (as opposed to $1.00 per lb for 

hydrocarbons). Finally, its odor makes it easily detectable in case of leak-

age which is not the case for other odorless refrigerants. 

The ANSI B9.1-1971 Safety Code and ASHRAE 15-70 put the R-717 in Group 2 

in the refrigerant Classification Section which classified the refrigerant by 

toxicity and fla~ability. Group 2 refrigerants are prohibited for use in 

direct systems, but are allowed in indirect systems in special machinery room 

(Class T), with some safety requirements. These requirements, however, will 

make the use of R-717 more complicated. 

The central plant in a community could very easily overcome the limitations 

.s~t by the Code,and thereby, benefit from the desirable properties of R-717, 

mentioned above. 

-23-
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R-502 was eliminated as its capacity is relatively low. Its COP .is also 

low and its use is limited to cases of suction temperatures below 0°F. This 

limit~d the study to R-12, R-22 and R-500 which were singled ouL for furthe1 

investigation. 

All three are non-flammable and belong to Group I of ANSI B9,1-1971 

Safety Code and Groups 5 and 6 of Urtderwriter's Laboratories Classificat~on 

(ASHRAE Fundamentals Pg. 253). Both cla~si.fy th~=!m as th~ leo:.st toxic rafri-

gerants. 

R-12, R-22 and R-500 were further studied for 35°F suction temperature 
0 . 

and 105 F condensing temperilture, that is, for con~itiN:r: encountered in 

~ standard air conditioning work (see page 2/a). 

This was done in light of the fact that in some cli~tic zoncc the ice 

generated during the winter heat pump operation might t:.ot be !:l..•:f:i.c.:::cnt to COYf'.r 

che summer cooling requirements and·some supplementary cocli.n~ ~ght prove oPces-

s~ry in the off electric peak perio4s dur:fnr. thC" cum:nc-_1 ro.C:r.tht-~. 

In such cases, the same ice making compresscr might be cc:·lled upon to 

operate under different conditions than ice making. Thus, the ref~igerant 

chos~n should be suitable for operation within.a range of 20°F to 35°F satur-
:·:;r· .. ; .. "_L<. : . . ':': . o o . 

ated.suction temperature and 105·F to 130 F saturated cischarge temperature. 

The calculations are summarized in Table · 1.3A on Page 27a •. 

It appears that for the ai~ co~ditionini range of oper.~tion, R~22 has the 

sMallest CFM/~o~ but its power requirement is somewhat iarger than that of R-500. 

For the ice making range, R-12 appears to be the best choice. Ice making is the 

prevailing consideration since it is the primary purpose of the compressor in. ic~ 

generating HP-ICES application. 
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TABLE 1.2 
SUMMARY OF ONE STAGE COMPRESSION PERFO~CE FOR. EVAPORATOR. 'tEMPERATURE OF· ~0°F AND CONDENSER TEMPERATURE OF 1300F 

PRESSURE REFRIGERANT FLOW DIS-

R8FRI- . PSIA COMPRE~SOR PER TON CHARGE 
TEMP. 

·GERANT . Ps . pd . RATIO . COP . HP/TON . LB/MIN* . CFM** . oF. 

R-11 4.35 38.67 8.9:1 3.80 1.23 3.37 28.6 148 

R-12 35.74 - 195.71 5.5:1 3.11 1.52 4.90 5.38 145 

R-22 57.73 311.50 5.4:1 3.08 1.53 3.49 3.27 180 

R-113 1.53 18.45 12.1:1 3.17 1.48 4,23 76.14 130 . . 

R-500 41.96 231.90 5.5:1 3.10 1.50 4.09 4'.61 150 

R-502 67.16 335 . .54 5.0:1 2.55 1.85 6.09 3·. 71 150 

. -

R-717 48.21 330.00 6.8:1 3.32 1.42 0.48 2.82 290 

--

Pi;. = Suction Pressure * THROUGH THE EV~PORATOR 

P0 = Discharge Pressure ** AT COMPRESSOR SUCTION 
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TADLE 1.3 

SUMMAR': OP Tiro STAGE cmfi>nESSION PERFORMA!iCE FOR EVAPORATOR 

TEMPERATURE 07 200F AND CONDENSER TEMPERATURE OF 130°P 

• ~ 

R E F R I G E R A. N T F'LOW 

COP ' UP/TON P E R -'ION 

LB/HIN ' CFM u 

FIRST SECOND FIRST - SECOh'U 
STAGE STACE STAGE STAGE 

INTER- INTER- INTER- INTER-
COOLING COOLING coo ING COOLING 

WATER REF. WATER REF. WATER REF. WATER 

].85 3.80 1..23 1.24 3.37 3,37 _3.37 28.6 1.14 -
J:.ll 3.06 1.52 1.5'4 4.90 4.90 4.90° 5.38 2.38 

3.24 3.14 1.45 t.5i 3.49 3.49 3.49 3,27 1.43 

- - - - 4.23 - - 76.14 -
3.14 3.08 ].50 1.53 4.09 4.09 4.09 4.61 2.02 -
2.49 1.82 );.85 1.90 6.09 6.09 6.09 3. 71 1.65 . 
3.57 3.39 1.32 1.39 0.48 0.48 0.48 2.82 1.14 

* THROUGII THE EVAPORATOR 

** AT CO.~ReSSOR SUCTION 

DIS -
Clt~RGE 
TEHP, 

Op 

REP. 

1.26 137 

2.45 138 

1.55 150 

- -
2.10 140 

1. 74 140 

1.26 208 
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The theoretical study was useful in narrowing do.w:n the range ·of possible 

choices ·Of refrigerants, in explaining the procedure probably follol.red by the 

.manufacturers themselves, in their choice of refrigerants, and., j.~ enabling any 
·: ~ ; . • . • "! \ •. 

reader of this report to better understand :the . underlying engineer.ing principles 

on which this report is based {see Appendix lA). 

l f . 

-

-27-



TABLE 1.3a 

COMPARISON. OF PERFORMANCE·PER.'I'ON OF REFRIGERATION 

Ts = 20°F/T0 = 130°F . Ts = 35°F/T0 = 105°F 
' ' 

RZFIUGERANT FLOl'J FLOW 

COP HP/TON LD/MIN. CFl-1/TON ·COP liP/TON LB/MIN. CFM/TON 

R-12 ' .3 ~ 11 1. 514 4.90 5.38 ' 5. 74 0.821 4.11 3.46 
'' 

n-22 3.08 1.53 3.43 3.27 5.78 0.816 2.99 2.14 
' ,, '' " ,, 

'! ,I 

R-500 3.1 1.:52 ·5. 09 4.61 5.82 0.810 .. 3.42 2.95 

tl2 
td 
I 

H n 
-..: t1j 

(I) 

td .. ~ -· 0 
4 
ttl n 
8 
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1.5 COMPRESSOR INVESTIGATION 

The performance of a Dunham-Bush E (HP) x 2516 screw compressor was in­

vestigated using R-12 and R-22, both at 20°F SST and 130°F SDT as well as at 

35°F SST and 105°F SDT, that is, fqr conditions suitable both for ice making 

and standard air conditioning application respectively. 

In both operating ranges, R-22 proved to be the superior of the two re-

frigerants producing a much larger tonnage (about 63% more) than the R-12 at 

a cost of 1% to 5% increase in liP/ton power input. (see Table 1.4) 

This result is in agreement w~th the refrigerant investigation in which it 
i . 

was found that the CFM/ton for R-22 is smaller than the CFM/ton for R-12. 

Thus, a given compressor displacement will circulate per unit time more R-22 

than R-12. 

0 0 . 
Likewise, .the performance of .the same compressor at 35 F - 105 F proved 

o· . . . 
to be better for both refrigerants that the performance at 20 ~. - 120°F which, 

of' course, was e~eGted. The result was also obtaineu.with.the refrigerant 

investigation. 

Table 1.5 confirms the above results fo~ centrifugal compr.~~~or.s.- It 

appears that ~-22 is thP. prefarred:rcfr.igerant for the entire range of opera­

tion suitable for ice making and air conditioning. Table 1.6 shows a com-
I 

parison of a centrifugal and a screw compressor. The comparison was limited 

to R-12, as the only full data available related to t~is refrigerant. Also, 

with the data available, the disch.arge temperature of the centrifugal com­

pressor was limited to 120°F and, therefore, the performance of the screw 

compressor was also evaluated at this discharge temperature. For the latter, 
·. 

. 0 
however, data were also available at 130 F and even higher temperatures. 
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REFRIGERANT 

CAPACITY 

TONS llTUiH 

275 3,300,000 

.4~0 5,~00,000 

•TABLE 1.4 

COMPARISON OF PERFORMANCE OF SCREW COMPRESSORS (TYPE E (HP) X 2516) 

DUlffi.\M-IlUSH USING R-12 AND R-22 REFRIGI·:RANTS. TABLES nASED ON 

s.s.T. .. 20°F 
S.S.T. 35°F 

S.D.T. a 130°F AND 
S.D.T. m 105°F 

(TABL3S ALSO BASED ON 10°F LIQUID SUBCOOLING & 10°F SUCTION SUPERHEAT) 

~, .· 

Ts a 20°F/TD •.130oF Ts .. 35°F/T0 ., 105°F 

' .. . . 

POI.'ER HEAT COOL- REFRIG.ERANT POWER HEAT 

REQUIREME'~ REJECTED INC CAPACITY REQUIREMENT REJECTED 

'HP HP/TON . BTU/H BTU/H c.o.P. TONS BTU/H HP' HP/TON BTU/H BTU/H 
; 

595 2.16 1,514,000 ·4,814,000 2.18 450 5,400,000 460 1.02 1,171,000 6,571,000 

,1025 2.28 2,609,000 8,009,000 2.07 735 8,820,000 760 1.03 1,934,000 10,754,000 

... 

n 
0 

0 

t"' ... 
z 
C'l 

. C.O.P. 

4.60 

4.56 
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At a lower suction temperature the centrifugal compressor performs slight-

ly.better, !>ut at suction temperature of 35°F, the performance of the screw 

compressor is superior. 

The centrifugal compressor, however, is not suitable for high discharge 

temperatures and the operation of the same centrifugal compressor within a 

range of 20°F to 35°F suction temperature is difficult to attain. The speed 

of the compressor would have to be re-adjusted each time a transition from· 

one suction temperature to another is made. 

This is an important consideration as a condition may arise where in the 

winter there is a cooling load.;· for example, in the interior zones, the 

heat pump might be called upon to perform simultaneous cooling and heating 

with the compressor switching over from 20°F suction temperature for ice mak-

ing to 35°F standard air conditioning. 

Reciprocating compressors are most efficient in small sizes, although 

they are suitable for operation over a wide pressure range. Inquires made 

with the manufacturers brought out the fact that reciprocating compressors 

are mostly manufactured up to stzes of 80 tons and not more·than 350 tons. 

Within the range of 200 ton - 1000 ton, the helical rotary compressor or 

screw compressor has earned its place in recent years, but above 1000 tons, 

' 
the centrifugal compressor is used. 

In our ice making ~pplicad.on we .~h.;~ll use tlie j,;cr:~:~w comprcooor. They 

are a new generation of compressors introduced into the refrigeration indus-

try in the late SO's; they earned almost instant acceptance. 

Screw compressors belong to the broad class of positive displacement com-

pressors. They are versatile and can be used for- all common industrial gases, 

-30-



HP-ICES PROJECT 

for air, for refrigeration and air conditioning, and for heat pump applications. 

They nperate stably over a wide range of .evaporating and condensing temperatures 

and a·re capable of operating high pressure. heads for all applications with th~ 

usual· high pressure refrigerants like R-12;, R-22, R-500 and R-717 • 

. ·The oil flooded helical rotary compre:ssors are mechanically simple with 

only ·two major moving parts - two rotating screws which turn at conservative 

speeds in an oil bath. The twin helicalrotors compress refrigerant gas in a 

purely rotary motion thus assuring a non-pulsating, uniform gas flow and even 

torque with minimum noise, vibration and wear. 

Compression is achieved by direct volume reduction with pure rotary motion. 

Variable capacity control from 100% down to 10% provides efficient part-load 

operation. The unique energy saving slide valve capacity control varies dis­

placement for efficient _part .·load performance and offers stepless capacity 

modulation in infinite stages down to 10% _of full load. This permits the com­

pressor to operate at the lowest KW input during part-:load operation. The 

slid.e valve precisely controls the amount of refrigerant gas to be compressed, 

matching output with demand and thus significantly saving the power expenditure. 

Capacity can also bl::! varied automatically with the variation of suction 

temperature, that is, by switching from ice making to ordinary air conditioning. 

This is one of the most important advantages that the screw compressors has over 

~entrifugal compressors. This alone would be sufficient cause to favor the use 

of screw compressors for our particular application. 

Moreover, with screw compressors the~e are no speed increasing gears, no 

elaborate inlet guide vane assemblies, no crank shaft and pistons, no suction 

and discharge valves, and practically no clearance volume. 
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High adiabatic and volumetric. efficiencies are achieved and the 

compressed gas is partly cooled by oil .which may result in the possible 

use of a smaller condenser. 

Size for size, the screw compressor is· one of· the smallest, lightest com:-

pressors on the market using far less space than any other equivalent capacity 

compressor. With no unbalanced forces, there is no need for costly foundations. 

Two stage compression can be accomplished without the need of interstage 

desuperheating. The low stage compressor can discharge directly into Lhe sue-

tion of the high stage compressor with a common oil separator serving both 

compressors. 

As for maintenance, the solid.steel screws practically never wear out. The 

smooth vibrationless operation with minimum working·parts assures efficiency of 

operation, no loss of capacity, performance throughout the life of the compressor~, 

aud the ability to stand up under long hours of constant use. 

Thus, there is no major mechanical maintenance to perform. during the normal 

life of the machine. The estimated time between maintenance periods is 50,000 

hours. The replacement parts are cheaper than those for a centrifugal or re-

ciprocating compressor. 
I~ i , ,• . ·~ .,.{ , ~ . ) } ' ' , ~ •i I 

From the above, the conclusion can be clr;:~~.m th~tt for our a!Jplicarion, we 

would be inclined to use screw compressors with R-22. 

The firiRl de-cision, however, will also depend on the opinion of compressor 

manufad:urers. 
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TABLE 1.5 

PERFORMANCE OF MPS SIZE 40 CARRIER CENTRIFUGAL COMPRESSOR 

WITH R-12 AND R-22 AT .20~F AND 35°F SUCTION TEMPERATURES 

' Capacity at · Capacity at 
20°F Suction 35oF Suction 

Refrigerant Temperature Temperature 

R-12 1480 tons 1780 tons 

R-22 2450 tons 3130 tons 

This comparison shows that R-22 has a larger refrigeration 
capacity than R-12 when both are used in the same compressor. 

''j· 
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TABLE 1.6 

COMPARISON OF PERFORMANCE OF CAJL~IER MDS SIZE 40 CENTRIFUGAL COMPRESSOR 

VS 2516 DUNHAM-BUSH SCREW COMPRESSOR USING REFRIGERru~ - 12 

SUCTION TEMPERATURE = 20°F . DISCHJ...RGE TEMPERATDKE = 120°F AND 

SUCTION TEMPERATURE ·= 35°F DI~CHARGE TEMPERATURE = 105°F 

ts = 20°F(To = l20°F ~ Ts ~ 35°1!/To. = 10S°F 

-Type of CO? COP 
Compressor HP/Ton Cooling HP/Ton Cooling 

Centrifugal 1.65 2.86 ~~-28 
---- ...... ~-- ---· --

Screw 1.80 2.(!Z !.03 4.57 
.___ 

. -;-34-· 
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1.5.1 PART LOAD COMPRESSOR PERFORMANCE 

a. Screw Compressor 

For the determination of part load performance, the data of leading manu­

facturers in the field were consulted. Among them were Dunham-Bush, Vilters 

Co., Freezing Equipment Sales (FES), Inc., Sullair Corp. and others. 

All use the same principle of capacity and load control. There is a 

slide valve in the rotor housing capable of moving back and forth in an axial 

direction. (See Figure 1.5 and 1.6) 

F~UH 1.5 

The movement of the valve is programmed by a control arrangement which is 

pressure or temperature initiated and hydraulically activated. 

When the compressor is fully loaded, the slide valve is in the closed po­

sition. Unloadine stArts when the slide valve is moved back away from the valve 

stop. Movement of the valve creates an opening in the bottom of the rotor hous­

ing through which suction gas can pass back from the rotor housing to the inlet 

port area before it has been compressed. 

Capacity reduction down to 10% of full load is realized by progressive back­

ward movement of the slide valve away from the valve stop. ln principle, eu­

larging the opening in the rotor housing effectively reduces compressor dis­

placement. Even though all the manufacturers use the same principle for capacity 
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control, the part load performance of screw compressor differs from manufacturer 

to manufacturer. 

In actual selection of the screw compressor type and model, its most likely 

part load range of operation should be taken into account and matched with a com­

pressor whose performance is best in the given range. 

In Figure 1.7 the full and part load performance of screw compressors manu­

factured by Dunham-Bush, Sullair Corporation and Freezing Equipment Sales are 

compared. 

At part load and down to 50%
1
the Duriham-Bush compressor requires less power 

input per unit capacity than at full load. From 50% load and down, the horse 

power per ton input is greater than at full load and tends to increase as the 

load becomes smaller. 

The Sullair compressor has a similar curve shape to that of Dunham-Bush, 

but the part load power input per unit capacity is greater than at full load, 

increasing with the decrease in load. At All part loads, it is greater than the 

corresponding power input fnr thP. Dunham-Bush ~nmprcGGor. 

The FES compressor has a greater power input at part load than at full load 

and a considerably greater power input than the corresponding power input for the 

compresso~of the other two manufacturers. 

Figure 1.8 shows the performance of a York centrifugal compressor. Down to 

30%, the part load power inp11t per unit capacity is less than at full luau and 

less than the corresponding power input for screw compressors. 
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TYPICA·L 

PART LOAD POWER INPUT CURVE 

Rotary Sca·e\N Compressor 

.: i . '! ~~;-'• 

100 I I I I ! I' krl! BASED ON CONSTANT. I, 
1- CONDENSING TEMPER· i 

ATURE AT PART LOAD i~ / ~~ / I .'l 
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· PERCENT SLIDE VALVE POSITION INDICATED 

FIGURE 1. 7 

DESCRIPTION OF CURVES (and Reference for Source of Information) 

Q). "FES" Rotary Screw Compressor ..;·Technical Manual 

@ "Sullair Corporation" - Selection Guide 

· @ "Dunham-Bush" Screw Compressor -:- Catalog II6043C 20°F 
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YORK CENTRIFUGAL ~OMPRESSOR 

·At part load operation the power per ton is slightly less than at full 

load operation. 

Thus, at 75% and 50% capa:city the power input is 70% and 40% of full load 

input respectively. 

However, as the capacity drops to 30% or 20% the power input per ton in-

creases. 

cr ..... 
~ 50 
CL 

PART LOAD OPERATION 

Ca . . designed or Panialload (ton~) 
pac•tv ratl? "' . rated capacity 

Best part ioad eltlr:lencv Is obtalni!'J witl1 ctutUn~<~tlc lni~: yulue 
v.;•)l! po~itiu•);,,g with i11<lnuel !PI!I!d rl!~t (A en cr.ertl. 

Other part load efficiency conditicns arl!: autcmatic ;,,, ·~ guide 
vane positioning together wi:h "u:omatic Sp:!ed ~ontrc: i5l. ,)r 

au.tomatic inle~ ·gu'ide vane positioning wi,h constant .:orr.pressc'' 
rpm (C). 

Figure 1.8 

At part load the centrifugal compressor is more efficient than the screw 

compressor. However, our operation is closer to full load operation, and 

for other reasons, specified in our compressor studies, we shall use s.crew 

compre.ssors. 

-38-



HP-ICES PROJECT 

1.6 ANALYSIS OF STORAGE MEDIA PROPERTIES 

Following is an evaluation of the properties of some storage media that are 

already being researched in the field. Table 1.7 below shows their main. proper-; 

.ties pertaining to thermal storage. 

TABLE 1.7 

Water 
Water C-14., C-:16 (Sensible 

Properties (Latent Heat) Paraffin Heat) 

Specific Heat (Btu/lb-°F) 0.936 1 

Heat of Fusion (Btu/lb) 144 71.1 

Density (lb/ft3) 55.4 48.0 62.4 

Storage Temperature Range 
(OF) 32 35-40 100-200 

Heat Storage Density 
(Btu/ft3) 8000 3412 6240 

Toxicity No No No 

Cost ($)/lb 0 0.05 0 

Corro~ion No No No 

Availability Plentiful Scare Plentiful 

Application Cooling Cooling Heating 

From the data given in the table it follows that water i.s the most suitable 

medium for cooling storage because of its high hea~ storage density (8000 Btu/ft3) 

and a temperature range suitable for cooling applications. It is also. the most 

_suitable storage medium for heating applicHtions. 
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Its availability is limitless, its cost is low, it has an appreciable 

specific heat, it does not require special vessels, it is safe to handle, it 

is easy to handle in a distribution network, and the technology of its use is 

readily available and familiar to engineers. The next storage medium, para~ 

ffin, has a very high cost and is not yet available in commercial quantities. 

Being derived from crude oil, its cost of production is likely to increase as 

the price of oil goes up. 

Its fusion temperature fall$ within the range of air conditioning cool­

ing applications, but its energy de~sity is about 2.4 times less than that of 

water. It contains .about 10% by volume of air entrained in it which effec­

tively reduces heat transfer. 

Paraffin requires containers made of special material and the use of 

plastic containers would have to be carefully investigated for the possibility 

of environmental stress cracking. 

Because of the rarity of utilization, there is not ~s yet any proven tech­

nulugy and established -engineering knowledge of its handling and util"ization. 

Although suitable for storage, paraffin is not suitable as an energy 

transfer medium, thus requiring special heat exchangers for energy transfer. 

In conclusion, it should be stressed again th?t: ?t the present time, 

water is the most suitable and efficient storage medium, for both cooling and 

.heating applications. 
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1.7 ICE GENERATING METHODS 

There are two methods of ice generation. In one, coils carrying chilled 

brine· at l50F ar·e immersed in the ice bin and ice is formed in the in::medi-
.. 

ate vi.cinity of the brine· carrying coi_!s ._. ~e ot_her meth_o_~ suggest.ed here 

·uses an "ice maker" which is a direct eipci.nsion evaporator over w!lich water 

is sprayed and is being converted into ice. 

- ·The- chilled brine system has a very low efficiency because ice has a 

low heat conductivity. In the process of ice making'- the ice·layers form­

ing on the surface· of the coils reduce heat transfer and thus imptde further 

ice formation.· 

This method of ice formation also requires many coils to be installed il; 

the bin. The. coils. cannot be. prefabricated, .only field :±nstalied, thus· in- · 

creasing the cost. 

Moreover, this system is not suitable for large scale applications be-

cause of maintenance problems involved, and, in the case of coil fracture, 

=he ice bin might have to be drained. This would cause pollution proble~ 

in the storm drainage system. 

However, the chilled brine process h~~ one advantage in that the ice 

that is formed is solid with no air spaces. This results in a higher energy 

density in the ice. 

A provision is made to harvest the ice~ that is, to separate it fro~ 

the plates and collect it in the ice bin. 

When the ice reaches a predetermined thickness on a plate, the plate is 

defrosted by passing hot refrigerant gas through it, thus melting the ice 

-41-
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around it. This detaches the ice from the plate, and it falls into the ice· 

storage bin. If the bin is not iocated at the same place where ice is gen­

erated, a conveyor is used to carry the ice into the ice bin. 

Usually, there are two ice kakers to each compressor so that one plate 

is defrosted at a time while the other, in conjunction with the compressor, 

continues to produce ice. With the ice maker method, the generation of ice 

is more efficient than with the chilled brine ('.~r.ry:i.ng coils, the afore-. 

mentioned reason of reduction in heat transfer between the brine and the 

water. 

The ice maker system being part of the mechanical room is easier to main­

tain, can be prefabricated, and modularly expanded. It could also be located 

remotely from the ice bin. The system also causes no pollution problems. 

The disadvantage of the ice maker operation is that the ice is not as 

solid as with the chilled brine method but contains air spaces in it. In­

stead of a·solid block of ice, we get a mixture of ice, air and water, which, 

in fact, decreases the density of the ice. This requires a greater volume 

capacity of the bin. 

The attached schematic (Fiiure 1.1, 1.3 . ) ('.OnvP.ys an idea of how ice 

is generated with the ".ice maker" method. 

l.B COMPONENT IDENTIFICATION 

The selection of the equipment has to be made after due consideration 

of the heating and cooling peak loads and monthly energy requirements. 
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Compressor 

The compressors sho.uld be· able to operate in winter time with a SST of 

20°F and SDT of 130°F and with as low horse power per ton power ,consumption 

as possible. In summer time, if there t.s need for supplementary cooling, 

the compressors should· be able to operate under s.tandard air conditioning 

conditions and with a performance competi.tive with that of conventional 

cpillers. 

The peak heat.ing load should be the· maj.or factor in compressor selec­

tion and in determining their total capacity since the heating will be 

generated right· at the time when it is re.quired. 

The system part load perfo·rmance should be analyzed to de·termine whether 

one, two or multiple compressors should be used to co;v:er the full and part 

load conditions. For example, if the system operat.es mostly near full load, 

one compressor is preferable but if part load conditions prevail, several 

smaller compressors might be preferable. 

For summer operation the compressors· need not mat·ch the peak cooling 

load,. since a. diurnal chilled water storage system is utilized. 

Condenser 

Since the refrigeration cycle rejects more heat in the summer time when 

the cycle operates under 35°F SST and 105°F SDT, the condensers should be 

sized for this condition. 

Evaporators 

The refrige·rant pressure drop in th~ evaporators., suction lines and 

valves· should be studied: to determine whether a direct. expans.ion or recir­

culation sys.t.em is. used. 
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Chillers 

Selected according to compressor performance at 35°F SST and 105°F 

·soT. 

Ice Makers 

The ice maker will be selected to use the. full capacity of the co~pres-

sors for efficient ice ge~eration, being, however, slightly oversized to 

account for intermittent operation~ Both plate and tube ice makers will be 

considered. 

Ice Storag~ Biu 

The ice bin size will be based on two criteria: either the cooling ·re-

quirements in the summer for colder locations or the ice generating capacity 

of the winter heat pUmp operation for warmer locations. 

The same criteria will govern the ice bin insulation: in the colder 

areas the ice bin will be uninsul?ted,while in the warmer areas the insula~ 

tion will vary with the climate. 

Also, to reduce the size of 'the· ice bin, the sensible heat .of the chill..: 

ed water will be used as a source.for the _heat pump. Thus, the chilled water 

will be first cooled, say,.fro~ 57°F down to 32°F and then converted to ice • 
• 

±n ~timmer, J~he chilled water.will be used until i~s temperature goes up 

Distribution System 

Conside~ing the community com,osition and its multi-purpose uses, !t may 

be necessary to supply cooling and heating at the same time. Therefore, a 4-

pipe system is necessary, and it will enable the heat pump to transfer heat 

from the area which is being cooled to the area which is being heated • 
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Hot Water 

Following the results of the analysis in Section 1.3, the hot water tem-
~ ... 

perature used will be 120°F with a A r = 30°F. 

Accord:i,.ngly, an air system will he us~d,as the hot water temperature is 

too low for-radiators or convectors. 

Chilled Water 

_ . The chilled water will come from the ice bin and its temperature-will be 

mostly 32°F. After the melting of the ice, the temperature of chilled water 

will be allowed to go .up to 57°F. The cooling coils will have to be sized 

for the highest temperature of the chilled water. 

Domestic Hot Water 

The domestic hot water system will be based on local heat exchangers 

with the heat supplied by the distribution system. 110°F is the maximum 

domestic water temperature attainable with a heating water supply tempera­

ture of 120°F. 110°F is considered adequate for most domestic usage. If 

higher temperatures are required for process use, supplementary heat will 

have to be provided. 

1.9 HP-ICES MODES OF OPERATION 

The nature of the HP-ICES renders it very f.easible for operation in 

several modes. Since the system is designed to supply all the heating, do­

mestic hot water and cooling requirements all year round,-by the utili­

zation of the heat pump during the winter for_cooling in suunner, the basic 
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mode of operation becomes the winter mode. 

Besides the basic winter mode, the system has five additional modes of 

operation to accommodate the co~unity requirements at any time. All this 

accomplished with maximum efficiency attainable. 

•· '< 

1. Basic Winter Mode 

When only heating is required and the ice storage temperature 

is above or equal to 32°F, the control center will set the 

(SST) Saturation Suction Temperature at 20°F and (SDT) Satu-

ration Discharge Temperature at 130°F. Also, it will energize 

the compressors to generate hot water at 120°F and ice for star-

age and will let the hot water pump circulate the hot water 

through the community network. 

When both heating and cooling are required.and the water storage 

. 0 . 
tt!mperature in the bin is above or equal to 32 F, the control ocntcr 

will set one of ~he compressors at SST = 35°F and SDT = 130°F, and 

the other compressors at SST - 20°F and SDT - 130°F. The system 

ih ~his case, will generate.hot water to be distributed through 

the community network, chilled water with one compressor to ac-

commodate the cooling required, while the ;remaining c.omprPssors 

kill continue to generate ice for st6~J~e. 

3. Summer Basic Mode 

When only cooling is r~quired and the water temperature in the 

storage bin is between 32°F and 50°F, the control center will 
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energize the ice storage circul~tion pump and will let the 

chilled water circulate through the community network. 

4. Summer Second Mode 

When cooiing and heating are required and the ice storage tem­

perature is between 32°F and 50°F, the control center will set 

one of the compresso~at 35°F SST and 130°F SDT and will let 

it generate the hot water requi~ement for the community. while 

generating chilled water. If more chilled water is required 

it will be supplied from the ice storage bin. 

5. Summer Third Mode 

When the ice storage temperatur~ increases above 50°F and there 

is low demand·for cooling by th~ community (mainly during summer 

nights), the control center wil~ set the compressors at SST~ 

35°F and SDT = 105°F to generate chilled water for storage to be 

used during the following day with heat rejection to the cooling 

towers. 

6. Summer Fourth Mode 

When only cooling is required and the ice storage temperature 1~ 

above 50°F (insufficient to satfsfy the community cooling require­

ment), the control center will $et the compressor at SST= 350F 

and SDT = 105°F, letting them generate enough chilled water to 

satisfy the demarid with heat rejection to the cooling towers. 

The ice generating HP-ICES could also operate with some other modes. 

These could be worked out according to the community's requifement by the 

control center as a combination of some of the above modes • 
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2. POTENTIAL APPLICATIONS 

2.1 INTRODUCTION 

Because the system uses the heat generated by the ice making 

process in winter and sto~es the ice for cooling in the summer, the annual 

efficiencies indicate excellent potential applications. Even if the loads 

on the system are not perfectly balance~ it can still save energy since 

any ice stored saves energy otherwise ne~ded for a chiller operation during 

the summer. The following are the opportunities of the HP-ICES; 

a. High annual overall COP. 

b. Reduction in peak electrical demand 

c •. Reduction in electrical energy consumption 

d. When both heating and cooling are ~equired the economics are 

greatly enhanced 

e. The availability of equipment · 

f. High energy density per unit volume of storage. 

g. Flexibility.of the system (suitability of the system to operate 

in various conditions) 

h. The larger the ice storage bin volume the lower the relative 

heat gain and the lower the cost per unit volume. 

i. Multiple compressor application allows greater efficiency in 

part load situations. 

j. The control system can be made more so.phisticated making 

the equipment more responsive to environmental changes and 

conditions •. 
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k. Large storage volume allows reduction in sizeaf equipment 

1. Building structure could be utilized as storage. 

m. No environmental problems on site (some additional air 

or water pollution problems could be created at the 

generating plants, but these plants are usually equipped 

with sophisticated means to deal with such problems). 

n. Reduction in size of equipment due to load diversity and 

due to a centralized system. 

o. Reduction in maintenance and labor cost. 

p. c~ntralized HP-ICES Will bring down the cost per unit 

energy for the custo~er. 

It is also important to examine where the system becomes less effective. 
. ... ·····-·-··-- ...... . .. .. 

The following are the shortcomings .and difficulties in the use of the HP-ICES: 

a. Equipment not specifically designed for this concept may have 
to be used. 

b. Lower COP at low saturated suction temperature for ice 

making. 

c. Heating and cooling loado profiles arc not always compatible. 

d. Large storage volume required. 

e. High first cost. 

f. Many building trades and di&cipline& are involved. 

g. Relatively low hot water tempel·ature l."eqlliri:!!s a large 

distribution network which incurs. a high first cost 

and results in high .pumping power. 

h. Community distribution network will cause high losses. 

i. · The chilled water system will be an open system causing 

additional hydraulic problems. 

j. Customer billing problems. 

k. Expert maint~nance crew required. 
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. 2 .• 2 THE ENERGY .BALANCE FOR HP-ICES 

. -~·-· 

Undoubtedly load balance is the most critical element for efficent 

operation. The ideal situation would be to have .the heat pump provide 

all the heat required during the winter b~ generating exactly enough 

ice to cool in the summer. Extremes to e~ther side negate the desirability 

of the annual storage cycle. If too much heat is required, ice generated 

and stored would require some sort of auxiliary heat .source for melting. If 

the cooling load is too large, then the stored ice. would .often be in-

sufficient and conventional cooling would reduce the savings in energy. 

EssentiallJ two conditions determine this: the climatological 

conditions and the composition of the co~unity. 

2.2.1 Sensitivity to Climate 

The climate's role essentially is that the further north the greater 

the heating load and the smaller the cooling requirements . Going south 

the reverse is true. To examine this eff~ct, the thermal load conditions 

for the Market Square Complex were developed and then shifted to various 

points in the country. 

MnrltctSquarc Complex in WasMngton, D.C. 

This project, being developed by the Pennsylvania Avenue Re­

development Corporation, is situated on Pennsylvamia Avenue and consists 

of approximately 1,300,000 square feet ab;ove grade and 900,000 below. 

It was selected because of the functional diversity iil the program 

calling for 56% residential area, 13; retail department stores and 

offices, and about 30% of national archives and community storage above 

ground. The remaining 900,000 square feet below grade are devoted entirely 

to national archives. 
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Situated between 7th and 9th Street, the Market Square Complex forms the 

focal point of the entire proposed.Pennsylvaina Avenue Development proJect. 

It is conceived as an integrated major city project containing multi-use 

facilities incorporating energy conservation techniques and load manage­

ment concepts. (See Appendix 2A) 

The following tables summarize the load as shifted to different 

locaLluul::l in the Un1teci States. 
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TABLE 2.1 

DESIGN CC)NDITIONS FOR SELECTED LOCATIONS 

Equivalent· 
. Sum1ner Daily F1,1ll load 

Winter Design Temp Hours Heating 
Desigg· Temp F Range EFLll Degree 

Locations Latitude Temp F DB WB Sununer Cooiing Days 

St. Petersburg FL 28° 42. 91 80 17 1500-2700 683 

Ne\v Orleans, LA 300 35 91 ··8o 16 1400-2800 1385 

E1 Paso, TX 320 25 98 69 27 1000-1400 2700 

I 

City, 35° Vl Oklahoma OK 15 97 77 23 1100-:-2000 3725 "' .. 
I 

. Corpus Christ~, TX 28° 36 93 80 19. 2000-2500 914 

Denver, co 40° 3 90 64 28 400~ 800 6283 

Chicago, ;fL . 42° 1 92 76 20 500..-lOOQ 6639 

Washington, DC 39° 19 92 77 18 700-1200 4224 

... :New York, .NY 40° 1!; 91 76 17 500-1000 4871 

Boston, MA 42°. 10 88 74 16 400-1200 5634 
~ 

Minneapolis, MN. 45° -10 89 75 22 400- 800 8382 

Seattle, WA 48° 32 79 65 19 400-1200 4424 

Rapid City, SD 44° -.6 94 71. 28 000-1000 7345 

' ·oes Maines, IA 41°30' -3 92 77 23 600-:-1000 . 6588 
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TABLE f·2 

ANNUAL ENERGY REQUIREMEi~TS FOR COOUNG 

Equival!.ent 
Full load 

BTU x 106 Location Tons Hours (EFLH) Ton-Hours 

st. Petersburg, PL 3~42 2100 7,228,200 86,738 

New Orleans, LA 3450 2100 7,245,000 86,940 

El Paso, TX 3462 1200 4,154,400 49,853 

Oklahoma City, OK 3219 1550 4,989,450 59,873 

Corpus Christi, TX 3452 2250 7,767,000 93,204 

Denverr co 2245 6010 1,347,000 16,164 

I Chicago, IL 3120 750 2,340,000· 28,080 
. 0\ 

0 
I Washington, DC 3205 950 3,044,750 36,537 

. New York,. NY 3100 750 2,325,000 27,900 

Boston, MA 2937 800 2,349,600 2_8,195 

Minneapolis; MN 30_36 600 1,821,EOO 21,859 

Seattle, WA 2233 BOO 1,786,400 21,437 

Rapid City, SD 27-25 900 2,452,500 29,430 

Des Moines, IA 3206 800. 2,564,800 30,778 



TABLE 2.3 

ANNUAL ENERGY REQUIREMENTS FOR HEATING 

Location 
Design 
•r-.empera ture °F 

St. Petersburg, PL 42 

!New Orleans,, LA 35-

IEl Paso, TX. 25 

~Oklahoma City, -OK 15. 

Corpus Christi, TX 36 
I 

()'\ 

3 t-' Denver, co 
I 

Chicago, IL 1 

\vashington, DC 19 

. New. York, NY 15 

... , ......... ·Boston,. MA· =· • 10 

Minneapolis, MN -10 

Seattle, WA 32 

Rapid City, so -6 

Des Moines, IA -3 
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Degree~Days 

603 

1385 

2700 

3725 

914 

6283 

6639 

4224 

4871 

5634 

83~2 

4"4i4 

7345 

6588 

Peak Heating 
Load(BTUH) 

6,998,000 

8,845,000 

·11,481,000 

. 14,213~000 

8,580,000 

17,706,000 

18,232,000 

13,063,000 

14,213,000 

15,672,000 

21,416,000 

9,635,000 

20 126.1 1000 . 

19,423,.moo~· 

. Annual 
Energy 
Requiremgnts 
B'l'U x 10 

. 4 ,412 

8,909 

17",302 

23,974 

·!?,882 

41;076 

43~350 

27",026 

31,350 

36,536 

55,234 

28,417 

48,279 

43,265 
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TABLE 2 .•. 4 ANNUAl ENERGY REQUIREMENTS FOR DOMESTIC HOT WATER/MILLION BTU 

(Data Developed From Appendix A-2) 

Location. Winter Summer Total. 

St~ Petersburq, ?L 3534 4154 7, .-()88 

New Orleans, LA 3283 -3682 6, 965. 

El Paso, TX 4758 . 3182 7,940 

Oklahoma City, OK 5115 3885 9,000 

I Corpus Christi, TX 
"' 

4115 3823 7 ,·938 
N 
I 

Denver, co 8285 2217 10,502 

Chicago, IL 8002 2918 :10' 920 

Washington, DC 6062 3149 9,211 

New York, NY 6888 4095 10,983 

Boston, twlA 7541 2652 10,193 

Minneapolis, MN 8278 2112 10 '390-

Seattle, WA 8294 2241 10,535 

· Rapid City, so •8252 1857 10,109 

Des Moines, IA 7044 2422 .9,t166 
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TABLE 2.5 

HEATING AND COOLING ANNUAL ENERGY BALANCE 

. . 
Location Heating Energy Winter Total. Heat- Heat Pump Energy Insufficiency Supple-

Requirements DHW Energy . ing Energy Cooling .Requirement in Ice For mentary 

6 Requirements Requirements Capacity . for Cooling Cooling · Heat For 
Btu X 10 Btu x 106 Btu x 106 With ···--Btu x 106 Btu X 106 Ice Melt-

COP 3.2 ing 
106 Btu X 106 Btu x 

St. Petersburg, FL 4412 3534 7946 . 5463 86 '738 01275 

New Or lea.1s, IA 8909 3283 12192 8382 86,940 .78558 .. 

El Paso, TX 17302- 4758 22060 15166 49,853 34p07 

Oklahoma City, OK .23974 5115 29089 19999 59,873 39874 

Corpus drristi, TX 5SB2 4115 9997 6873 93,204 86331 
I 
o-

41076 Lo.: Denver, CO 
I 

8285 49361 33936 16,164 17772 

Chicago, IL 4335B 8002 51360 35310 28,080 7299 
".l-...-'!.: 

Washin9ton, CC 27026 6062 33038 22748 . 36,537 13789 

New York, NY 3135C 6888 38238 26289. 27,900 1611 
.. 

Boston, MA 36536 7541 44077 30303 28,195 2108 

M:inneapolis, MN 5523'= 8278 63512" 43665 21,859 21806 

Seattle, WA 28417 8294 36711 25239 21,437 3802 
::-

l~pid City, so 48279 8252 56895 39115 29,430 9695 

Des fuines, IA 43265 7044 50309 34587 30,778 3309 
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Based on Table 2.5 the following listing was constructed. In it, the 

various cities are ranked in order of closeness to absolute load 

balance as indicated by our calculations. 

TABLE 2.6 SUPPLEMENTARY COOLING & HEATING REQUIRED 
· Supplementary 

City 

New York, NY 

Boston, MA 

Seattle, WA 

Des .Moines, IA 

Chicago, IL 

Rapid City, SD 

Washington·, DC 

Denver, CO 

Minneapolis, MN 

El Paso, TX 

Oklahoma City, 
I, I 

;NP.\.7 Orlean~, LA 
! 

St. retersLuq~, 

Corpus Christi, 

OK 

FL 

TX 

Insufficiency Heat Required 
in ice for For Ice ~elting 
Cooling .. BtuXl06 BtuXlO . 

1,611 

2,108 

3,802 

3,809 

7,299 

9,685 

13' 789 . 

17 '772 

21,806 

34,687 

39,874 

78,558 

81,275 

86,331 

t.; 

1) ASHRAE H~ndbook & Product Directory 
·(1976 System p 43.2- 43.6) · 

2) Extrapolated from Magazine 
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(1) (2) 
DD DH 

. !feating · .. Co_?]:_iEA.,_. 

4871 3,000 

5634 2,500 

4424 213 

6588 4,211 

6639 3,100 

7345 4,100 

4224 4,200 

6283 4,055 

8382 2,500 

2700 6,000' 

3725 11 '200 

1385 9,50G 

683 10,500 

914 12,000 

I . .. 
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Based on this table the following preliminary assessments were made: 

Outside of the following range& the applicability of the system is drastically 

reduced: 

Heating Degree Days 2,000 and 8,000 

Cooling Degree Hours - 2,000 and 9,000 

The following maps present these zones. 
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In making these assessments the following qualifications have to be 

stated and cannot be over emphasized: 

1) The climatic conditions presented on the maps are general and in 

investigating a specific location the exact climatic data for the 

site should be used. 

2) While the dividing lines presented on the maps are very distinct 

it should be realized that in fact the impact is actually 

graduated. The lines were selected based on a first analysis 

of where the climatic conditions begin to take on significance. 

3) The climatic conditions ~rP. only one factor to be considered 

and that there may be various other factors which offset an 

otherwise bad climatic impact. For example, if a heavy heating 

requirement existed year round (e.g. DID~ for restaurants), it 

may provide sufficient ice generation for cooling in a climate 

otherwise too hot. 

To summarize, the further north,the more supplemental heat required co 

melt ex cess ic~ while the further south~the more supplementary operation of 

. - .. . - . 
a chiller required to overcome a cooling d~ficiency. 

The deficiency in cooling energy in southern areas could be reduced, 

however, by generating domestic hot water in the summer with the use of the 

* heat pump operating with a COP of 3.79 . 

For th.e Ne\v York area this would do away entirely with the deficiency 

in cooling energy. For the northern areas, the excess ice would permit the 

use of uninsulated tanks·, but, in addition, solar panels would have to be 

used to melt this excess. 

In the case of Booton, the surplus of ice is small and rhP l~rk of ice 

bin insulation would suffice to melt the small excess ice. 

*nunham-Bush Screw Compressors at 35°F SST and 130°F SDT. 
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Thus, New York and Boston are two locations where the heating and 

cooling energy requirements approximately balance out, with New York 

requiring a sm~ll amount of additional cooling energy produced .. with 

domestic hot water ·in the summer and Boston requiring the melting of a 

small. amount of ice which can be_a~complished with the .omission of iLsula-

tion. 

The dividing line is thus 40° to 42° latitude, or the 4871 to 5634 

degree day range, with latitude below 40~ and below 4871 degree day 

requiring supplementary c.ompressor work in the summer, while latitude above 

426 and above 5634 degree days, including Denver and Seattle, requiring 

supplementary heat in the winter to melt the excess of ice. 

As for the ice storage bin, its size is governed by tlvO distinct 
' 

factors depending on the latitude. Thus, for the southern lati.tudes the 

ice storage bin size is governed by the ice genera.ting capacity of the 

heat pump winter operation, while for the northern latitudes the size 

is governed by the cooling energy requirements. 

The above resu~ts are emphasized iri the attached graph (Fig 2.3). 
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The. ice storage bin volume versus latitude curve (Fig. 2.3) shows two 

distinct straight lines, one sloping upwards from the lower latitudes 

up to ab~ut 40°, and the other sloping downwards from about 42° latitude 

down towards higher latl.tudes. 

The first .upwards sloping line reflects the fact that from the lower 

latitudes up to about 40°, the volume of heat pump generated· ice depends 

on the heating requirements, and connected with it, the ice producing 

capacity of the heat pump. These incr~ase with latitude. This is the 

region of cooling deficiency ·where the ice volume is governed by the 

heating requirements. 

From 40° latitude and up the higher latitude& the ice storage 

volume is governed by the cooling energy requirements alone, as there 

is too much ice produced by the. heat pump· winter operation. This is the 

region of surplus ice generation, and the graph slopes downwards indi-

cate that the cooling requirements for summer drop as the latitude 

becomes higher. 

The graph of compressor supplementary work slopes down from the 

-
lower latltudesto about_4oo, indicating ~hat in this region there 

is a deficiency· in cooling which is larger at lower latitudes but 
.. 

decreases towards higher latitudes. 

The last graph concerns supplementafy heat and it starts from 

about 40° latitude and slopes upwards towards the higher latitudes. This 

is the region of surplus ice generated by the ·winter heat p~p generation 

and requires the surplus ice to be melted by supplementary heat. The up-

ward slope indicates the fact that this supplementary heat requirement 

increases with latitude. 
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The graphs of supplementary fOmpres~or work and supplementary heat. 

required were superimposed on the graph of ice storage bin vol~e. This 

was ~one on purpose as important conclusions can be drawn from this super-

imposition. 

For the lower latitudes, the ice storage volume line represents t11e 

cooling energy generated by the heat pump winter ope::-ation where .the e"-a-:-gy 

is not sufficient to cove::- the s~er cooling requirements and supple~entary 
.. 

compressor work is ~therefore necessary. Thus, the su: cf tee ordinates 

o,f the two graphs modified by suitable proportionality _f.accQrs ;:epresents 

the tota+ cooling requirements in the summer for each location in this 

region, (latitude 28° - 400) 

· On the other ha~d, for the upper latitudes (42° - 48°) the ice 

. sto::-age volume represents the st.!l!!::er cooling. requir~eri:ts of each location· 

in the ::-egion and reflects a certain amount of heati~g (obtained by.~ 

multiplying of the cooling requirements by ~·; ), done by the heat pump • ... 
The supplementary heat required likewise reflects a certain amount of heat-

ing performed by the heat pump (similarly obtained as above) •. Thus, 

the s~ of ordinates of the two graphs, to a certain scale, represents 

the total ·heating requirements of each location in the region. 

To emphasize again - in the lower latitudes the sum of ordinates 

of ice volume and compressor work yields, to a certain side, the tot~l 

sumcer coolir.~ requirements for each location, while in the upper lati-
. \ 

tuces the sum of the ordinates of ice volume and supplementary heat yield 

the total heati~g requirements for each location. 

As for the domestic hot water energy requirements, for the southern 
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locations it ~11 be produced both in sumoer and winter with the heat 

* pump operating with a COP of 3.2 in ~~ter and COP of 3.79 in summer. 

For the northern latitudes the winter domestic hot water require-

ments will be produced by the heat p~p operating ~~th a COP of 3.2, 

while in the summer. the domes~~c hot wate,r will be produced py other . ; . . . 

means. 

The dotnestic.hot water energy requiret:~ents represent·a sizable. ::::~c-u:lt 

of the _heating energy requirements. As far as domestic hot water i~ con­
·: ·i: . 

~ i . - .~~ 

cerned the 14 chosen locations can be diyided into 3 distinct crcups: 

1). Latitudes 28°- 30°, degree days 683- 1385, where the. 

domestic hot water requirements either exceee or constitute a 

2) 

3) 

very large percen~age of h~ating energy requi~ements, 

latitude 32° - 400 (with the excepti~n of Seattle) degre~ 

days 2700 - 4871. where the domes·tic hot l<Yater_ const::tutes 

34% to 46% of tlie heating energy requi~ements, and 

latitude 42°.- 480 (with the exception of Denver) where the 

domestic hot water requirements constitute 19% to. 28% of 

the heating energy requirements. 

These results are depicted in the following table: 

TABLE 2.7 

Location Latitude Degree Days % of Heating___ 

Gro•1p l 

St. Petersburg. FL 683 UHW exceeds heating 

Corpus Christi, TX 914 Exceedf? 

New Orleans·, LA 1385 80% 

* Dunham-Bush Screw Compressors 200F SST, 130°F SOT 
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Table 2.7 Con't 

Location Latitude Degree Days % of ·Heat~ng. 

Grou:12 2 

El Paso, TX 32° 2700. 46% 

Oklahoma City, OK 35° 3725 38% 

Washington, DC 39° 4224 34% 

New York, NY 40° 4871 35% 

Seattle, WA 48° 4424 37% 

Grou~ 3 

Chicago, IL 42° 6639 26% 

Boston, MA 42° 563/1 287. 

Rapid City, SD 440 7343 21% 

Des Noines, IA 42(.1 6588 22% 

Minneapolil=>, I.vlN 45° 838~ 19% 

Denver, co 40° 6283 . 26% 
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2.3 COMMUNITY COMPOSITION 

Equal in importance to the load balance are t~e community characteris-

. tics. Different ca~~gor~e~ ~f J_and use (i.e r resiqential, coiJ)lllercial., in­

stitutional, and industrial) each have different thermal characteristics 

which affect the load on the system. The load peaks vary in type (i.e • 

. heating or cooling), time of day, and season of·year. 
~ • ' t • ! : ,. i i i ; 

To examine this factor, simple energy requirements for heating, DHW, 

?nd cooling were developed for three types of buildings in Boston. The 

loads were derived from Boston Redevelopment Project, Park Plaza - Energy 

Report June 1975 by Dubin-Mindell-Bloome Associates and a theoretical com-

munity of 10 million square feet was assumed. The requirements were then 

adjust~d f~r the climatological_ differences of three other cities in the 

U.S.: Minneapolis, MN., Seattle, Wa., and Oklahoma City, OK. Using the 

energy required for space heating and domestic hot water as the determin-

ing factor, net requirements were _derived for each type in each location. 

Positive numbers indicate an excess of ice being generated during the win-

ter while the negative numbers indicated the insufficiency of ice for sum-

mer cooling requirement and therefore need supplemental compressor work. 
i 

Table 2.8 summarize the findings. Figures 2•4 to·2•7 present this same 

data, graphically demonstrating the relative loads of each type of build-

ing frnm 0% of the community to 100%. These graphs can also give quick 

vi.sual:i.zation of the combinations possible. In most locations the resi-

dences were on the side of the graph indicating excess ice,·while the office 

and retail were on the side indicating insufficiency. The.example given in 

Figure 2•4 shows how 6 million SF (60% of 10 million SF) 9~ residential space 
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can be offset by 7. million SF of office space (70%) plus 8.5 million SF of 

retaiL space (85%). This is only one possibility of the many feasible. 

If each category of land use type is examined, the following obser-

vations can be made: 

1) Residential 

Single Family, Low Rise Apartment Building, High Rise Apartment 

Building - In all cases the residential HVAC load would primarily 

be during off-peak hours. Use of domestic hot water is greater 

~ompared to most other building types. The cooling load is a 
f 

small percentage of the annual energy requirement. 

2) Commercial 

Office Building, Retail Store, Recreation 

Office building and retail store - load during normal working hours, 

heavy for both h~ating and cooling. OJflce bUildings generally have 

some cooling year round. Recreational .essentially a non-work hours 

load and mostly space conditioning. However, there may be other 

heavy loads such as domestic hot. water year round for restaurants. 

I Rased on obscrvotions :in· An Assessment of the Potential For 
. •I ; .· . . •. . 

District Heating In Four Major Eastern Cities, Argorme National 
Laboratory Revurt ANL/ ICES-TM-11~ prepa.~ed·:ob-y .. Energy Systems 
Research Group Inc., Aug• 1978. 

II A Test Case!.For The Potential Applitntioh of DisLrk'C Energy 
s·ysi::~s Using Thermai Energy .Cogenerated At Existing Electric 
Power Plants D .J. Sailtini and A,: f.,. D<:i,y is, Argonne National 

·Laboratory Report ANL/ICES-TM-13, January 1978. 

TTT Performance Report For The ACES Dem.onstration House August 1976 
tl1rough August 1977 by Eugene C. !·lise, Oak lU.dge National Labora­
tory, Page 17. 
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3) Institutional 

School, Museums, Church, Hospital-

School - peak hour operation for the ~ost part and high ventilation 

-rates that are required by code~. Annually the· co9~iipg 1qad i~ 

less because of fewer pupils i~ school during the summer. 

Church, Museum - lesser demands at off-peak times especially week-

ends. Hospital - intensive cser similar to ,higq .t:Is,e re.s;den~ia,l 
. . • . ' ~ j • . ; • :. ~ ~ 

phase, the.characteristic of a co!I!!!lercial load super-imposed be-

cause most hospital ·functions are carried on during .peak day hours. 

4) Industrial 

Light Ma~ufacturing, Warehouse, Garage -

In all of these categories the load would probably be for space 

heating and cooling. It may follow the ~oLk schedule or be con-

tinuous such as in a refrigerated warehouse. 

2. 4 POTENTIAL ENERGY INPUTS FOR ENERGY REQUIRDfENTS 

The grapl-.s:in Figure 2.8 represent the required .electrical.energy input: 

in kWh t.o. ootain a certain <imount of coo,ling and heating, of heating alone 

and cooling alone. 
6 . 

To obtain lOOxlO Btu of cooling and heating 

100,000.000 
5.4 X 3413 

= 5426 

The COP's for heating and cooling used were 3.2 and 2.2 respectively, hence 

the overall COP = 5.4. 

The application of HP-ICES to obtain heating and cooling was already 

shown energyvise to be more efficient than producing the same amount of heat-
. -

ing and coolin.g by c;onventional means. 
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TABLE 2-8 ~AL ENERGY REQUIREMENT FOR 
FOR RESlDENTIAL·AND ·coMMEPCIAL'SECTORS .. 

.(Bt~l ~- .105)-
COMMERCIAL 

RESIDENTIAL RETAIL OFFICE 

Boston Space 79.12 53.77 53.84 HTG 

DHW 9.00 2.00 3.84 

Total 88.12 55.77 57.68 HTG 

Total · 
10.20 70.56 48.00 Cool 

.. ... 

.Net l::nergy + 50.38 Excess 32.22 Ice 8.34 Ice - -Req. Ice Defi- Defi-
ciency c:iency 

Minneapolis Space 
117.71 80.00 80.1 HTG 

DHW 9.00 2.00 3.84 

Total 
126.71 82.00 I 83.94 

HTG 
' 

Total 7.68 52.92 I 57.71 Cool 

Net Ene-:gy + 79.43 
Excess 

I 3.46 Excess + 21.71 
Excess + Reo. Ice Ice Ice 

seattle Space 62.13 42.22 42.28 HTG 
--~··-· ----· 

DHW 9.00 2.00 I 3.84 

Total 71.13 44.22 46.12 
HTG .. 

Total 48.90 70.56 48.00 Cool 

Net Energy 38.70 Excess 40.16 Ice . 16.29 Ice + Ice - Ddi- - Defi-Req. 
ciency . ciencv 

Okbht:~rna Space 52.31 35.55 I 35.60 
City HTG 

DHW 9.00 2.00 I 3.84 

Total 61.31 37.55 39.44 
HTG 

Total 
Cool 20.4 136.80 93.00 

Net Energy Excess Ice Ice 
+ 21.75 Ice - 110.98 Defi- - 6.5 .88. Defi-Req. 

ciencv ciency 
r--

-78-



fig. 2 ·4 

BOSTON 

Exa1nple 

-79-

HP-ICES PROJECT 

f + ! 
ti 

;ro;'.. 
OF"Fl~ 

~-if->.IL 

0 

-
..1 

I ·~ 
t ·~ 

~ 



:-10 

.J 

~ 
z 
~ -30 

fig. 2 ·5 

MINNEAPOLIS 

fig. 2·6 

SEATTLE 

-80-

HP-ICES PROJECT 

:~rAIL-

;otf'~ 

~-;-.· 
~--.:._ __ 

·.~\GE. 

'R.E=rAIL~ 



-t-10 

-10 

':! -o 
)( -~ 

~ 
~ -~0 
2 
~ 
:J -70. 

~ 

-1'?0 

fig. 2·7 

OKLAHOMA CITY 

-81 ... 

HP-ICES PROJECT 

'• 

.f 

Jod'/o 

,. 

~A\L-



HP-ICES ~ROJECT . 

1~, O,CI I 

I 2,
1 

t)()O 

II, t}CJIJ 

It),()/)() 

'I I}()() 
D, t/l'IV 

,.. 00, ,, . 

(,,()00 

I 

~ 
?,(}00 

4,0tJO 

1000 

z,OtXJ 

I, (}(Jt) 

I: 
l .·. 

/0 'iD toO 1/0 IZ.O 

t-'1\LL\ON BTU 

fig 2·8 Electrical Energy Input Required To Obtain: 

1. heating and cooling 

2. heating only 

3. cooling only 

-82-. 



HP-ICES PROJECT 
g<ijK-WH 

400 

·--rci:-/K.WH 

4 ct. )eN~ 

~ 
'uo 

.....1 
-1 

~4/¥-Wl4 ~· cs. 
. I"JO 

. 10 40 ?0 ~ 70 'to /00 

MILLION BIU 

fig 2·9 Energy. CQst .f~r Heating and Cooling. as= a: Function 
!'; ... \ •• ' . 

of Electricity Cost 

-83 .. -



HP-ICES PROJECT 

e4/KWH 

1,000 

.. 74/IQN'H 

100 

. ~0 

. !CO. 

/0 ~ 40 ?{) . r.,[j 10 80 90 /00 

MILLION BTU 
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fig 2 ·11 Energy Cost for Heating as a Function of 
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However, applying the HP-ICES for heating alone (without utilizing the 

cooling effect) could also be energy saving. A comparison of the COPH for 

heating related to the energy source with a conventional boiler efficiency, 

shows that COPH = 3.2 x 0.31 - 0.992,while the boiler efficiency is 

only 0.6. Capital outlay would have to be considered also, but the pos­

sibility of HP-ICES being more efficient for heating alone does exist, 

especially in areas with long and cold winters where the summer cooling 

is of secon4ary importance. 

Similarly, in areas where the summers are long and hot, the cooling 

alone by HP-ICES could also be considered without utilizing the heating 

(that is using cooling towers). 

Although with ice generation the COP· = 2. 2, much lower than the COP for 

producing chilled water~ under certain circumstances ice generation in the 

summer might be feasible. 

Consider a locatiuu like New York city where the summer demand is high 

and it wi~ht be effici~rtt to generate chilled water at· night and store it 

diurnally for day use. 

If space is also expensive as certainly it might be in New Ynrk> 

the gener~tion of ice at qight time ann Rtnring it for ue9 the following 

day would require 8 times less storage sp-9ce than storing chilled water, 

the energy uemdty of ic~ being considerably larger than that of chilled 

water. Thus the space and billing demand ~actors could easily outweigh the 

COP factor making the HP-ICES more energy ~fticient than conventional pro­

duction of cooling. Again, all the first costs would have to be considered. 

The graphs in Figure 2.8 will enable a 9uick estimate of the energy re-
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quirements if HP-ICES is applied. 

The graphs (Figure No. 2-9, ,2-10, 2-ll) give the potential energy cost 

for the energy requirements as a function. of unit ene~gy cost. · 
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2.~ MARKET AVAILABILITY FOR ICE !1AKING EQUIPMENT 

All of the· components are reedily available in the U.S. The 

piping and valves are off-the-shelf items easily procured. T~e 

mechanical components also are readily available. The heat exchangers 

and other ancillary equipment are not limited to a specific type or 

brand but instead can be chosen from any appropriate equipment sizP.d .:m(: 

selected according to normal engineering practice. 

'l'he ice bin essentially must be custota made but no peculiar con­

struction materials are called for. 

Th\. re is at the pr:..:sent time a fully developed and quite sop hi~ t:i.•::::;.t cc 

technology of ice making, but it is geered primarily to the f-::o'.!. f~·:-e.z:i.i~~ 

industry. 

So~e leading ice maker manufacturers, The Turb~ Company in Texas 

and the European Stal Company (affiliated tn the u·sA with the Vilt.:erB 

(;oi!lpcny) have int.li.ccl:ed that given· the deinand ai.ld the incent~.ve they 

coul:i eas:ily make the required adjustments in their manufacturing equip­

L.-'.t!t and production methods and go over to producing ice making equipment 

n;:~uired by the HP-ICES applicatiQn. 

For Ice Makers there are three leading menufacturera: 

l. Ttirbo-Uento~ Texas, Plate Ice Makers, -

up to 160 tons of ice per day. 

Futur~ availability - up to 250 tons of ice per day. 

2. Henry Vogt Hachi.1ery, Louis•iille, Kentucky, 

Tube Ice ¥~kers, P-48AL, 66 tons of ice per day • 
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3. Stal - Refrigeration Company, Sweden, affiliated in the USA 

with the Vilters.Companyt up to 350 tons of ice per day. 

As for compres~ors tP.e~e is a variety of manufacturer~ t9r ali type 

·of ·-:o.;..; .. :·. ;-.~.·:;.and the mos+: ~no"'lr.l among .them are listed below: 

:\ .. ,,..i~·rc.cating Corr.;>ie~sors 30-100 hp 
! 

Vilter Cumf''-l;L.:y· (u1Ulti-cy:;.inder compressors) 

York CiJIUj)<'.ilY' (multi-cylinder c?mpre~sor:;) 

~:-:c::--::-~efrige~ation Equipment Cprporation 

'L :;c~P.W Comp1·essors - Direct Drive 

Horsepower 

ii·Ut r:!r Company 100 hp-2000 hp 

:,_;:!co-R<~f=.:igeration Equipment Corporation 

3. '.'::'.:.n~rifugal Compressors 

3550 r/min 

Displac~ment 

55 ft3/~in to 
4040 ft /min. 

55 ft3/min to 
3337 ft3/min. 

445 ft 3~min to 
1710 it /min · 

278 ft3/r.tin to 
16673 ftJ/min. 

Carrier - Industrial Centrifugal Compre.ssors 

Series l/Mf'S, 2, 3, and 4 stage comprE>sBi.on. 

-89-

' ~ ·~ .• i 



__ ... ...... 

I 
\0 .. 
0 
I 

..... 
~ 

TABT..E 2.9 

SCREW COMPRESSORS, TOUNAGE, UORSE-rO'.JER AtiD COST 

DUNIIAM - Cll.5ll FES - FREEZING EQUIPMENT SALES, INC. 

SS':-l30(JF S!oT !" J5°F SST-IG5°F SDT 
, ! . Model 20°1'' Hodel 20°1.!' SST-130°F DST 

~ot.or 
!; Hot or. 

'l'on liP $/Ton Ton UP $/Ton Ton UP $/Ton 
PC x 350 
\-! (350) x2510 250 650 406 435 ·465 233 305 250 650 253 

rc x 750 I 

W(llOO) 2515 450 11.00 291 735 750 -I 178 575 450 1000 256 

-- 900 Currently in the 1160 900 2:500 222 
Design Stage I. 

I. 

$/Ton Bnsed On System Seiected lHth Recilrctllntion Refrigeration Syntem 
Integrated \l:f.th Tl1c Compreaoor. 

35°F SST-105°F DST 

Ton UP $/Ton 

400 450 186 
-· 

750 750 155 

11.50 1550 138 
' 
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2.6 SYSTEM RELIABILITY 

Since most of the equipment has already been used in other configu­

.rations, each component taken separately is without doubt reliable with 

enough information about its performance available from manufacturers 

and p~st applications. 

However, the HP-ICES configuration mainly the ice maker·, the ice 

conveying system and the annual storage ice bin are new and the efficient 

performance of these components within the overall framework is still 

little known. 

An engineering evaluation of the. whole system will reduce the doubt 

to a minimum but there will still remain some stages and processes in 

the overall system operation that will prove difficult to evaluate theore-

tically. This will require an examination in a scaled-oo~ model with 

the gathered information being logged for engineering evaluation. 

A . scaled·dcwn model wiil enable the exact evaluation of the behavior 

o{ ice in the bin over a longer period of time, the influence of the 

ambient conditions on the ice, the distribution system and the distribution 

density of the ice, all of which have so far been very little investigated. 

2.7 ECONOMICS 

Because of the large scale of an HP;ICES system, financing may present 

some hurdles to potential applications. The problems facing new construc­

tion are somewhat different from those facing retrofit situations. Such 

a system can be incorporated more easily into ~lanning for· new construction 

because the heating systems for the communitY is yet to be built. However, 

there still are problems. The developing agency, may be unw.illing to 

assume responsibility for coordinating or operating a community energy 

system. Most itnportant however, is the hesitation of financial institu-
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tions to take risks on untried and·novel technologies. For this problem, 

there is help. The present trend towards life-cycle .costing should help 

to overcome part of this hesitancy .. Studies on district systems already 

indicate reasonable time periods (7-10 years) for simple payback analyses. 

If the fossil fuel supplies continue to dwindle then the rate of increase 

in fuel Rrices will easily exceed the rate of inflation making the HP-ICES 

system an even better investment. Another source of help would be if 

governmental agencies (eg. HUD, DOE) help to reduce the risk either by 

some sort of loan guarantees or by grants to reduce the principal of the_ 

loan. 

R f . 1' . f I . h dl . E . . 1 etro 1t app 1cat1ons ace even more ur es. ven assum1ng un1versa 
I 

"I 

acceptance (a big and tenuous assu~ption), in~talling such a system would 

be quite costly, the highest being in urban environments where thermal 

density makes it most effective. The cost of installing the distribution 

system and the cost of land required would be significant additions to the 

price of the system. One last additional question concerns paying for 

converting individual buildings to· the system. Unless replacement of the· 

prime system was already being considered; the owner would be quite reluc-

tant to make the capital investment for such a changeover. This would 

severel~ restrict the efficiency of the system in the early stages of 

growth. 

2.8 SYSTEM SIZE 

The HP-ICES size will be influenced by .the size of the community and 

other factors which will characterize the community like:. 

1. An Assessment of the Potential for District Heating in Four Major &lstern 
Cities, Argonne National Laboratory Report ANL/ICES-TM-11, prepared by Energy 
Systems Research _Group, Inc., August 1978. 
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l. Thermal density-defined as the total thermal load of the built-up 

area in a community divided by the total acreage of the community. If the 

built-up area is more concentrated the thermal density will increase. A 

high thermal density requires a smaller distribution system anq vice-versa. 

For example, a residential area where zoning regulations limit the size of 

the building over.a certain acreage, the thermal density will be low and 

the distribution system will be long and costly, all of which would make 

the system unfeasible. However, in a community of high rise apartment 

buildings (like Fresh Meadows in New York City) the thermal density would. 

be high, the distribution system would be short, which would make the 

HP-ICES feasible. 

Thus, the.thermal density has a significant influence o~ the distri­

bution ~ystem and on the energy requireme~ts and size of the system. 

The distribution system in turn being part of the overall system 

by its very size and length will influence the cost of the system. 

2. Storage bin size requirements. 

The sizing of the bin may cause engineering problems which can be over 

come by modular expansion of optimum modular size. More difficult however, 

are real estate problems which in new communic:ies can still be overcome-

by pre-design planning (i.e., integrating the storage bin with the building 

of the community). In retrofit communiti~s and metropolitan areas (like 

New York City) these problems may not be soluble precluding, thereby, the 

po~u~ibility of installing large HP-ICES, ~lthough from the point of view 

of thermal density and energy management such systems would be very desir-

able. 

3. Funding and Financial Feasibility-

Once the system is established as energy efficient and energy savings 
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it would encourage capital investment. As large investments. involve large 

financial risks it is rather difficult to predict the optimum size of HP­

ICES which would make capital investments forthcoming. However, the 

steadily increasing cost of energy coupled with its. decreasing availability 

would tend to make the system attractive to investors by promising a 

high rate of return. Also, the rising inflation would certa.inly have 

an encouraging effect on prospective investors. All trild, it is.diffi~ult 

to predict the ultimate size of system, which can only be done on the 

mQrits of the three above ci.teu tnaJur j:actors. 

2.9 PROJECTIONS OF ENERGY SAVINGS FOR THE YEAR 2000 

Introduction' 

During the heating mode in winter times the ice generated is essen-· 

tially a by-product of the heat ptimp operation. As a result; it could 

be considered "free" energy. With the expected growth 'of the ·built-up 

urbanized areas the potential savings in refrigeration energy is quite 

impressive. The purpose of this section is to establish ·some. reas·onable 

figures of savings in refrigeration energy by the year 2000, utilizing this 

system. 

MP.thodoloay 

This analysis is based on data contained i.n an. :=~rticle ~ "FORECAST"-

which appeared in the September issue of the Electrical World magazine, 

published by McGraw Hill, and on data obtained directly from .. the National 

Gas Survey, Federal Power Commission, Washington D.C. and the Edison· 

Electrical Institute Washington, p.c. and New York. 

In the cited article the number of dwelling units was projected 

·to the year 1995. This growth rate was then assumed t.o hold al.so for 
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heating and air conditioning system in the residential sector. 

For the commercial sector the growth data on built-up areas was not 

available and, therefore, was instead calculated in an indirect manner. 

By comparing the annual KWH sales for the residential and commercial 

sectors, a ratio was derived and applied to the residential figures. 

The projection to the year.2000 was obtained by assumption that 

the growth rate from 1995 to 2000 is approximately the same as from the 

year 1990 to 1995. 

Th~ energy usage for heating, domestic hot water and air condition-, 

ing were obtained by fuels for the .year 1971 from the Nationai Gas Survey 

·(FPC, Volume 1 Chapter 8), . and were projected to the year 2000 based on 

figures developed above. 

Using the cooling energy re_quirements' for the year 2000 

and using a heat pump COP of 3. 2 ., the heat derived was unable to satisfy 

the requirements for the whole winter season. 

The rest of .the heating energy required was calculated in two ways:. 

a) by directly supplying heat by means of a·boiler. 

b) by supplying the heat to the heat pump system. (See Appendix 2A, P. 191) 

This second method could be looked upon as an assisted heat-pump -

which generates all the ice it needs to satisfy the whole heating 

requirement with supplemental heat melting any excess ice. 

The total energy inputs required to satisfy both heating and cooling 

with each of the above methods (a) and (b) were then compared with the 

energy quantities required to satisfy heating and cooling by the con-

ventional method, i.e. heating with boiler and cooling with electrically 

driven centrifugal chillers. 

One final assumption, fmpnttatit to .the amo·unt of energy saved 
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was that there would be no institutional and economic impediments to applying 

the HP-ICES system. 

a. Residential Sector 

The energy requirements for heating domestic hot water by th~ y~ar 2000 
. . . :· 12 

for the whole of the U~ited States ar-e estimated at 13~317 x 10 Btu. The 
. . ·: .. . . . . 1 ?. . 

corresponding energy for cooling io cstimateu al 32i x 10 · Btu. From this 

amount of cooling the ice generRti.ng HP-ICES will pr.:n'h1t.:~ 476 x 101
?. Ht~ of 

heating. The· remaining heating requirements if produced by .qn oil fired 

boiler will result in a total energy expenditure for both heating and cooling 

6 6 of 3187 :( 10 barrels of oil and 4, 012 x 10 barrels for supplemental heat 

through the heat pump. tVi.th the conventional system that is an oil fired bo.iler 

for heating and electrically driven chillers for cooling, the total energy 

expenditure for both heating and cooling will be 32f\8 x 106 ba:rrelsof oiL 

Thus, the sav~ngs in applying the HP-ICES concept with direct boiler heat 

amount to 81 millions barrels of oil. Taking into ac.c::r')tlnt the savings in 

electrically driven refrigeration auxiliaries the total savingi amount to 89 

million barrels of oil. 

b. Commercial Sector 

The heating and uowestic hot 

to reach by the year 2000 for the 

and 804 X 
12 10 Btu respectively. 

water 

whole 

and 

of 

:cooling requirements are estimated 

the United States 7626 x 1012 Btu 

The heating obtained from the cooling by the heat pump amounts to 1169 x 

1012 B tu. The remainder in heating requirement if produced by an oil fired 

boiler, the total energy input for·both heating and cooling iS 1733 x 106 

barrels of oil and 2148 x 106 barrels if by heat pump and supplementary heat 

source. 
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By using conventional means the total energy input is 

1935 x 106 barrels of oil. The savings by using the direct heating 

approach are (1935-1733) x 106 or 202 million barrels of oil and including 

the refrigeration auxiliaries' the sa.ving amount to 223 million parrels of 
: .' . . : . ; ~ 

oil. 

Industrial Sector 

Industrial portion of energy consumption will contribu~e fR sav~ng 
Jf •. 

but it is difficult to compute because it is hard to estimate ~hat percent 

of industrial consumption can be successfully integrated with the HP-ICES 

system. The suitable part of this sector would probably be light manufac~ 

ture that does not need a high temperature source of energy. As such it 

would, therefore, not represent a significant portion of that sector's 

energy use. 

Total Savings 

The total savings for the entire country can then be stated as 

89 x 106 barrels + 223 x 106 barrels = 312 x 106 barrels of oil in the 

year 2000. 

Correction factors must be applied to take into account the probabil-

ity of le~~ t.hRn universal utilization of ~he HP-ICES system: 

The two factors considered were the c~imatological conditions and 

percent of urban environment. (Figs. 2-1, 2-2, & 2-12) Based on the maps 

of heating degree days and cooling degree hours another map (Fig. 2-13)_ was 

constructed indicating these extremes. Areas covered by only one extreme were 

reduced by 50% whereas areas where both occurred were totally eliminated from 

consideration since these systems would be cost effective only. in urban areas, 

energy consumption in each zone was reduced by the number of p_ec;>ple not 

residing in metropolitan arcao. 
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The calculations used can be found in Appendix 2A Section 2A3 

As a result of these corrections, the total saving for the whole of 

the United States in the year 2000 will be 165 million barrels of oil. 
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·J. EXPECTED PERFORMANCE 

3.1 FIRST AND SECOND LAW ANALYSIS 
:; 

The ice generating HP-ICES is a new concept and in order to ascertain 

its advantages and benefits, a detailed thermodynamic analysis of the First 

and Second Laws was performed. 

The First Law determines the balance between the energy inputs and 

outputs for any system, stating the equivalence of heat and work but does 

not address itself to the amount of work obtainable from a certain amount 

of heat. 

This is the domain of the Second Law which limits the work available 

from a certain amount of heat, in dependrnce on the available high and low 

temperatures at which heat. is added and rejected respectively. Since,how-

ever,the refrigeration cycle is reversed -relating to a heat engine 

cycle -the main effort towards operating such a cycle is to minimize the 

difference between the temperatures of heat absorption and heat rejection, 

thereby reducing the work input. 

The analysis of the First Law was made to point out the components of 

the HP-ICES having the great~st heat loss.· and to compare them with the cor-

responding losses of a coiwentional system with the same output. 

The Second Law analysiswas perforllled to point out the availability 

losses of the various components of both s.ysteins. 

3.1.1 The First Law Energy Balance 

This analysis is based on the energy equation as applied to each com-
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ponent of the system. The analysis is based on the same QUtput for 

both HP-ICES and conventional systems: 

1. Winter - 16,290 Btu/hr (based on 12,000 Btu/hr of heat 

absorption from 32°F water which was converted to ice). 

2. Summer - 12,000 Btu/hr supplied to the user. 

3. Heat pump operation at COP= 3.2 (D-B screw comp~es~0rs). 

4. The conventional .chiller operating at COP= 4.4 (Carrier). 

5. Distribution piping - 10,000 Ft. 

6. Friction losses - 5 Ft~ per 100 Ft. 

7. Pump efficiency 0 !7 

8. Hot water temperature differential of HP-ICES and boiler· 

0 is 30 F. 

9. Pressure drop for the air distribution system 2" WG. 

10. Fan efficiency 0.6. 

11. Condenser pump in conventional system working on a 80 Ft. 

head and 0.7 efficiency. 

12 C d t 85°F - 95°F • on enser water tempera ures 

13. For the conventional system, chille.d water temperatures 

Findings and Conclusions 

The main heating losses occur at the major compo~ents of the system, 

like at the heat pump for the HP-ICES, at the boiler and chiller for the 

conventional system. 
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Winter Losses 

Summer Losses 

Annual 

The overall annual COP 

HP-ICES 

Conventional 

8,727 Btu/qr 

17,500 Btu/hr 
rejected to 
cooling tower· 

26,227 Btu/hr 

1.063 

Conventional 0.572 

HP-ICES PROJECT 

HP-ICES 

Neglected 

823 Btu/hr 
ice bin losses 

823 Btu/hr 

accounting for all the inputs and outputs and related to source energy. 

(See attached Diagram$). It follows that the HP-ICES is approximately 

. twice as efficient as the conventional system (See Fig. 3.1 and 3.4). 

3.1,.2 Second Law Analysis 

The Second Law analysis gives a quantitative account of what happens 

to available energy in a thermodynamic cycle and directs attention to 

significant losses. 

The energy balance on the basis of the First Law and the general en-

ergy equation account for all energy quantitiessbut it does not reveal 

those transformations where the greatest losses of available energy occur. 

Since the conservation of available energy is desired, a knowledge 

of the most serious losses is helpful and sometimes leads to ideas for 

measures of conservation. 

Energy is available in the thermodynamic sense when it can be con-

verted completely into mechanical work. The availability of any form 

of energy is the measure of the possibility of transforming that form 
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of energy into mechanical work. 

Availability is defined by the equation: 

0 = -(AH., - T AS. ) 1.-a a 1.-a 

where the availability ~easures the work extractable from an energy 

stream in a steady flow process. It is the maximum amount of shaft 

work that can be Clctractcd .from a unit mass of matter as it flows into 

equilibrium with the atmosphere. 

0 is always measured with respect to a rest state that in our. uRAge 

0 will be 70 F and one atmosphere. 

T is therefore 530°R 
a 

H. is the enthalpy change of a unit mass of a material travers­J.-a 

ing the apparatus relative to a rest state. 

S. is the entropy :change of unit mass of material traversing J.-a 

the apparatus reiative to a ·rest state. 

If a material moves through a flow process from an initial state 

(l) to a final state (2) that is not the atmospheric rest state, then 

the change in availability 

A 01-2 = 0z_J~l 

or 

" 

ADaiysis 

This analysis will compute the losses in availability of the ice gen-

erating HP-ICES in winter and summer modes of operation and will find the 

av~ilability loss in various stages of the cycle starting with the heat pump 

.source and finishing with the end users. The analysis will be based on one 
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ton of refrigeration at the heat source that is for 12,000 Btu exttacted 

from the water. 

Basic Assumptions 

1.. Heat pumps operating conditions: SST- 20°F, SDT- 130°F 

COP 3.2 (Ref. Dunham-Bush Screw Compressor Model E(HP) x 2516 

2. T 
a 

3. Piping distribution system 10,000 Ft. 

4. Friction pressure drop~ ~t. per 100Ft. 

5. Piping heat loss 2°F over 10,000 Ft. 

6. Pump efficiency 0.7 

7. Water temperature drop ~TW = (120- 90) = 30°F 

.8. Air temperature difference AT = (90- 70) = 20°F . ~a 

9. Pressure drop in air distribution system = 2" WG 

10. Fan efficiency 0.6 

Availability Calculations 

A0=-[AH-T~~ 
where AH and ll s refer to constant pressure conditions. 

For water A H = cAT, As = C x ln T for one lb. a 
T. 

1 

(T - T . ) - T ln ·~· x m 
a 1 a 

.. T 

For air at constant pressure 

As = c ln T 
P a 

T. 
1 
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Findings and Conclusions 

In comparing the availability losses for the ice generating HP-ICES 

with those for the conventional system of boilers and chillers, main atten-

tion was concentrated on major components of both systems, namely 12,000 Btu/ 

hr for cooling and 17,454 Btu/hr for heating. 

The following results were obtained: 

Winter Losses 

Summer Losses 

Annual Losses 

Conventional HP-ICES 

0 = -26,884.82 Btu/hr 0 = -5563.51 Btu/hr 

0 = - 1,723.52 Btu/hr 0·= +1773.24 Btu/hr 

~- = -28,608.34 Bttt/hr 0 = ·-3790.27 Btu/hr 

The conclusion can be drawn that considering only the major components 

of the system, the losses in availability for the conventional system-are 

1.. :. ,; '· ., . 
7.5 times as great as those for the HP-ICES (See Fig. 3.5 to 3.8) . 

. ~ 

3.2 PERFORMANCE OF liP-ICES VS. A CONVENTIONAL 
SYSTEM {CASE STuDY) 

. ·,·,. 
·' 

3.2.1 Selection of a Conventional System-(Washington, D.C.) 

a. Equipment Selection 

Heating: Two 10,000 MBH No. 2 oil fired poilers to cover 

heating peak load of 13.063 x 106 Btu/hr. One 

.' -114-



\. 

HP-ICES PROJECT 

3,000 MBH No. 2 oil fired boiler to cover domestic 

hot water requirement of 2.95 x 106 Btu/hr. 
I 

Cooling: Four 800 ton electrically driven centrifugal com-

pfessop; and chill,ers to cover cooling +oad of 3200 

ton. Four 800 t()~ coqling towers·. 

b. Energy Analysis. 

Energy Requirements: 
. ·. d i .. -~. ~J 

Heating and DHW 27,026 x 106 + 9,211 x 106 

10 = 3.6237 x 10 Btu year 

Cooling = 3,045;000 Ton-hr/year 

Annual Energy Consumption 

36,237 X 1060 

140,000 X 0. 7 = 370,000 gallons of No. 2 oil/year 

* Electrical energy input to the chillers is 3,045~000 Ton-hrs x lKW/".Ton 

m 3,045,00Q kwn (the cost of operation of chilled water pumps is not 

considered since their use applies to all the schemes). 

Thus, annual energy input 

Heating = 370,000 gallons of No. 2 oil 

Cool-ing = 3,045,000 kWh 

* Based on 0.81 ~~/Ton for Carrier HermaFic Centrifugal Chillers, 19EA and 

0. 2 YJJ/Ton for cond.enser water pumps and cooling tower fans. 

3.2~2 The Performance of Ice Gen~rating HP-ICES 
(Washington, D. C.) 

a. Energy l~alysis 

Winter Energy Require~ents: 

The annual energy requirements for heating were seen to be 

* (See Page 187) 
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2.7026 x·1010 Btu per year and_for DHW 0.9211 x 1010 Btu 

per year.· 

Assuming five heating months and seven cooling months, .the 

DHW could be split up into winter and summer requirements 

by using the same ratio of heating and cooling months. 

Thus: DHW Winter 6,062 x 106 Btu/per year 

DHW Summer 3,149 x 106. Btu/per year 

The heating and winter DHW requirements are therefore: 

2.7026 x 1010 + 0.6062 x 1010 = 3.3088 x 1010 Btu/year 

b. Summer Energy ReqJirements 

c. 

Summer Cooling Load 3,200 Ton 

Summer energy requirements with 950 equivalent full load 

hours assumed: 

Retrigeration = 3.045 x 106 Ton-hours 

DHW 0.1149 X l~lQ Btu · 

"Cooling11 Energy .A.vailabl'=' From 'HP..<=~t 'P11mp 

Using a heat pump with 20°F compressor suction temperature at 

0 * J.30 T.<' compressor'disch~rge temperarure a COP of 3.2 ls uu= 

~ ;i t~fnecl. This me'a:ns that for.every Btu energy 'irtp~t, we take 

from the heat source 2.2 Btu and deliver on heating ·3.2 Btu. 

'T'hu~ the "~oolin~" en~rsy available from heat p11mp nper.<=~tion 

sad.sfying the winter heatfng an4 DHW requirement is": 

3.3088 x 1010 2.2 x 1/12,000 = 1.896 x 106 Ton-hours 
J.2 

which is 

* Dunham-Bush Screw Compressors 
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6 1.896 X 10 X 100 
3.05 X 106 

62.2% of summer cooling requirements. 

d. Refrigeration Energy Generated in the Summer from DHW 

There is a deficiency in "cooling" energy of (3.045 - 1.896) x 

10° = 1.149 x 106 Ton Hours. 

During the summer we can genTrate DHW using the heat pump and 

thereby generate ice •. The D~W requirement for summer was seen 

to be 0.3149 x 1010 Btu. Therefore, the quantity of "cooling" 

energy that can be produced is: 

3149 X 106 
X 2.2 

3.2 
2165 X 106 Btu 

However, if in generating DHW in the summer we produce chilled 

water instead of ice we can pperate the compressor at 35°F 

saturation suction temperature (instead of 20°F as for ice) 

and .130°F saturation discharge temper·ature and thereby obtain 

. * a better COP, say 3.79. 

In such case the annual chilled water energy obtained from DHW 

generation would equal to 

0.3149 X 2.79 X iOlO 
3.79 

or 0.2318 X 1010 

12,000 

2318 x 106 Btu 

= 1.9317 x 105 Ton-hours 

Thus the total energy avail~ble for cooling is 
6 . . 

(1.896 + 0.1932) x 10 Ton-hours per year 

2.0892 x 10
6 

Ton-hours per year 

*Dunham-Bush Screw Compressors for 3S°F SST and 130°F SDT 
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e. Sizing and Storage Ice Bin 

It is assumed that the·entire refrigeration energy generated 

by the heat pump in the winter produces ice after the chilled 

. 0 0 
water has been cooled sensibly from 57 F to 32 F. Thus the 

ice generated is 

1. 896 x 106 Ton-hours x 12,000 Btu/Ton-hours 

1~9 Btu/lb. 

8' = 1.3463 x 10 lbs. of ice. 

With an assumed densit:y,of ice of 50 lb./cu. ft. the volume of 

the ice bin is 

8 1. 3463 X 10 = 2.692 x 106 cubic feet 
50 

This yields 2.692 X 106 

1.896 X 106 
1.42 cubic feet of ice storage 

per ton-hour. Comparing with chilled water storage with a 15° 

temperature difference 

62.4 X 15 0.078 ton-houn; per ,cu. ft. 
· Yi~·ooO" __ _ 

or 1 12.8 cu. ft! per ton-hour 
0.078 

'' I :Tbus for the .same refrigeration energy capacity the. 'ice needs 

12.8 
1.42 

= 9.01 less storage vo'!ume than chilled 

water with a 15uF temperature difference. 

f. Ice Bin Storage Loss 

Since the surface to volume ratio is more favorable for large 

tanks than for ~mall ones, both the cost and losses per unit 
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volume are smaller for large scale storage systems. 

In any study of heat 'leakage, one has to consider the top, 

sides and bottom of t!le bin as separate ·problems since each 

obeys a different set of rules. 

Assuming a height of the ice bin as.20 feet, the dimensions 

· of the bin are: 

~.69~0 X 10
6 

] .. = 367 feet square 

.This yields a top and base area of 135,000 square feet each 

and an area of 30,000 squa;-·e feet for the side walls. The 

bin will be insulated with 4 inch poly-urethane on the top 

(R-36.4) and with ~ inch poly-urethane (R-18.2 on the sides 
' ~ 

! 
, .. 

and bottom). 

! -
The losses were calculated by months and tabulated in Table 3.1. 

i 
I . .... 
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TABLE 3.1 ICE BIN LOS~S 
LOSSES IN BTU X 10 

Top Sides Bottom Total 

June 0.99 0 . .263 0.90 2.153 

·July 1.02 0.348 1.01 2.378 

August 0.911 0.294 1.08 .. 2.285 

September 0.697 0.393 1.05 2.140 

October 0.511 0.393 1.00 1.904 

November 0.33 0.311 O.h6 1.301 

December 0.23 0'.250 0.87 1.35 

January 0!23 0.178 0.008 0.416 

February 0.307 0.121 0.67 1.098 

March 0.33 0.120 0. 73 1.18 

April 0.70 0.142 0.74 1.582 

May 0.912 0.210 0.832 1.594 

19.741 

Thus, the total annual losses amount to: 

19~741 X 1.0 
5 

165,000 ton ho\lrs . 
12,000 

which is: 1652000 X 100 9% of total "cooling" energy 
1. 896 X 106 generated. 

g. Net Available . "Cooling" Energy · 

.2 ,089,000 165,000 - 1,924,000 ton hours 

Deficiency in refrigeration energy 

3,045,000 1,924,000 1,121,000 ton-hours 
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h. Annual Energy Consumption 

Winter electrical energy input is: 

3.3092 X 1010 
= 3,030,000 kWh 

3.2 X 3413 

Summer DHW Generation 

0.3149 X 1010 
= 243,500 kWh 

3.79x 3413 

Summer electrical energy input to make up the deficiency 

in "cooling" energy of 1,121,000 ton-hours using 1 kWh/Ton-hour 

= 1,121,000 kWh 

Subtotal for summer = 1,364,500 kWh 

Total for year = 4,394,500 kWh 

' r · 3 ·~2 .• ~~ Recapitulation of Results 

Table 3.2 Energy Input 
-

W I N T E R. SUMMER 

Heating DHW Cooling DHW 

... 
Conventional 370,000 Includec;l 3,045,000 kWh Included 

gallons in the 
- in tbe 

of No. 2 heating heating 
oil load load 

IHP-ICES 3,030,000 kWh Included 1,121,000 kWh 243,500 kWH 
in heat~ng 
load 

... .. 

The energy cost analysis will be made when economics are considered. How-

·ever, source energy input will be calculated at this stage.· Thus,assuming 
,,; 

a heat rate of 11,000 Btu/kWh, the source energy inputs are as follows: 
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Conventional 

Winter 370,000 gallons X 140,000 Btu/gal. 51,800 X 106 Btu 

Summer 3,045,000 kWh X 11,000 Btu/kWh 33l495 X 106 Btu 

Total 85,295 X 106 Btu 

HP-ICES 

Winter 3,030,000 X 11,000 33,330 X 106 . Btu 

Sunnner l,J64,::>UU X 11,000 - 152010 X lOG Bt:u 

Total 48,340 X 106 ·Btu 

Thus the HP-ICES'uses uses up about half as much source energy as the Con-

ventional System. 

TABLE 3.3 SUMMARY OF ANNUAL ENERGY INPUT 

OIL SOURCE ENERGY 
KWJ:i GALLONS BTU .•. . ~ ". ~ ......... 

Conventional System · 3,045,000 370,000 85,295 X io6 
-

HP-ICES 4,394,500 - 48,340 X 106 

3.2.4 The Annual Overall COP For The.HP-ICES 

The COP of this system is very favorable. Both the heating capacity 

and the cooling capacity are being utilized in the annual cycle system and 

the annual COP is calculated as follows: 

Annual coP heat of rejection + heat of absorption 
· (heating) (cooling saved) 

electric input in Btu 

which is approximately equal to 5; However, pumping power and heat leakage 

into the ice bin (approximately 3% of bin capacity per month) reduce the COP 
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. . : .... ~ . 

so that with the present technology the COF'. is 4. 25 and with the new high 

efficiency compressors the COP is again approximately 5. 

Thus the heating and the domestic tot water requirements are 

. 10 . 10 
2~703 X 10 · ~t~ + 0.~211 ~ ~Q :Btu 
. . . 10 
3~6241 x 10 Btu per year .. 

:.· 

Cooling produced is 3.045 x 106 tori-hours per year 

= 10 - · 3a654 x 10 Btu per year 
. . !. ~ : . 

Total heating and.cooling = 7.2781 x ·1o10 Btu per year 

Annual kWh input is 4,39.4,500 kWhp~r year 
.·,. 

4,394,500 X 3413 

Annual overall COP - 7.2781 X 1010 

. 1. 500 X 10~0 

= i.500 x 1010 Btu per year 

= 4.85 

Related to source energy the COP = 4.85 x 0.31 = 1.50 

·,· 
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4. EXPECTED ECONOMICS 

4.1 INTRODUCTION 

To analyse the ex~ected economic feasibility of the HP-ICES, the con-

cept was applied to the Market Square Project and compared with a conven-

tional system. 

The energy consumption fig~res used were those arri~ed at in the Section 

on Expected Performances. 

The Conventional System is a central system selected for ~ompariGon cap-

abl~ of supplying the same heating, domestic hot water and cooling require-

ments as the HP-ICES. 

Although the methods of generation of heating and cooling are different 

for the· two sy?tems, the distribution sys'tems were assumed to be the same .. 

4.2 ANALYSIS 

The first costs include the generation equipment and distribution 

systems, but do not include the end u~ers equipment (air handling units). 

Li~e of equipment was considered 20 years, life of the distribution· sys-

tern and ice bin 40 years; cost of money 10%, escalation of operation cost 12%. 

The cost per million BTu was calculated by dividing the annual owning 

and operating cost by the energy produced (bot:h heaLing and cooiing) pet· 

year. This was done for both the conventional a.nd HP-:ICES. The procedure 

was repeated for 5, 10, 15 and 20 years. The results, show that with time 
..... 

the cost per million BTu favors the HP-ICES. The escalation rate was varied 

between 12% and 18%, and the intercit rate was varied between 10% and 18%. 

For each combination the pay-back period was obtained. 
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- . ·~ . ~ 

Energy 9ost (Se~ Section_3.2 for energy quantities) (Case Study) 
' ' - ~ 

Conventional System 

a) Winter 

370,000 gallons of ~o~ 2 oil at ?0.45/gallon yields~ost of 

$16.6 '500. 

Heating and DHW distribution energy 172,500 kWh 

Energy cost $0.021S8/kWh x 172,500 

Demand charge 20.KW x $3.15/KW x 7 mo. 

'Total ~ost "winter 

,. :· 

Cooling 

Subtotal 

$1?6,500 + $4,165 

·$170,665 

Energy charge $0 .. 02261/kWh x 3, 045,000 kWh 

Demand charge 3200 KW_x .$5.25/KW ~ 5 mo. 

Subtotal 

$ 3, 725 

440 

$ 4,i65 

- $68,847 

$84,000 

$152,847 

Chilled.water distribution system 533,000 kWh 

Energy cryarge $0.02261/kWh x 533,000 kWh 

.Dem~nd charge 165 KW + $5.25/KW x 5 mo. 

Subtotal 
i . 

Domestic hot water 66,500 kWh 

Energy charge $0.02261/~Wh x 66,500 kWh 

Demand charge 20·KW x $5.25/KW x. 5·mo •. 

Subtotal 

Tot(ll. c;:.ost· for summer 

= $152,847 + $16~380 + ~2,030 

$ 12,050 

0 4,330 

$" i6 '380 

$ 1,505 

$ 525 

= $ 2,030 

$171,257 
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c) Total Winter and Summer = · $170,665 + 171,257 

= $341,922 say $342,000 

- HP-ICES 

a) Winter 

Heat Pump 

Energy 3,030,000 kWh x $0.02158/kWh . = $65,387 

Demand 3 X 875 HP X 0.746KW/HP X $3.15 x7 = $43,179 
mo. 

Subtotal = $108,566 

Ice Maker Pump (1 KW) 5,000 kWh x $0.02158 = $. 108 

Heating and DHW Distribution Energy = $4,165 
(as for conventional system) 

..s..:-- Total for Winter $198~566 + $108 + $4,165 = $112,839 

b) Summer 

Energy 1,364,500 kWh x $0.02261/kWh = $30,851' 

Oemnd 3 X 670 He x 0. 746 KW/HP X $5.25/KW X 1.5 .. $11,808 

Subtotal = $4Z,659 

Chilled Water l)istrihution System = $16,380 (as for c::onventional} 

Dum~~llc Hot Wat~r = $ 2,030 (as for conventional) 

Total for SUli:IIler $42,659 + $16,3SO + $2,030 

= $61,069 

'I . . ' 

Total· lolinter and Summer = $112,839 + $61~069 

= $173~908 

say $174,000 
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. , . 

' -· 

. . :·· ... · 

. ~ . 

First.~ost , (Case Stu4y). 
. . . . • • ' , ~ • ' ' : I : , 

Convent.io~al· :sys ~~m . : . · .: 

a. 

b. 

c. 

d. 

e. 

f. 

g. 

h. 

Four 800 ton centrifugal compressors 

Four cooFng'towers' 

Two 10,000 MBH boilers 
\ ~· . ' . . ' 

One 3,000 MBH boiler 

Two chilled water pumps 

Two hot water pumps 

Chilled water distribution system· 
(based on 20,000 linear feet of 6" 
diameter pipe) 

Hot ·wa·ter distribution system 
(base'd ·on 20,000 linear feet of 3" 
diameter pipe) 

Controls ~nd other 

HP-ICES 

Total 

a. Ice Bin Excavation $ 60,000 

b • 

(120,000 cu. yds. @ $50/cu.yd.) 
. . 

Ice Bin Construction $1350,000 
(2,700,QOO cu. ft. @ $0.50/cu.ft 
incremental cost; ice bin is 
part of the underground struc.,-. 
ture} 

Ice Bin Subtotal $1,410,000 

HP-ICES PROJECT 

= $~80,000 

= $120,000 
: J ·.-· 

= $120,000' 

- $ 30,000 

I:_·. -~ +6,qoo 

= $ 6,000 

= $800,000 

= $400,000 

= $1,972,000 

= _s_-'2~8'-',_;o_;o...:..o 
$2:,000,000 

-
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c. Three Dunham-Bush screw compressors including 
condensers, chillers, oil separators and fluid 

HP-ICES PROJECT 

. 0 . 0 
accumulators (450 ton at 20 F SST and 130 F = $ 300,000 
(SDT) 

d. Six ice makers with a total capacity of 
1,200 tons 

e. Cooling towers w-ith condenser pumps 

~. Two chilled water pump~ 

g. Two hot water pumps 

h. 

i. 

Chilled water distribution system 
(as ~or convent:iortal) · 

Hot water distribution system 
(as for conventional) 

Subtotal 
(equip~ent and distribution system) 

Total 

4.2.3 Operating Cost (Case Study) 

Conventional System 

Energy cost 

b. Maintenance (1% of first cost of 
equipment) 

c. Labor, 8 st.ationacy engine~rs at $20,000 
. ' 

~ .p~Qple ~ 15,000 Admini.Rtl":-ttinn p.~. ci. 

p.a. 

Total 

HP-ICES 

a. Eriergy cost 

b. Maintenance (1% of equipment) · 

c. Labor, 8 stationary engineers 

d. Administration 6 people 

Total. 
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= _780,000 

= 100,000 

"' 1 n ,ono . 

= 6,000 

= 800;000 

=. 400,000 

= $2,402~000 

= $3,812,000 

a $342,000 

.. 8~000 

= 160,000 

90 1 000 

= $600,000 

= $174,000 

Ill 12,000 

= 160,000 

90 1000 

= $436,000 



, -

TABLE 4-1 RECAPITULATION 

Conventional System. 
·- ... 

First Cost - . $2,000 ~000 
... . ,, . 

Energy Cost .. . . $ 342,000 .. . 
!. : 

Operation Cost· $ 600!000 

Preser;t l-lorth $14,927,000 
(l.."i.th 12% escalation 
over 20 yearsi . 10% 
.,..~t"p n~ int'P.,..P<::t-'\ 

4.2.4 Comparative Analysis 

a. Incremental investment of HP-ICES 

relative to conventional 

b. Savings in operating cost by using 

HP-ICES relative to conventional 

c. Simple Pay-back 

d. Discounted "pay-back" based on 12% 

escalation of energy cost and 10% cost 

of money is 11 years. 

e. The rate of return over a life ~ycle of 

20 years with 12%·escalation of energy 

· .. · .. · · ·cc;J~~ is 18%. 
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HP-ICES 

$3, SJ-2 ~ poo 

$ !74,000 

$ . 436,000· 

$~3,076: 000 J 

. $3,812,000 

-$2,000,000 

$1,812,000 

$ 600,000 

4362000 
$ 164,000 

$1 28lt 2000 
$ 164,000 

11 Years. 

--; 
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TABLE 4-2· 

Pay-back sensitivity with escalation rate and cost of money. 

Cost of mone_y 
Escalacion 10% 14% 16% 

12% 11~ 14~ i6~ 

14% 10~ 12~ 14~ 

16% 9~ 11~ 12~ 

18% 9 10~ 11~ 

4.2.5 Cost per Million BTU 

a. Conventional System 

Operating cost 

Amoritization of equipment 

(10%, 20 years CRF = 0.11746) 

Amoritizatiun uf distribt.H'.iort system. 

(10%, 40 years, CRF = 0.10226) 

Annual owr1ing & operating cost 

Eit~i'gy re4uirements per year 

Heating 

Cooling 

DHW 

27,000xl06 BTU 

37,000x106. BTU 

9,000~10() BTU 

73,000x106 BTU 

The cost per million BTU 

= $ 817,000 

73,000 
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18% 

20 

16~ 

14~ 

12~ 

.$ 600·,000 

= $ 94,000 

$ 123,000 

$ 817,000 

$11.2 I 106 BTU. 



' b. HP-ICES 

Operating cost 

Amoritization of equipment 

Amoritizati9n of distribution sys~e~ 

and ice bin 

Annual owning & operating cost 

The cost per million BTU 

= $ 844,000 

73,000 = 

HP-ICES PROJECT 

$ 436,000 

$ 141,000 

$ 267.000 

$ 844,000 

$11.6 I 106 BTU 

Table 4-3 Owning and Operating Cost per Million BTU 

Conventional System EP-ICES 

Cost per Cost per Difference 
106 BTU 106 BTU in cost per 

Yea:- AO & CC Dollars AO & OC Dollars 106 BTU · 

1-st 817,000 I 11.: I 8!:.4,COO 11.6 -0.4 

I I ! I i' 5-th 1,2i4,4GO 17.45 l,lt.6,380 I 15.70 1. 75 
I I 

' 

I I I i 
10-th 2,080,500 28.50 1,762,150 24.10 I 4.40 

15-.:h 3,501,!'-0 I 48.00 I 2,794,474 I 38.20 9.80 
I 

' 

20-~h 6,004,800 82.25 
. . I 

63.20 19.05 
J 

4,613,800 i 
~-! ...... 
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4.3 Conclusions 

The economic analysis shows that the HP-ICES has a smaller operating cost 

than the conventional system by $164,000 and a smaller energy cost by $168,000. · 

Its first cost is by 1,812,000 greater than the first cost of the conventional 

system. The simpl~ pay-back is 11 years and the pay-back as a function of 

both escalation rate and cost of money is tabt1lated in Table 4.2. The tabu­

lated results show that the discdunted pay-back with consideration of the 

escalation rate is not far off from the simple 'pay-back and centers around 

11-l:l years • 

The owniug aml upe:r.·e~.ting cost per m:i.lli nn BTU tavor.s the conventional 

system in the first year, but as. the years go on, the escalation (12%) in-. 

creases the cost for both systems, but the rate of increase is .greater for 

the conventional system than it is for the HP-ICES, thus making the owning 

and operating cost per mi~lion BTU cheaper for the HP-ICES than for the 

conventional system. 

The rate of return was calculated for 12% escalation over a period of · 

?0 year~ and it amounto to 18%. 

4.4 Refined Economic Analysis 

Section A-4, Expected Economics for.the Market Square project and 

Section B-4, the expected economics for the Park Plaza p~oject illustrate a 

'different approach to economic analysis which considers also taxes, insurance 

and different escalation rates for maintenance, labor and energy costs. 

This results in different paybacks (6.7 years for the Market Square 

project and 8 years for the Park Plaza project). 

The cost [or Ute users as based on the new. analysis averages $4.56/kw 

demand and 2.9~/kwH energy for the Market Square project and $6.78/kw demand 

and 2.6~/kwH thermal energy for the Park Plaza Project. 
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5. EXPECTED ENVIRONMENTAL IMPACTS 

5.1 AIR POLLUTION 

The heat pump centered community sto77age system does not cause any 

direct or localized air pollution~ The nature of the system - two closed 

loops for heating and cooling - precludes any interaction with the envi­

ronment.· 

5.1.1 Heating Cycle 

Conventional systems (i.e. coal, oil or gas-fired), in contrast, re­

quire the use of a boiler which, in turn, can cause air pollution. 

Emissions ~rom these conventional systems can range from carbon mon­

oxide to sulfur dioxide to nitrous oxide to particulates. 

A heat pump can cause indirectly some air pollution ·problems due to 

its electricity requirements. The pollution would stem from the power 

station generating this electricity. The pollution, however, would be 

confined to the immediate vicinity o~ the power station which would 

probably be equipped with sophisticated controls and means to combat 

Lhe pollution. (~ee Section 5.1 for the overall effect). 

5.1.2 Cooling Cycle 

A conventional cooling system requires the use of a cooling tower 

which can create thermal pollution problems and chemical corrosion of 

the surroundings. The cooling cycle of the HP-ICES system is a by­

product of the heating cycle, thus there exists no "cooling genera­

tion" in the system for summer needs. As previously mentioned, the 

cycle is completed in two closed loops. There is no _thermal air 
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pollution associated with the HP-ICES system. 

5.1.3 Peak Load artd the Overall Effect 

5.1.4 

The overall effect of a HP-ICES system is a reduction in air pollu­

tion since the total electricity requirements from the power station 

for an HP-ICES system are considerably less than those required for a 

conventional system to produce an equal amount of hot and chilled water. 

Most power stations are· summer peaking. The equipment brought on 

iine for this seasonal demand is generally less efficient and more pol­

puting (i.e. combustion turbines) than the base load equipment. The 

seasonal storage of the HP-ICES reduces the.peak load in that there is 

no "cooling generation" necessary in the summer. Thus, less pollution 

is generated from the power station. The HP-ICES system also indirect­

ly reduces other forms of .air pollution; the power station's fuel re­

quirements are lowered and, in turn, less air pollution is generated by 

a reduction in transportation needs. 

Refrigerant Leakage 

The flat plate ice maker used in the HP-ICES system is easily main­

tained. Furthermore, it is designed so that leaks are easily detected. 

Due to. the centralization and community-orientation nf thP syr;;rP.m, · it 

is probable that the entire system will be maintained better. r.han a 

large number Of 81HC:ll1 lm}ividualized 'syStems . 
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5.2 WATER POLLUTIO~ 

5.2.1 Normal Operation 

Due to the closed loops, there also exists no therreal o~ che~ical 

water pollution in a HP-ICES syste~~ If a conventional ~ys~em re-. : ', .. ·: ) 

quires the use cf a river or other waterway =or operation, the te~-

perature of the water will be increased (depending on the flow of the 

river and other factors). The resul~ant thermal pollution may be 

harmful to the habitat of the waterway. In the su~er time less 

energy is produced at the power plant. Ther~fore, less heat "is re-

jected ~~~-o· _r~:re~~,_lakes or __ ~Y __ ~~e __ ~_c:>oling towers and therefore the 

~_!lermal P_C:~.l~t-io~ --~~ not _se.~~Ee. 

Leaks from the storage bin also would cause no pollution problems, 

as the bin contains only water. If drainage would become necessary, 

the water would flow into the local storm system. 
,· 

The lack of any adverse effects from our HP-ICES system c-an be con-

trasted to the problems associated with the coil bin HP-ICES system. 

The coil bin system utilizes a coil contai~ing brine in the storage 

bin. If drainage would become necessary-with this system, the brine 

fluid could cause pollution problems when it is drained into the storm 

system. 

5.3 NOISE POLLUTION 

_Screw compressors used in the HP-ICES system operate with much less noise 

than centrifugal comprassors used in conventional syste~s which often cause 
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damage to hearing unless drastically controlled. Thus, we do not foresee 

any noise pollution problems with the HP-ICES system. 

5.4 RESOURCE CONSUMPTION 

5.4.1 Land Utilization 

The storage bin for the HP-ICES system·is underground. It can be 

located underneath or beside the building. If located beside the build-

.ing, a garden, park, or even parking lot; for examples, may be placed 

5.4.2 

above it. 

For the basic system, no cooling tower is required. If the system is 

altered to include a cooling tower, the tower would be considerably small-

er than those used for conventional systems. 

The total space requirements for the HP=ICES cyotcm (including the ille'"' 

chanica! room, the stor.age bin, and the ice maker) are less than those· 

required for a conventionel system (with boilers, ~hillers, cooling 

towers, et<::.). 

Distribution of Piping Network 

.·.'1 Th~, piping network is necessarily underground. If the HP-ICES system 

is used for a new, undeveloped area, the network can be easily inte-

grated with the community_design . 

. Problems may arise if the system is to be used in a previously de-

veloped area. If there exists no central system for both hot and chill-

ed water· in thesi areas, it would be necessary to open the streets for 
., 

installation. Thus, institutional problems (such as transportation, 
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inconvenience, etc.) would arise ·as :with installation of any centra­

lized system. These problems are especially aggravated in urban areas. 

When a centralized system for both hpt and chilled water already exi~~ 

in a given area, the HP-IC.ES system can be used with no alterations to 

the piping network. 

Construction 

No special materials are necessary to construct a HP-ICES system. 

All materials are standard building items available today on the market. 

Retirement 

There are no environmental problems associated with retirement of the 

system. The storage bin, for example, can easily be transformed into an ' 

underground parking structure and the mechanical room can be used for 

another· system. 
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6. PROJECTED GROWTH 

Unlike other systems, ·the HP-ICES does not depend on 

any natural resources (well water, lakes, rivers, etc.) and 

therefore the growth of'our HP-ICES system can be modularly 

expanded without being dependent on outside factors. Because 

of its many possible configurations, the HP-ICES system is 

quite flexible in its appro~ch to growth. As a result, there 

are many factors which woul·d affect t.hi s. process. The analysis· 

specifies some possible modes of expansion and then goes on 

to review the impact of these variables on the growth process. 

The expansion.of the system can follow the increase in the 

population and the built up area by the modular addition of 

independent storage space for the required. ice storngP. bin 

and the addition of space for new mechanical roornR, 

The P.SSe>nce ot this technique is that for every load that 

is added into the loop, units of mechanical systems and st~rage 

are also added on. This co'uld be done by addj ng equipment 

at ;the ceJ;"itrai plant or adding subcidi:u.ry sta'Liow:; at the per­

iplli:!L.Y uf the loops.. Central planning would help by insuring 

that the design of ~he system originally would take into cion-
, . \ . . 

' I'. . 

sideration the projected growth t~at the system would have to 

accomodate. The limitations most clearly are that of the dis-

tribution system piping. Whenever possible the distribution 

systems should be viewed beforehand with a view of the pro-

jected growth of the community for a period not exceeding the 
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expeqted life of the distribution system. 

The extension of the distribution system in relation to 

the extension of the community size and its building density 

may present a difficult problem when institutional limitations 

to the built-up den~ity exist. Also, a distribution system 

extension may requir~ the coopera~ion of private p~~perty 

owners which may involve a large capital expenditure. These 
'f 

two factors may contribute towards making the extension of the 

distribution system uneconomical. 

Depending on the rise of growth of new communities, relation 

to the ~xisting communities and also depending on the location 

of new communities with respect.to existing, the expansion of the 

system could also be obtained by expanding the equipment of the 

existi~g system or building a new central plant with its own 

distribution network to accomodate the growth of the community. 

Expanding the system by adding another complete modular unit 

it is e~sie~t to maintain efficient.use of all parts of the 

system within their design parameters. However, this method calls 

for strong central planning which W,ould be capable of significant 

investment of funds in a system which would have to be under-

utilized until the design density is achieved or be capable of 

instantaneous development to t.hnt density. Lower density levels 

w6uld probably be eAsier to arrive at using this technique, even 

though high density per unit of distribution is still the most 

efficient use. In its organizational arrangements.the ICES system 

by nature lends itself to a central authority structure. As such, 
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central planning and the coordination with other community ser-

vices are an advantage to growth becoming more of a necessity 

the more significant increases. Concomitant with this are pro­

blems of responsiveness and flexibility as the econo~iei of 

scale approach limits to the rate of return. The key here is 

what sort of organization operates the system. It may be organized 

as a utility, either in the form of a private company or as a 

service agency for the community itself. It may also be operated 

by the developer as a part of the original development. All of 

these possibilities have different techniques of arriving at_ a 

decision on growth and expansion. Perhaps, more important is the 

spectrum of weight given to political as opposed to technical 

criteria in such decision making. Another consideration is 

whether the system is part of a new construction or retrofit in 

an existing community. New construction wouln be in a more . 

speculative environment and probably rnnre .fiscally conRervativc. 

On the otner hand, it should be more decisive and planned be-

cause the decision making ~rocess is more centralized. Retrofit, 

however, because it is in an existing community would almost 
., 

always be with the involvement of the political or governmental 

entity. As such, the decisinfis would tend to lean ~nwnrds poli-

tical influences. The growth of the community does not present 

insurmountable problems for an ICES system. There is enough 

flexibility and variety in configuration to allow for most con-

tingencies. The engineering possibilities are not that diffi­

cult, certainly not as the political influences will be~ 
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7. SYSTEM MODIFICATION 

7.1 :SYSTEM MODIFICATION 

The modification of the.system shoul~ conform to local clima:tic condi­

tions which primarily determine the heating and cooling loads. 

7. 2 .. MODIFICATION FOR SUPPLEMENTARY HEAT 

In the rtorthern areas where the ice generated exceeds the sumnier cooling 

requirements or if the ice generated in quantities just sufficient t~ cover 

the summer cooling requirements would result in a deficiency in heating; 

supplementary heat has to be supplied either by melting the ice or sup.plied 

dire~tly to heat the building: 

·There are many means to remedy this condition, and one of the most 

efficient ways is to use inexpensive solar radiators-collectors which are ~" 

diameter aluminum extruded fin-tube pipe as shown in the figure below: 

These finned tubes.can be installed vertically on east;:south, and 

we::;L wails of a building ~mel c.an collect solar energy which, when elevated 

by the heat pump to the required heating temperature,· can supplement the de­

ficiency in heating requirements. In Minneapolis, for exaU1P.l.~, such solar 

radiators ~an collect about 186,400 Btu/$quare feet per season~ These 
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-collectors operating at low temperatures (sometimes even lower than the am-

bient temperatures) are sufficient for the purpose of icemelting and do not 

requre any insulation or encasing. 

Moreover, these collectors can also collect thermal energy by convec-

tion and conduction. 

This modification of the HP-ICES system to accommodate the radiators 

is relatively simple and inexpensive. Also, the radiators' system can be 

integrated in the overall construction of the building as a shading device 

thereby reducing the solar heat gain in the summer. 

In less severe climates the heat pump can use outside air down to an 

outside temperature of 40°F as a heat source using an evaporative condenser 

acting as an evaporator and only below that temperature will ice generation .-
begin. In such cases, the ice generated will be sufficient for the summer 

cooling requirements. Such a system could prove, however, slightly more 

complicated and require some modification in the system-like controls.to 

prevent freezing problems on ttie surface of the coils. The use of the above 

modification has to be investigated in light of the local considerations:;.· 

~ .. ·,;.. 

7.3 

In the southern areas the ice generated during the winter as a by 

product · of he~ting and DHW is not sufficient to cover all the summer caul~ 

ing requirements. Th.e deficiency iri. cooling ~energy could be .made up 

by freezing water or any other phase change material (with freezing tempera-
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ture suitabi~ for air conditioning operation) by circulating cold brine 

throu~h it. The brine itself is cooled by 6utside winter (cold) air. 

A brine circuit includes a.circulating pump and two coils: one lo­

cated outside across which cold air is blown, the other located in 

water. Whenever the air is 25°F or. below it cools the brine which in turn 

cools the water,thus generating ice. 

However, if the above method cannot be used because of relatively high 

winter temperatures, chilled water must be generated in the summer at off 

peak periods and the ice bin storage could serve as diurnal chilled water 

storage. This would considerably reduce the summer electric peak demand 

which is tn keeping with our main purpose of cutting such a.demand. 

The diesel and gas engines could also be used in southern areas~ es­

pecially if the billing demand charge is high. In such cases, the domestic 

hot water could be generated with the heat recovered from the engines. 

Where space is scarce, ice could be generated at night and stored for 

use during the day. 

Two examples presented in Appendix 7A were taken from bur other de­

sign projects to show the possible modifications of HP-ICES. 

The:first one will show the use of outside air to produce the supple­

mentary ice to do away with the deficiency in cooling. 

The .second project will show the utilization of HP-ICES system with 

solar radiatbrs supplementing the deficiency in heating requirements. 

In cold climates a diesel or gas engine could be used for the heat ppmp 

drive increasing considerably the heating and the overall COP's due to the 
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considerable amount of heat recovered from the exhaust and j&cket water. 

For example, for the diesel engine the COP for heating related.to source 

energy is 1.62 and that related to shaft work is 4.61. The overall COP related 

to source energy is 2.39 and that related to shaft work is 6.8. 

The corresponding figures ~or the electrical driv~ are 1.55 and 5.4 

respectively. The gas engine drive has a COP for heating related to source 

e.nergy of 1. 4 7 and related to shaft work of 4. 87. Similarly, the corres-

pending overall COP's are 2.13 and 7.07 respectively. 

The discrepancies in the COP's are due to different engine efficiencies 

and different proportions of the recovered heat. 

Figures 7.1 and 7.2 compare the source energy requirements to obtain 

both cooling and heating, or heating pnly for the diesel engine, gas engine 

and electrically driven ice generating HP-ICES and conventional system. 

(See also Appendix 7A). 

The diesel and gas engine drives were considered to operate with the 

same suction and discharge temperatures as the electrical drive. However, 

with the series arrangement of the heat pump condenser, the j~cket. water 

heat exchanger and exhaust silencer, we can reduce the condenser discharge_ 

temperature,thereby improving the performance of the heat pump cycle and. 

consequently,the performance of the whole system. 
. . 

For example, rwducing the discharge temperature by 10°F' decreases the 

horse power input by about 10% and,at the same time,improves the COP's by 

the same percentage. 

The condenser will account for about· 60% of the hot wat·er temp:erat4r~ 

difference while the recovered heat from the engine will account for 40% of 
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the upper part of the hot water temperature difference. Actually, a trial 

and error.approach will be necesf?ary to determine the exact division of heat 

.coming from the heat pump and the heat recovery. 
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8 .. COMPONENT·TESTING·REQUIREMENTS 

8.1 PRE-DEMONSTRATION TEST 

At the heart of this Integrated Community Energy System is the heat 

pump, the ice maker and the annual storage ice bin. Since the components 

of the system are known and have been tested separately in.other systems 

and configurations and have been used· in other commercial and industrial 

applications there is no need to perform any additional tests on these 

components. The performance data are readily available. 

The relatively new aspect, however, is the annual cycle storage. 

Other seasonal storage systems already constructed may provide some in-

formation, but none have the equipment arrangement of this system. Its 

two main components are the ice maker and the ice bin.' It is this aspect 

of the overall system that should be tested to gather more performance 

data. 

The Ice Maker 

The ice maker itself doesn't require any particular tests. It is 

usec1 in a configuration that· was designed to make ice· for the Food Pre-. . 

servation Industry. Information on performance and optimization is easily 

available from the manufacturers. 

Ice Bin 

While present thermal. storage systems are concerned with retaining 

heat, the ice bin requires that heat ·be kept uul and deals with a phase 

change process in addition. As there are no large ·Size ice bins designed 

for the purpose of·annual storage, it is particularly important to examine 
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·the integration of the ice maker with the ice storage bin and· chilled water 

·system loop ~rom .and into the ice s'torage bin. 

The configuration ·of the components withi~ this storage system is novel 

and testing of a scaled down mock-up shoul~ be done. This wil~ ·enabl~ ~valu-
. . 

ation of various configurations as well as t~e testing of the pfn at the .sam~ 

time. The mock-up should examine the influence of the following variables: 

. Ice Delivery to the Bin 
. • • i I :: . ~ ~~ . 

'·If ft .. is desired that the bin be not directly under the ice ma}cer, various 
.. 

configurations of conveyors can be tested for suitability. Temperature measure-
' 

ments along the trave·i path will provide criteria: for determining .opt.imum travel 

distances, shape of the ice and construction of the conduit to prevent heat 

gains. 

Similarly, the conveying of the ice and its distribution in the ice bin 

should be investigated to see if the design density of the ice coul4 be achieved. 
. . 

The conveyingsystem of the ice from the ice maker to the bin has to be tested to 

check if it performs at minimum loss • 

. Likewise, the insulation required for the conveyor .and the conveying methods 

(either a pneumatic or helical screw conveyor) will have to be determined. If 

apneumatic conveyor .is used~ the air temperature and the losses caused by the 

warm air will have to be examined. To avoic losses, the air might have to be 

precooled or else a closed loop between the air exhaust from the storage bin 

and conveyor. power fan established • 

• In large ice storage bins the ice can block part of the outl~~ to the 

chilled water pump suction and may cause non-uniform flow to the pump. To 
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avoid this, the layout and location .of chilled water suction pipes within 

the bin have to be tested to secure that the number of suction points and 

suction surface required are adequate so as to secure a constant and un­

hindered flow to the chilled water loop. 

It may be feasible to secure a layer of water beneath the ice at the 

bottom of the bin at all times. so that the ice will he. distributed homo­

genically in the bin and not block the suction. This problem will also 

have to be examined to determine the amount of water required to ac~ieve 

this condition and the influence of this condition on the volume of_ .th~ 

bin. 

The behaviour of the ice in the bin throughout. the year under differ.,., 

ent ambient conditions (temperature, partial vapor pressure), wil,l simu­

larly have to be teste.d and logged in order to achieve all the _information 

of the ice bin losses which wiil enable optimal bin insulation. 

8.2 TESTINC PROCEDURES 

Once a system has been installed, a multilevel test of the system 

.should be utilized. Because actual equipment :md sub~systemc have not· "'t 

this time been selected, only general procedures can be outlined. This 

will cover testing of individual components, various sub-system's when in­

stalled and finally the system itself i~ the various modes of operation. 

8. 2 .1· ·component Testing 

Testing of the various individual componento should b!!! performed a~ 

the factory or on-site according to procedures contained in industry stand~ 

ards (e.g. ASHRAE). If performed at the factory, complete records of the 
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procedure and the results should be forwarded with the other documention. 

The following standards shall be specifically utilized: 

Compressors ASHRAE Standard 23-67 compressors, positive dis-

placement, ·refrigerant methods of testing for rating. 
I : : . 

Chillers ASHRAE Standard 30-78 liquid chilling packages, met-

hods of testing for rating. 
·;.:;\· 

Condensers ASHRAE Standard 22-71 water-cooled refrigerapt~ con-

densers methods of testing for rating. 

Ice Maker ASHRAE Standard 29-71 .ice makers, methods of testing. 

Ice Bin ASHRAE Standard 94-77 methods of testing thermal sto-

rage devices based ori thermal performance • 

Expansion Valves . ASHRAE Standard 17-7 expansion valve, refrigerant, met-

hod of rating and testing. 

All other equipment shall also be tested utilizing whatever industry stand-

ards are a~plicable. 

8.2.2 Sub-system T~sting 

After proper installation the indivi~ual sub-systems shall be tested for 

perfoi:-mance. The testing wlll be in the following seq1,1ence: 

a) Cooling Tower 

The_cooling tower will be tested for proper performance in accor-

dance with procedures in Cooling Tower Institute ATP-105. 

b) Refrigeration Operation 

Each qf the three. heat pump units shall be tested us·ing the cool-

ing tower :for heat r~jection. · S~itable· instruments shall be at-

tached at points determined by the designer in each of the units 
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to.measure the actual load profiles for comparison with de-

sign parameters. Each unit shall be tested in the follow-

ing modes at normal operating speeds and temperatures: 

i) chilled water production: 

-chilled water flow 

-chilled water temper.att.~re 

-automatic response to cooling load 

ii) ice production: 

-weight of ice produced per unit·of ice 

making operation 

-upper and ·lower limits of ice maker 

c) Heat Production 

Each of the heat pump units shall be tested using the ice making 

mode for the heat sink. Suitable instruments shall be attached 

at points ·determined by the designer to mPasure actu3l load pro-

fileo for comparisou wlth design parameters. The unit shall be 

tested in the following mode at normal speeds and temperatures: 

i. i) All three units tested for hot. water pro-. ,,·. 
; "1: 

··i i · .. \ 

-hot water flow 

-huL wat~r·t:0mperature 

-automatic response to space· heating· load 

ii) One unit with the double bundle condenser 

heat for domestic hot water: 

-hot water flow to heat exchanger 
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-hot water temperature to heat exchanger 

-rise in temperature in domestic hot water 

tank per unit o~ operation 

d) Ice Bin Cold Water Pumping 

This system for s~pplying chilled water for cooling from the 

ice bin is to be tested with'all heat pumps shut down, the 

valves connecting the system open and chilled water circul~t~ 
I '·I 

' 

ing pump operating. All ele~ents should be operating at normal 

temperature and suitable instruments at points determined by 

the designer to measure the actual load profile -for comparison 

with design parameters for: 

-chilled water flow 

.-chilled ·water temperature 

-change in bin temperature as a result of cooling load·. 

8.2.3 System Check 

Once the various sub-systems have:been checked and their performance 

verified, check of the system essentially entails balancing and check of the 

system contruls. Dy manipulating the various sensor input, different eli-

matic and elemental conditions can be simulated and the response of the sys-

tern tested. 
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APPENDIX lA 

_.· 

REFRIGERANT INVESTIGATION 

Single Stage Compression and Two Stage 
Compression With Intercooling 

Refrigerant - 12 

Evaporator Temperature 

Condenser Temperature = 

Evaporator Pressure = 35.736 PSIA or 21.040 PSIG 

Condenser Pressure = 195.71 PSIA or 180.01 PSIG 

Optimum Pressure For Intercooling 

PJ_ =\J PS PD = \1:35.736 x 195.71 

= 83.628 PSIA 

Enthalpies (See Fig. 1A.1) 
. ,.. ...... 

0 
hg at 20 F 79.385 Btu/1b 

85.6 Btu/1b Isentropic compression to 

intermediate pressure of 

83.628 PSIA 

h3 = 92.5 Btu/1b Isentro~ic compression to 

d·ischarge pressure 195.71 PSIA 

h4 = hg at 83.628 PSIA 84.270 Btu/1b . 

91.2 Btu/1b Isentropic compression from 

· intermed.iate to discharge 

pressure 

hf at 195.71 PSIA = 38~553 Btu/1b 
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Single Stage Compression 

Work = h3 - h1 = 92.5 Btu/lb.- 79.385 Btu/lb 

. = 13.115 Btu/lb 

Re~rigerating Effect 

Refrigerant Flow Per Ton 

= hl - h7 = 79.385 - 38. 553 

40.832 Btu/lb 

= 200 Btu/Min 
40.832 Btu/lb 

c: 4.898 lb/min ·per ton 

Coefficient of Performance (COP) 

Alternately 

= hl - h7 = 79.385 - 38.553 
. h3- hl 92.5 79.385 

D 40.832 = 3;11 
13.115 

,, 
v 

COP = 200 Btu/Min 
13.115 Btu/1b x 4.898 Lb/Min 

= 3.11. 

Energy Efficiency Ratio (EER) 

Power 

Volume Flow 

= COP x 3.413 = 10.626 Btnh/Watt 

= 13.115 Btu/lb x 4.898 Lb/Min 

- 64.237 Btu/Min Per Ton 

= 64.237 Btu/Min'x 778 Ft-Lb/Btu = 1.514 HP/Ton 
33,000 Ft-Lb/Min/Hp 

= 4.898 Lb/Min x· 1.0988 Cu. Ft./Lb (at 20°F) 

a 5.382 CFM/Ton 

<.;. 
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HP-ICES PROJECT 

Two Stage Compression With Water Intercooling 

First Stage Compression (Fig.lA.2) 

Work = h2 - h1 = 85.6- 79.385 = 6.215-Btu/lb 

Second Stage Compression 

-Work == h5 - h4· = _91.2 84.'270 =--6~930 Btu/lb 

Total = 13.145 Btu/lb 

Refrigerating Effect = 4o. s-12 Btu/1b 

Refrigerant Flow Per Ton = 4.898 Lb/Min 

COP 

Or.COP 

.EER 

Power 

= 40.832 = ~-106 
13.145 

= 200 -= 3.106 ···. 
13.145 X 4.898 

= . 3.106 x· 3. 413 = 10.602 Btuh/Wat·t 

= 13~145 x 4.898 = 64.384 Btu/Min Per Ton 

~ 64.384 x 778 = 1.518 Hp/Ton 
33,000 

Volume Flow = _5.382 CFM/ton First Stage 

=· 2 •. :ns CFM/'l'on Second Stage 

Two Stage Compression With Refrigerant 
Interc~o~in$ (See_Fig. 1A.3) · 

Re~t ~nQ mass balance at intercooler 

m6 38. 553 + 1 x 85.6 ~ m4 x 84.270 

Yielding m4 a 1.029 Lb 

From Condenser, m6 = 0.029 Lb of Saturated Liquid 

- 158- -
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HP-ICES PROJECT 

First Stage Compression 

Work = h2 - h1 = 85.6 - 79.385 = 6.215 Btu/Lb 

Second Stage Compression 

Work 

= 7.132 Btu/Lb 

Total = 13.347 Btu/Lb 

Refrigerating Effect = 40.832 Btu/Lb 

Refrigerant Flow Per Ton = 4.898 Lb/Min _(through the 
evaporator) 

COP 

Or 

EER 

Power 

Volume Flow 

= 40.832 
13.347 

= 3.059 

- 200 = 3.059 
13.347 X 4.898 

= 10.442 Btuh/Watt 

13.347 x 4.898 = 65.37 Btu/Min Per Ton 

= 65.37 x.778 
33,000 

= 1.541 Hp/Ton 

First Stage = 5.382 CFM/Ton 

Second Stage = 4.898 (1.029) x 0.48555 = 2.447 CFM/Ton 
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HP-ICES PROJECT 

TABLE A.l.l RECAPITULATION OF PERFORMANCE OF 

R-12 PER ONE TONE REFRIGERATION 

PERFORMANCE SINGLE TWO STAGE COHPRESSION 
STAGE 

ITEMS COMPRESSION WATER I REFRIGERANT 
INTERCOOLING INTERCOOLING 

Work Per Lb Of Ref~i- 13.115 Btu 13.145 Btu 13.347 Btu 
~erant Passing Evapor. 

Refrigerating Effect 40.832 Btu/1b 40.832 Btu/1b 40.832 Btu/1b 

Refrigerant F1::>w Per 
·.4~898 .Lp/Min 4.898 Lb/Min 5.04 Lb/Min 

Ton 
.. . . 2-ND Stage 

COP .3.11 3.106 3.059 . 

EER 10.626 Btuh/Watt · . fo.626 Btuh/Watt I i0.442 Btuh/Watt 

Power Expenditure 1.514 Hp/Ton 1.518 Hp/Ton 1.541 Hp/Ton 

Volume Flow Per Ton 5.382 CFM 1. 5.382 CFM 1. 5.382 CFM 
2. 2.378 CFM 2. 2.447 CFM 

145.°F 
.. 

138°F "138°F Discharge Temperature . 
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.TABLE A.l. ~ 
SUMMARY OF !WO STAGE COMfRESSION PERFORMANCE FOR EVAPORATOR 

TE~IPERJ\1URE OY 200F I.ND CONDENSER TEMPERATURE OF l30°F 

r 
·I ... R E F R I G E R A N T F L 0 W . I P E R T 0 N· 

cox- COP I UP/TON r---
REFRI-, PRESSURE PRESSION LB/mw • CFM •• DIS -· 

RATIO CHARGE 
CERANT PSIA FIRST SECOND FIRST SECOND TEMP. 

: 
I 

STAGE ' s·liAGE STAGE STAGE OF 

- INTER- Ii-ITER- INTF.R- INTER-
Ps Po COOLING COOLING COOliNG COOLING -WATER REF. WATER REF. WATF.R REF. lo!ATER REF. 

R-11 oi.35 38.€1 8.9:1 I 3.85 3.80 1.23 1.24 3.37 3.3J 3.37 28.6 1.14 1.26 H7 

-· R..:f2. 35,74- · 195~ n 5:5:1 J.ll 3.06 1.52 i.54. 4.90 4.9C 4.90 5.38 2.38 2.45 138 

R-22 51.73 311.50 5.4:1 3.24 3.14 1.45 1.51 3.49 3.49 3.49 3.27 1.43 1.55 150 

R-113 1.53 18.4~ 12.1~1 - - -:- - 4.23 - - 76.14 - - -. 
R-soo· 41.96 231. 9::• ·5.5:1 3.14 3.D8 1.50 1.53 4.09 4.09 4.09 4.61 2.02 2.10 140 

R-502 67.16 335,5~ 5.0:1 2.49 1.-32 1.85 1.90 6.09 6.09 6.09 
I 

3. 71 1.65 '1. 74 140 i 

R-717 48.21' 330.01] 6.8:1 3.57 3 •. 39 1.32 1.39 0.48 0.48 0.49 2.82 1.14 1.26 208 

* THROUGH THE EVA!'ORATOR 

*" AT COKPRESSOR SUCTION 
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lA~ 2 REFRIGERATION COMP-RESSOR PERFORMANCE 

TABLE 1A • .3 

COMPARISON OF PERFORMANCE OF E(HP) x ~516 DUNHAM-BUSH 

SCREW COMPRESSOR USING R-12 AND R-22 REFRIGERANTS • 

. SUCTION TEMP. = Z0°F DISCHARGE TOO. -130°F -

(Based on 10°F Liquid Sub-cooling and 10°F Suction Superheat) 

! 
Ts • 20°F/To • 130°F 

a"' ~ I 
! 

PI PI ,.,.., 
REFRIGERANT i 

>"' 
POW!R HEAT COOL-

j 

z .... CAPACITY 
.. i .... REQUIREMENT · REJECTED INC 

' i 

TO~S BTU/H HP HP/TON BTU/H BTU/H C.O.P. i 
.. . :! 

: f 
R-12 275 3,300,000 595 2.16 1,514,000 4,814,000. 2.18 

R-22 1,50 5,1tOO,OOO 1025 2.28 2,609,000 8,009,000 2.07 

· . 

. This comparison .shows that the perfornL:,me:e of R-12 per ton is better 

than that of R-22, i.e. lower Hp/Ton and a higher COP which is a conclusion 

draWn from theoretical analysis (see Table above and also the Written 

summary, Page 24}. 

However, the same compressor yeilds a much higher capacity when op-

erating w.i th R-22 than when operating with R-12, something which is not 

apparent from theoretical considerations alone. 

-One partial explanation could be the fact that·the CFM/Ton for R-22 

is smaller than the CFM/Ton for R-12 ,-· therefo-re, a given com?ressor having 

a certain displacement can handle·more R-22 per unit time than R-12 thus 

- 163 -
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providing a larger tonnage. 

I 
1 

TABLE 1A.4 

COMPARISON OF PERFORMANCE OF E(HP) x 2516 DUNHAM-BUSH 

SCREW COMPRESSOR USING R~12 ~\~ R-22 REFRIGE~~S. 

SUCTION TEMP. = 35°F, DISCHARGE. TEMP. 105°F 

(Based en 10°F Liquid Subcooling and 10°F Suction Superheat). 

I t 5 • p5°F/TD • 10S°F 

c:"I:D '· n 
! 

C'IC'I 0 
;.:~.., 

Ri:Fit!CEP.A!iT POW!lt HEAT 
0 

" :..:a 

I 
r'" 

:.: ... ., ... 
CAPACITY ll!QUIREMENT u:JECTED. 

Oofl I z 
I a 

I ':'ONS 
i 

Brii/B HP HP/TON. BrU/B BTU/B c.o.P. 

l-12 450 5,400,000 460 1.02 1,171,,000 6,S7i,ooo 4.60 
,. I -
I 

R-:2. 73!i 8,820,000 760 1.03 1, 934,000 10,754,000 4.~6 
I 

This comparis'on brings out the· fact of R-22 having a much larger re-

frigerating capacity than R-12 when both are used in the same compressor, 

also with a suction temperature of 3S°F and discharge temperature of 105°F 

as ercountered in ordinary air conditioning work. 

R-22 has a slightly higher Hp(Ton and lower COP than R-12 which differs 

slightly from theoretical results for these conditions. 
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Both R-22 and R-12 show a much better performance at 35°F suction 

and 105°F discharge temperatures than at 20°F and 130°F suction and dis-

charge temperatures respectively which could be expected.,. 

TABLE 1A.5 

REFRIGERANT - 12. SUCTION TEMPERATURE 20°F 

DISCHARGE TEMPERATURE 120°F 

COMPARISON OF PERFORMANCE OF CARRIER MPS. SIZE 40 

CENTRIFUGAL COMPRESSOR VS. 2516 DUNHAM-BUSH SCREW 

COMPRESSOR. 

TYPE OF REFRIGERATION POWER ·- .. INPUT HEAT . ·-

COMPRESSOR REJECTED 

TONS BT~ BHP HP/TON BTUH BTUH 
X 10 X 106 X 106 

Centrifugal 1,480 17.76 2442 1.65 6.215 23.975 

; 

Screw 300 3 .. 6 540 1.80 1.374 4.974 

I 

COP COP 

COOLING HEATING 

2.86 3.86 

2.62 3.62 

0 This comparison was made with a discharge temperature of 120 F as data 

on centrifugal compressors with a discharge temperature 130°F were unavail-

able. The comparison shows that centrifugal compressors have a superior per-

formance over screw compressors. 

However, for a 130°F discharge temperature screw compr~ssor are avail-

able. o 0 0 Alsot for a range 20 F to 35 F suc.tion and 105 - 120 F discharge tern-
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peratures, as required by our application, screw compressors are superior 

as centrifugal compressor would have to be of two ·stages, that is of 

large size. With gear boxes for speed change, the speed changeover from 

one suction temperature to another is difficult to attain • 
.. 

T/o..BLE lA • 6 

REFRIGERANT - 12. SUCTION TEMPERATURE 35°F . 

DISCHARGE TEMPERATURE 105°F 

COMPARISON OF PERFOR¥.ANCE OF CARRIER MPS. SIZE 40 

CENTRIFUGAL COMPRESSOR VS. 2516 D~~-BUSH SCREW 

COMPRESSOR. 

TYPE OF REFRIGERATION POWER - INPUt HEAT 

COMPRESSOR REJECTED 
TONS BT~ BHP HP/TON BTUH BT~ 

xlO x106 xlO 

Centrifugal 1780 21.36 1960 1.1 4.988 26.348 
·-· .... 

Screw 455 5.46 470 :L03 1.196 6.656 

COP COP 

COOLING HEATING 

4.28 5~28 

o3."'~-~-, ...... ~.~-·· ·-

4.57 5.57 

At 3S°F suction temperature aud 105°F discharge temperature the screw 

compressor performs better than the centrifugal compressor. 

Again, both show a much better .:performance at 35°F ST and 10S°F DT 

. 0 0 
than at 20 F ST and 120 F DT which was to be expected. 
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TABLE 1A.7 

PERFORMANCE OF MPS SIZE 40 CARRIER CENTRIFUGAL COMPRESSOR 

WITH R-12 AND R-22 AT 20°F AND 35°F SUCTION TEMPERATURES 

' 

I 
Capacity at Capacity at 
20°F Suction 35oF Suction 

Refrigerant Temperature Temperature 

R-12 1480 tons 1780 tons 

R-22 2450 tons 3130 tons 

This comparison shows that R-22 has a larger refrigeration 
capacity than R-12 when both are used in the same compressor. 

- Hi7-
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E(HP) X 2516 COrt1PRESSOR ~NiT! ~~(=~~ . 
. _ . .. .. ,. . 

1 
W(HP)X 2516 CONDENSING UNIT • ...__,. _~~~~ .. .. . 

JiTW ,, .srr· •'2'))y r ... . w s"'·- ;-, !' • .tt i+~ • &DW i:ZZ =-~"~~W~\i!5t ... . 
Capacities Based on: 10°F L iqu i d Subcooling, 10°F Suction Super heat. 

: .... :::::: ... · ::.::.::·: ...... .' : .. · · :::::: ·: :: · :: · : ·:" ! . " " ' " """12~ .......... .. .. .. 

Ref: Table 1A.3 
Table 1A. 4 
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FIG. 1A.7 

Qunfcci:s. 
·~ ~ A• . 
0CLt2CU.ll0rnl 

cn~~rrtr For Carrier Centrifugal M.P.S. Compressor 

Ref: Tables lA.S 
1A.6 

This chart is for estimating purposes only. Actual 
compressor selection involves consideration of 
numerqus factors beyond the scope of this publication. 

For precise selection iniormation. based on your 
individual job requiremP.nts. simply contact your Carrier 
Refrigeration Sales Engineer. 
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3 z 
0 
1-

2 ~ .,... 
as 

0 

z 
0 2500 24'i"O "tl:IN 

~ 
a: 
UJ 
~ 
0.: 
u.. 
UJ 

2(VXI 

a: 17So il>N 
0 

0 "'iON 
1-

0 
-50 -40 -20 0 20 

SEE NOTE 2 

SEE NOT 

40 

SATURATED SUCTION TEMPERATURE (SST) F 

-· 171 .... 

. ' 

.. ·:: 

Source: ·.c;arrier Centrifugal 
Compressor 17 mps 

NOTES 
1. Corr:pressc.r capacity is based on 105 F 

condenslng temper~ture. Refrigo1rant 12 or 22 
as noted. and the use of an economizer in 
the refrigeration circuit. . 

2. Bhp/ton values ate based on assumption of 
a 70% efficiency ratio. no friciion losses. and 
the use of Refrigerant 12 and an economizer. 
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FIG. ·1A.8 

For Carrier Centri"fugal MPS Compressor 

This chart is for estimating purpos..!s only. Actual 
compressor selection involves consideration of 
numerous factors beyond the scope of this. publication. 

For precise selection information. based on your 
individual job requirements. simply contact your Carrier 
Refrigeration Sales Engineer. 
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Source: 

NOTES 

HP-ICES PROJECT 

Ref. Table 1A.7 

Carrier Centrifuga~ 
Compressor, 17 mps 

1. Compressor capacity is based on 105 F 
condensing temperature. Re!rigerant 12 or 22 
as noted. and the use of an economizer in 
the refrigeration circuit. 

2. Bhp/ton values are based on assumption of 
a 70% efficiency ratio, no fric::'Jn losses. ~r.d 
the use of Refrigerant 12 and an economizer.· 
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I 

2A.l HEATING AND COOLING ~NNUAL ENERGY BALANCE 

Table 2A-l surrunarizes the heat balance calculations.· Column 3 is 

the sum of columns 1 and 2 and gives the total heating energy require-

ments for heating and domestic hot water. In the following columns are 

given the cooling capacities obtainable from a heat pump operating with 

a COP = 3.2. Thus for Washington, 

6 33,088 X 10 X 2.2 
3.2 

22,748 x 10
6 

BTU 

Thus the heat pump is capab~e of generating during an entire winter, 

22,748 x 106 BTU cooling energy,!which however, is not sufficient to 

cover the summer cooling require~ents of 36,537 x 10
6 

BTU (column 5). 

The deficiency in cooling is 

(36,537 - 22,748~ x 10
6 = 13,789 x 10

6 B~U (col 6) 

On the other hand in colder·, nothern locations, say in Minneapolis, MN 

the reverse is taking place, na~eiy the "cooling" energy or ice generatl::!c.l 

during Lhe winter is 

6 106 63,512 X 10 X 2.2.= 43,665 X 

which exceeds the cooling requir'emertts for the summer of 21,895 x 106 by 

Table 2A ... 2 shows the domestic hot water energy requirements and 

the"cooling" energy ul>L•duaule .[rc•rll th"' bP:Rt'. p11mp hy uoing a COP ;;; 3.2 

in winter and COP 5 for summer:. 

The "cooling energy generated from the winter part of domestic hot 

water has been included in winter heat pump. operation and has been 

accounted for. 
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However, the summer generation of domestic hot water can be done with 

the heat pump generating at the same time chilled water, possibly at night 

time and thereby reducing the deficiency of cooling. 

Thus for Washington .the deficiency·in cooiing was seen to be· 

13,789 x 106 BTU. 

Generating domestic hot water· in the summer can produce additional 

"cooling" energy 

3149 ~ 106 x2. 79.= 2318 x 106 
BTU 

3.79 
Thus the deficiency is reduced to: 

(13,~89 - 2318) x 106 = 11471 x 106 BTU 

= 955,917 ton-hours 

··In the second table the domestic hot ~ater in the summer is indi-

cated only f9r locations having a deficiency in cooling as for the other 

locations which have surplus ice, hot water in the summer would be 

. gene=ated by other means. 

Section 2A.2 gives all of the data us¢d to develop the calculations 

and Tables 2A-3 through 2A-7 contain the cjilculat{ons used to generate 

the finding . 
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TABLE 2A-l 

HEA'IING AND COOLING .ANNUAL ENERGY BALANCE 

IDcaticn Heatin::J Energy Winter Total Heat Pump Energy Defficiency Surpl~ 
Requirem:=nts DHW Energy Energy Cooling Requirerrent in Cooling in 

B'm X l06 
Requirem;mts Requir~nts Capacity for Cooling Energy 

6 
. Cooling 

BIU X 10:.:> BTU X 10 With IflU X 106 B'IU X 10 Energy 
mP = 3.t Supple-
BTU X 10 .rrentary 

Heat f<r 

~ltinfl 
B'I'U X 106 • 

St. Petersburg, ?L 4412 3534 7946 5-463 86,738 01275 

New Orleans, lA 9909 3283 .12192 8382 86,940 73558 

El Paso, TX 17302. 475·8 22060 ·15166 49,853 34607 

Ok1ahcn:l City, at 23974 5·115 29089 19999 59,873 39874 
~ Corpus Christi, TX '5882 4115 9997 6873 93,204 86331 ....... 
0\ 

Denver, CD 41076 8285 49361 33936 16,164 17772 

Chicago, IL 43358 8002 . 51360 35310 28,080 "7299 

Washington, OC ~.7026 6062 33038 22748 36,537 13789 

New York, NY 31350 6088 38238 26289 27,900 1611 

. Boston, MA 36536 7541 44077 30303 28,195 2108 ~ 
I 

H 

Minnea?Qlis, 55234 8278 63512 21,859 
(") 

MN 43665 21806 t>l 
C/) 

Seattle, WA :!8417 
td 

8294 36711 25239 21,"437 3802 ::0 
0 
c.... 
t>l 

Rapid City, so 48279 . 8252 56895 39115 29,430 9685 (") 
H 

o=s ~es, IA 43265 7044. 50309 34587 30,778 3809 
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TABLE 2A-2 

WINTER AND SUMMER DOMESTIC IIOT WATER ENERGY REQUIREMENTS AND COOLING CAPACITY OF HEAT PUMi1 

Location 

St. Petersburg, FL 

New Orleans, LA 

El Paso, TX 
.I 

Oklahoma City, OK 

·Corpus Christi, TX 

Denver, CO 

Chicago, IL 

Nashington, DC 

New York, NY 

Boston, MA 

WINTER 

l>linter 
Requiremgnts 
BTU X 10 

3534 

3283 

'4758 

5115 

4115 

8285 

0002 

6062 

6888 

7541 

Heat Pump 
Cooling Capacity 
with COP6= 3.2 
BTU X 10 

2430 

2257 

3271 

3517 

2829 

5696 

5501 

4160 

4736 

5184 

SUMMER 
Heat Pump 

Summer . Cooling Capacity 
Requiremgrits· with COP= ·3.79 
BTU x lO BTU x 106 

4154 

3682 

3102 

.. 3835 

3823 

3149 

4095 

3058 

2710 

2342 

2823 

.2814 

2318 

3015 

·.:·: .:··::.<. :::-: .... :··>·.·Minneapolis:,· f.~:-:-: ·8278 5691 

Seattle, WA 8294 5702. 

.Rapid City, SO 8252 .5673 

Des Moines, IA 7044 4843 

Note: Summer hot• water generation l-!ith heat pump indicated 0:1ly for locationa whgre 
there is a d~ficiency in cooling. 
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2A.2 MARKET SQUARE COMPLEX IN WASHINGTON. D. C. (Case Study) 

This project, being developed by the Pennsylvania Avenue Rede­

velopment Corporation, is situated on Pennsylvania Avenue and consists 

of approximately 1,300,000 square feet above grade and 900,000 below. 

It was selected ·because of· the functional diversity in the program 

calling for 56% residential area, 13% retail department stores and offices 

and about 30% of national archiv~s and community storage above ground. 

The remaining YOO,OOO square teet below grade are devoted entirely to 

national archives. 

Situated between 7th and 9th Street Market Square Complex forms the 

focal point of the entire proposed Pennsylvania Avenue Development 

project. It is conceived as an integrated major city project containing 

multi-use facilities incorporating energy conservation techniques and 

'load management concepts. 

Listed below is the data used to develop the thermal loads. The 

source for the information is Pennsylvania Avenue Energy Conservation and 

Alternate Energy Source Conceptual Plan by Dubin-Bloome Associates, July, 1977. 

1. Gross Floor Areas 

1. 77 6 :Dwe 11 ing Units /'J4, Y /U sq. tt. 

2. Retail & Offices 170,973 sq. ft. 

3. Community Storage 39 '772 sq. ft. 

4. Archive Above Grade 336 '920 sq. ft. 

5. Archive He low Grade 920 256.5 sg. ft. 

2,203,200 sq. ft. 
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. HP- ICES PROJECT 

2. Envelope 

.. Residential 404,000 sq • ft. 

Commercial so,ooo sg. ft. 

Total 454,000 sq. ft. 
·t t'. 

3." Roof 

Residential· 140,000 sq. ft. 

Commercial 124,000 sq. ft. 

Total ' 204,000 sq. ft. 

4. ~.=chives Below Grade 

Walls 101,400 sq. ft. 

Roof 321,600 sq. ft. 

Floor 321,600 sq. ft·. 

Total 744,600 sq. ft. 

5. "U" Facto:.r:-s 

Wall 0.06 BTUH/sq. ft - OF 

bauble Glass 0.6 BTUH/=:q. ft.- OF 

Roof 0.06 BTUH/sq. ft. _oF 

Slab Below Grade 0.063BTUH/sq. ft.-°F 

Gla.ss 0. 2 of envelope area 
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HP-ICES PROJECT 

Infiltration 1~2 LF/sq.ft. of glass 

0~5 cfrn/LF 

6. Ventilation Load 

Above Grade Areas: 

Use 0 ."rl cfm/.sci.ft. for summer only since in winter 

time inflitration has ~accounted for. 

'! 

Below·Grade Areas: 

Use 0.11 cfm/sq.ft. for summer and winter. 

7. People 

Residential 776 dwelling units, 3 person per. unit 

~2328 persons 

Retail and Off.ices, 171,0.00. sq.ft., 100 sq. ft 

per person =1710 persons 

Community Stor~ge, 40,000 sq.ft., 400 sq.ft. 

per person = 100 persons 

Archives, 12571500 sq.ft., 1500 sq.ft. per 

person 

Total 

Use 450 BTUH per person 

- 182 -
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4976 persons 



HP-ICES PROJECT 

8. Li·ght and Appliances 

Residential 1.5 KW per D.U., 776 x .1.5 = 1,164 KW 

Retail and .offic·es 17.1,000 ~q. ft. x 4W/sq .ft= 684 KW 

:.con.munity storage 40000-.sq.ft.~ x·.2W/sq .• ft.e - so· xw 

Archives 1',257 ,50'0 .x 2W/:sq.ft. · · 

Total 

- .183 ·-

... 

- ?,,'515 KW 

:. ( ,4(3 .KW 



TABLE .2A-3 

HEAT TRP..NSFER COEFFICIENTS FOR SELECTED LOCATIONS IN THE UNITED STATES 

Wall Overall 
Heat Trans- Roof Overall Below Grade Overall 

Heating fer Coefficient Heat trans- Heat trans- Thermal Trans-
Degree Heating .., fer Coeff~cient fer Coefficient fer . value· 
Days BTU/Hr-Ft"""-°F BTU/IIr-Ft -°F BTU/Hr-Ft2-°F Coolin9(BTULHr-Ft~ 

Location ASH RAE Bldg ASHRAE Bld9 Bldg ASHRAE BLd9 

St. Petersburg, FL 633 0. 465 0.305 0.100 0.06 0.063 30.100 19.394 

New Orleans., LA 1335 0.450 0.305 0.100 0.06 0.063 30.700 19.576 

El Paso, TX 2700 0.415 0.305 0.100 0.06 0.063 31.30Q 20.570 

Oklahoma City.,. OK-=. 37.25 .... . . o .• 3.90 . .. 0 .•. 305 .·0.094. ..0.06 .. - .:. 0 .• 0.6.3. .32.100 20 .• 716 . 

Corpus Christi, TX. 9!1.4 0.460 0.305 0.100 0.06 0.063 30.100 19.634 
1-' 
00 
~ Denver, co 6283 0.325 0.305 0.073 0.06 0.063 33.500 20.310 

Chicago, IL 6639 . 0. 314 0.305 0.070 0.06 0.063 34.100 20.886 

Washington, DC 4224 0.370 0.305 0.090 0.06 0.063 33.200 20.494 

New York, NY 4871 0.360 0.305 0.085 0.06 0.063 33.50 20.370 

Boston, MA 5634 0.340 0.305 0 .• 079 0.06 0.063 34.100 20.406 ::r: 
'"d 
I 

0.305 34.900 20.908 
H 

Minneapolis, f.m 8382 0.280 0.060 0.06 0.063 () 
tzl. 
UJ 

Seattle, WA 4424 0.370 0.305 G.OOB 0.06 0.063 35.700 20.278 "d 
::0 
0 

Rapid City, SD 7345 0.294 0.305 0.065 0.06 0.053 34.650 21.420 ~ 
n. 
t-3 

Des Moines 65a8 0.316 0.305 C.071 ~.06 0.063 33.900 20.802 

r 



TABLE 2A-l• . 

PEAK HEATING LOAD 

Envelope Below 
and Roof Grade Ventilation 
Transmission Transmission Load' 

Loaation BTUH B'l'UH BTUH Total BTUH 

St. Petersburg, PL 4 , 0 12, , 0 I) 0 141,000 2,845,000 6,998,000 
i 

New Orleans·, LA 5,09~,000 141,000 3,611,000 8,845,000 
) 

El Paso, TX 6,635,000 141,000 .4,705,000 . 11 , 4 81 ,'o o o 
' 

Oklahoma City, OK 8,179,000 235,000 5,799,000 14,213,000 

Corpus Christi, TX 4,938,000 141,000 3,501,000 8,580,000 

Denver, co .10,031,000 563,000 7,112,000 17,706,000.. 1-"' 
. 00 

\J1 Chicago, IL 563,000 7,331,000 
l 10.,338,000 18,232,000 

Washington, i)~ 7,561,000 141,000 5,361,000 13,063,000 

New York, NY 8,179,000 .. 235,000 5,799,000 '14 '213:, 000 

Boston, MA 8,95(),000 376,000 6,346,000 15,672,000. 

·:.:·:_. .. ::." . .. ·.·:-: ... ·.: Minneapolis:;: MN .-:· 12,037,000 · ·845 1000 8,534,000 21 ,.416·,·000 ~ 
I 

H 

Seattle, WA 5,555,000 141,000 3,939,000 9,635,000 
n 
l:>j 
Cf) 

Rapid City, so 751,000 8,097,000 20 '26 7·, 000 
'"d 

11,419,000 :;d 
0 

Des Moines, 704,000 
i ~ 

IA 10,956,000 7,768,000 19 1 4 2 8 1, 0 0 0 n 
1-'1 



TABLE 2A-5 
·· ... 

. -.. ~.~-

PEAK COOLING LOAD 

Solar and Lights and ··TOtal 
Transmission People Appliances Ventilation BTUH 

Location ETUH B'fUII BTUH BTUH X 103 Tons 

St. Petersburg~ FL 9,233,000 2,239,000 15,164,000 14,667;COO 41,303 3442 

New Orleans, LA 9,331,000 2,239.,000 15 1 1.6 4 1 0 0 0 14,667,000 41,401 3450 

El Paso, TX 9,798,000 2,239,000 15,164,000 14,344,000 41,545 3462 

--okJ:·ahoma .. City·,.- ·oK-- 9 ·,-896-, 000 . :_. 2,~39~000--15·il64j000 11, 32·4-;-0 00 ' . 3-8-,623·- 321:9--

Corpus Christi, Tx· 9,357,000 2,239,000 15,164,000 14,667,000 41,427 3452 

Penver, co 9,538,000 2,239,000 15,164,000 0 26,941 2245 
1-' 
00 Chicago, IL 5,894,000 2,239,000 15,164,000 10,138,000 . 37., 435 3120 0\ 

Washington, DC 5,732,000 2,239,000 15,164,000 11,324,000 38,459 3205 

Ne\'1 York, NY· S·,6€0,000 2,239,000 15,164,000 10,138,000 '37,201 3100 

Boston, MJll. 5,645,000 2,239,000 15,164,000 8,196,000 35,244 2937 
:I: 
"d 

[-1inneapol:i,s, MN ~,861,000 2,239,000 15,164,000 9,167,000 36,431 3036 
I. 

H 
(") 
tx:l 

Seattle, WA 9,396,000 2,239,000 15,164,000 0 26,799 2233 
C/) 

"d 
::0 

Rapid Ci t~r" , so 10,010,000 2,23-9,000 15,164,000 5,285,000 32,698 2725 
0 
c...., 
tx:l 
("). 

Des Moines, IA 9,745,000 2 12 :;,9 1000 15,164,000 11,324,000 38,472 3206 
~-
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· 'TABI.E 2A·6 

Location Jan 

St. Petersburg, FL 777 

New Orleans, LA 712 

El Paso, TX 829 
. 

Oklahoma City, OK 907 

Corpus Christi, TX 829 

Denver, CO 1049 

Chicago, · I~ 1139 

Washington, DC 1010 

New York, NY 1098 

Boston, MA 1140 

Minneapolis, MN 1140 

_.se·at·tle, WA .. 1049 

Rapid City, SD 1140 

Des Moines, IA 1101 

* 

- •. -.1 ~ -
j 

DOMESTIC HOT WATER ENERGY REQUIREMENTS 
(Million BTU) 

Feb ·Mar Apr May Jun Jul Auq 

649 647 627 647 628 520 520 

648 647 627 556 440 455 455 

837 .816 565 593 490 518 479 

825 907 816 751 620 583 583 

837 816 628 583 490 531 479 

943 997 892 042 754 730 725 

1037 . 1114 980 '073 791 712 696 

. 919 891 804. 739 666 696 544 

1002 1.088 1018 945 829 803 777 

990 1049 854 ·. 003 616 596 .606 

1002 1036 1005 042 753 712 647 

978 997 942 932 . ·791 777 673:;. 

1002 1136 879 042 691 533 583. 

943 971 017 777 628 593 583 

--· 

Sept 

565 

502 

490 

620 

490 

716 

729 

515 

741 

754 

691 

670 

691 

620 

DliW demand based on 60 gallons per apartment per day, 12 hours'usage; 
2 gallons per person per day for other ·areas, B hours usage 
115). 

_(see Pnge 

Oct Nov Dec. Total 

647 691. 771 7688 

647 628 648 6965 

622 004. 907 7940 

712 753 907 9000 

622 804 829 ·7938 

829 942 1075 10502 

816 942 1101 10920 

673 '817 958 9211 

816 905 971 10983 

829 905 971 10193 
i; 

777 . 07.9 906 10390 I 
H n 
1"1 . 

816 905 997 10535 en 
"d 

777 879 906 10109 ~ 
~ 
n 

712 817 906 9466 >-! 
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TABLE 2A-7 

DETERMINATION OF SUPPLEMENTARY COHPf.:ESSOR 'iJORK 1 SUPPLEMENTARY HEATING !"'NO ICE STORAGE BIN SIZE 

Location 

St. Petersburg, FL 

New Orleans, LA 

El Paso, TX 

Oklahoma City, OK 

Corpus Christi, TX 

Denver, CO 

Chicago, IL 

Washington, DC 

New York, NY 

Boston, ~lA 

Minneapolis, MN 

Seattle, WA 

Rapid City, SO 

Des ~loines, IA 

Defficienc~· 
In Cooligg 
BTU X 10 

E:l,275 

'j'8,558 

34,687 

39,874 

86,331 

13,789 

1,611 

.Supplementary 
Compressor 
Work KWH 
(::::•ron-Hrs) 

6,773,000 

,6,546,000 

2,991,000 

3,323,000 

7,19~,000 

1,149,00_0 

134,000 

Cooling 
Requirec,6 BTU X 10 

l.6,164 

28,080 

28,195 

21,859 

21,437 

29,430 

30,778 

Surplus Cool­
ing Energy or 
Supp:::.ementary 
Heat Req~ired 
BTU x 10 

17,772 

7,299 

2,108 

21,806 

3,802 

9, E.85 

3,C09 

Volume 
of Ice 
Bin 

·Cu. Ft. 

646,000 

992,COO 

1,794,000 

2,367,000 

814,000 

1,913,000 

3,323,000 

2,692,000 

3,110,000 

3,337,000 

2,587,000 

2,537,000 

3,483,000 

3,643,000 

Note: Coaling requir~me:1.ts given here only for locations \-J!'lere the cooling require­
ments goVIern the dete1.nir.~tion of ice s~::~rage bin E:ize. 



'1. 

1.1 

HP-ICES PROJECT 

2A. 3 PROJECTION OF ENERGY SAVINGS. FOR THE YEAR 2000 

BY THE USE OF HP-ICES 

Fuel Usage b~ Sectors 

(From National Gas Survey F.P.C., Chapter 6) 

Residential Sector, 1971 

Space Heating 

Gas 3,665 X 1012 Bt.u 

Oil 2,968 X 1012 Btu 

Electric 215 X 1012 Btu 

Total. = .6,848 X 1012 Btu 

Domestic Hot Water 

Gas 1,112 X 1012 Btu 

Oil ·143 X 1012 Btu 

Electric 293 X 1012 Btu 

Total 1;548 X 1012 Btu 

Space Heating and DID-! = 6,848 X 1012 Btu 

1~548 X 1012 Btu-

8,396 X 1012 Btti 

1.2 Connnercial Sector, 1971 

_Space Heating 

Coal 390 X 1012 ·Btu 

Gas 1,397 X 1012 Btu 

Oil 2z393 X 1012 Btu 

Total 4,180 X 1012 Btu 
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Domestic Hot Water 

Gas 458 X 1012. 

Electric 87 X 1012 

Total = 545 X 1012 

Space Reating 12 
and DHW =··4,180 x 10 

545 X 1012 

Total = ~,725 x 1012 

HP-ICES PRO.J:ECT 

Btu 

Btu 

Btu 

1. 3 Project ion for the Year 2000 (From E1e.ctrical World Magazine -
September 1978, i8sue) 

Residential 

Year 

1971 
1976 
1981 
1986 
1990 
1995 
2000 

·: 

Households 
Millions 

65.2 
12.9. 
80.2 
87.2. 
92'.2 
97~7 

103.5 

' 
Heating and D.omestic Hot Water 

Year 

1971 
1976 
1981 
1986 
1990 
1995 
2000 

I 

8,396 x 1012 Btu 
9,381 x 10~~ Btu 

10,325 X 1012 Btu 
11,224 ~ 1012 Btu 
11,863 x 1012 Btu 
12,575 x 10 Btu 
13,317 X 10

12 
Btu 

Air Conditioning 
5 X 1012 Gas 

Electrical 201 X 1012 

'Total ~. 206 X 1012 

~: 190 -

Btu 

Btu 

Btu 

Ratio of 
Annual Increase 

1.118 
1.100 
1.087 
1.057 
1.060 
1.059 

Ratio of 
Increase 

'1.118 
1.100 
1.087 
1.057 
1.060 
1.059 



HP-ICES PROJECT 

Ratio. of 
·Year ··Incr.ease 

1971 206 X 1012 : B·tu 
1976 230 X 1012 . :Stu 1.118 
1981 253 X 

12 Btu 1.100 1012 . 
1986 275 X 10

12 
. Btu 1.087 

1990 291 X 1012 Btu 1.057 
1995 309 X 10· Btu· 1.060 
2000 327 X 1012 .. Btu 1.059. 

2. Analysis of Residential Sector 

2.1 Absolute Savings in Energy 

By the year 2000 the require-d energy for air conditioning is 

12 ·. . .. 6 
estimated at 327 x 10 Btu= 27,250 x 10 ton hours. 

With 1 KW/Ton, the savings in energy input= 27,250 x 106 kWh 

With an assumed heat rate of .9000 Btu/kWh and ·a fuel value of 

140~000 Btu/gal. the savings in barrels of oil are estimated 

at 
6 27,250 X 10 X 9000 

140,000 X 42 

6 . 
42 x 10 barrels 

2.2 Heat Pump System Plus Direct Heating 

Heating obtained from heat pump.on satisfy~ng cooling require-

ments (COP 3.2) 

12 327 x·lO x 3.2 476 x 1012 Btu· 
2.2 

Deficiency in-available heat1ng energy is .. 

12 12 . 12 : 
~13,317 X 10 - 476 X 10 = 12,841 X 10 ' BLu 

Conventional (direct) heating with boiler thus requires 

12,841 x 1012 = 3120 x 10
6 

barrels 
0.7 X 140,000 X 42 

. assuming an utilization ~fficiency of 0.7. 

·-· 191 



HP-ICES PROJECT 

Compressor input to hea;t pump 

327 X 1012: 
2.2 X 34131 X 

9000 - 392 X 1012 Btu 

- 392 X 1012 

140,000 X 42 = 67 x 106 barrels · 

Energy input for heating and cooling 

'2.3 Using Supplementary Heat for Heat 
Pump S01,1r<;:e. ut' Melting Excess Ice 

(3120 + 67) x 106 

3ll87 x 106 barrels of oil 

Additional heating 12,841 x 10i2 Btu 

Heat input required at heat source 

12,841 X 1012 
X 2.2 

3.2 8,828 X 1012 Btu 

8,828 X ~012 · 6 . · 
- ~ 2,145 x 10 barrels 

0.7 x 14o.nnn x 42 

Compressor input to heat pump 

12,841 x~o12 · x 9000 
3.2 X 3413 

= 10.582 x11012 

140,000 X 42 
; 

. 12 
10,582 X 10 Btu 

6" = 1,800 x 10 barrels 

Subtotal (2,145 + 1,800) x 106 = 3,Y4S x lOn barrels 

Compressor input to ice generation (from above) = 67 barrels 

Total (3945 + 67) x 10° 4,012 x 106 barrels of oil 

Alternately 

Generating ice all the way while satisfying the whole. heating 
I 

requirements and subsequently melting the excess of ice with sup-· 

plementary heat. 
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Heating and DHW = 13,31.7 x 1012 Btu 

~ooling obtainabte = l3,317 x 2.2.x 10
12 

3 ... 2 

. 12 9.,155.1.:0 Btu 

Compressor input 

. 12 
9,155 .x .ILO 1~0 .. ,·.975 :x. 10i2 •B;tu 

2.2 X 3413 

HP-ICES PROJEC!I' 

10,975 .X 1012 l 866 106 b 1 
140, 00.0 x 42 · ,. x · · ar.re s 

.Exce·ss Coo'ling (9., 155 - ·327) x 10
12 

B;tu 

= 8,828 X 10
12 

Btu 

Supplemen.tary heat ·;r,eq.ui:red ,to mei't ·excess :ice 

=.8,828 X 1.012 . 6 
.0. 7 x .l410.,:000 x ,42 = .2145 x 10' bar.r.els 

.Compr.essor .input 
6 

1,866 x itO barre'ls 

Total 
. ·6 

· ·4 ,011 x 10 barrels .(.as before:D 

2 •. 4 Conventional System 

12 I \Cooling required 32.7 X 10 Btu ·.using o .. B 'l{)W ·Ton '.barrels ;oif 

= .327 x 10
17 

x :o.8 x ~woo . ·6 
-=-=--::---.:=-=~--=--':-::---:::c::::-::--"""-'-~- = 3 3 .X 10 .12 ,000 X 14:0,000 X 4.2 

. 12 
Heating 13,317 x 10 Btu 

. 12 
13,317 :x 10 
0.7 X 140~000 X. 42 

3, 235 x 106 tbar.r.e'ls 

o; ?.3.5 ·+ 33) x ro6 

16 
3,:268 .x ].(0 .barrels of .oil 

- :1:.93 - ' 



HP-ICES PROJECT 

2.5 Recapitulation 

Heat Savings With Direct Heating 3,187 X 106 barrels 

Heat Savings With Ice Melting 4,012 X 106 barrels 

Conventional 3,268 X 106 barrels 

2.6 Conc;:lusions 

. ' 
Heat pump with direct heating iE thQ be&t soh!t:fon, S;~v·i ngs 

with relation to conventional system amount to 

6. 6 X 106 3,268 x 10 .- 3,187 x.lO = 81 barrels. 

In addition the best pump saves condenser water pumping en-

ergy and cooling tower fan energy assumed to amount to 0.2 

' 
KW/Ton. Thus addition~! savings in refrigeration auxiliaries 

327 x 10
12 

i 0.2 x 9000 = 8 x 106 barrels 
12,000 X 140~000 X 42 

Total Savings (81 + 8); x 106 
= 89 x 106 barrels of oil 

3. Analysis of Commercial Sector 

3.1 Project of Growth of Heating and Air Conditioning Energy 
·Req1,1irem~nts. 

·,1 • \ 

Heat and DHW 

Ratio of 
Year IncrP.~!":e 

i 

1012 1971 4725 X Btu 
1976 5'292 12 Btu 1.120 X 1012 
1981 5821 X 1012 Btu 1.100 
1986 6t,o3 x 1012 Btu 1.100 
1990 6788 X 1012 Btu 1.060 
1995 7195 X 1012 . Btu 1.060 
2000 7626 X 10 Btu 1.060 

~· 194 -
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r. liP-ICES PROJECT 

Air Conditioning 

Gas 113x 1012 Btu 

Electric 3b5 X 1012 Btu 

Total .=498 X 1012 Btu 

Ratio of 
Year . Increase 

1971 498 X 1012 Btu 

1976 578 X 1012 Btu 1.120 

1981 614 X 1012 Btu 1.100; 

1986 675 X 1012 Btu 1.100 

1990 715 X 1012 Btu 1.060 

1995 758 X 1012 Btu l.060 

2000 804 X 1012 Btu 1.060 

3.2 Absolute Savings in Energy 

. Cooling required by the year 2000 ,.. 804 x 1012 Btu 
. 6 

= 67,000 x 10. ton hours 

With 1 KW/Ton Savings= 67,000 x 106 kWh 

6 = 67,000 .X 10 X 9000 = 
140,000 X 42 

6 103 x 10 barrels 

3.3 Heat Pump System Plus Direct Heating 

Cooling Required 

Heating Obtain by 
Heat Pump 

= 804 x i012 Btu 

= 804 X 1012 X 3.2 = 1169 X 1012 Btu 
2.2 

Additional Heat Energy Required = (7626 1169) X 1012 

= 6457 ·x 1012 Btu 

= 6457 X 1012 

0.7 x 140,000 x42 

- 195 -
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HP-ICES PR,OJECT 

Compressor input 804 X 1012 
X 9000 12 

~~~~~~~~ = 964 x 10 Btu 
;2.2 X 3413 

964 X 10
12 

14Q,OOO X 42 
6 = 164 x 10. barrels 

Total (1509 + 164) x:106 = 1733 x 106 barrels 

3.4 Using Supplementary Heat for Heat Pump 
Source, or Melting Excess Ice. 

Additional heating reqJired 6457 x 1012 Btu (twice above) 
·: 

Heat required at heat iource 

' 12 6457 X 10 X 2.2 
3.2x0.7xl40,000x42 

. 6 
= 1079 x 10 barrels 

Compressor input 

6457 X 10
12

;X 9000 X 106 
3.2 x 3413 x 140,000 x 42 = 905 barrels 

Total.= (1079 + 905 + 164) x 106 barrels= 2,148 x 106 barrels 

Alternately 

Heating & LJHW 

Compressor input 

12 7626 X 10 Btu 

12· 7626 X 10 X 9000 
42 = 1069 3.2 X 3413 x 140,000 X 

r.oolirig Ol>t~inable 

7626 X 

Cooling Required 

1012 ,· X 2.2 
3.2 

Excess 

' ., 
196 -

= 5243 X 1012 

= 804:'·x: 1012 

4439 X 1012 

X 106 barrels 

Rtu 

Btti 

Btu 

:=.,· .. 



HP-ICES PROJECT 

Supplementary Heat. 

= 4439·x 1012 

. 0.7. X 140,000 
6 1078 x 10 barrels 

X 42 

Total = (1069 + 1078) x 1b6 2147 x 106 barrels (as before) 

3.5. Conventional System 

Cooling Required 804 x :)..012 Btu· 

= I ' 804 x io12 

12,000 = 67,000 ton~hours 

With 0.8 KW/Ton, Compressor,input 

67,000:x 0.8 = 53,600 x 106 KW/T 

Barrels of Oil = ..:..5..:..3 ~· 6~0:-:0'-:-::x~l..:..O 6-:-':x~9....:.0-'-0-'-0 = 8 2 x 10 6 barre 1 s 
140,!)00 X 42 

Heating 

Barrels of Oil = 

7626 X 1012 Btu 

7626 x.1012 
0.7 x ~40,000 x 42 = 1853 barrels. 

Total = 1935 x; 106 barrels 

3.6 Recapitulation 

Heat Yump with Direct Heating 

Heat Pump with Ice Melting i 

1733 X 

2148 X 

106 

10 6 

Conventional 1935 6 = X 10 

3.7 · Conclusions 

6' . 
Savings (1935 - 1733) x 10 ; barrels 

6' = 202 x 10 • barrels 
. ~ 

·- 1!97 -

barrels 

.barrels 

barrels 



HP-ICES PROJECT 

Refrigeration auxilia~ies 0.2 KW/Ton 

6 . 000 106 x:0.2 7, X 13,400 X 106 kWh 

= 13,400 X 9000 X 10
6 

X 106 
140,000 x 42 = 21 barrels 

Total·savings (202 + 21) X 10
6 223 x 106 barrels 

.4. Summary 

Savings in barrels ot oil by ut:ill:dug Lhl! ic~ gener-ating 11?-

ICES for the whole of the Unit~rl States, in the year 2000 

Residential Sector 89 X 106 barrels · 

Commercial Sector 223 X 106 barrels 

Total 312 X 106 barrels· 

5. Calculations for Correcition Factors Based on Climate and -----Metropo;litan Areas 

Tus x %R x % mp X cc = TR 

Where 'l'us - Total U.S • .l::nergy projected ::;avings in year 2000; 

i"R - Regional use percent of total U.s. energy use 

Source: Fuels~ Energy Data: United States~ States and 
. ) . I 

Cen~us Uivisions 1973, by Lulie Crump, U.S. Department 

%MP Percent of regional population irt Metropolitan At·ea::;. 

Source: Statistical AbStracts of the UniLed States 1977, 

U.S. Department of Commerce Bureau of the Census p. 17 

CC- Climatic Condition:Correction 

Suur~e: Extropolated from Fig. 2-13 

TR _ Total regiond savings in year 2000 · 
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NEW ENGLAND -

312 X 106 6 
bbls X .OS X .764 X .837 = 9.98 X 10 bbls 

MIDDLE ATLANTIC 

312 106 bbls x ·. 873 
'6 

.lS X X .908 = 37.10 X 10 

EAST NORTH CENTRAL 

312 X 106 bbls X .21 X .773 X .846 = 42.8S X 106 bbls 

\VEST NORTH CENTRAL 

Jl2 X 106 6 
bbls X .18 X .S07 X .8S2 10.78 X 10 bpls .. , .. 

·. : : 

SOUTH ATLANTIC 

312 X 106 bbls .12 X .6S4 X .701 
6 

X 17.16 x 10 bbls 

EAST SOUTH CENTRAL 

312 X 106 bbls X .06 X S21 X .664;= 6.48 X 10
6 

bbls 

WEST SOUTH CENTRAL 

312 X 106 bbls x .17 X .677 X .330 = 11.85 X 10
6 

bbls 

MOUNTAIN 

312 X 106 bbls x .OS X .S97 X .804 = 7.49 x 106 bbls 

PACIFIC 

312 X 106 bbls X .11 X .877 X ;706 = 21.25 X 1~6 bbls 

Total Barrels of Oil Saving 164.94 x 106 bbls 
in the u.s. in the Year 2000. 
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APPENDIX 4A: ECONOMIC ANALYSIS PROGRAM 

I ABSOLUT!:: P?.SS!=:!~T Vi\LUE l\N!\LYSIS 

' 
~his progr~~ gen~rates a discounted cash flaw oi a 
given syst.:::!7:, based on: syste.:n life, capital cost of 
Of the syste::1, O?Cration COSt in year 0 1 fuel COSt 
escalation r.:1te, discount rate, and systa-n salvage value 
at the end of its li:e. h year by year discounted cash 
flo~·/ is p::-c~uc2d fer the entire life of the system. 
At the end of. the syst~<t life, the discounted salvage 
·value is ac~cd to the present value of the ?YSt~~ and 
the life cycle cost is printed. The follm..-ing formula 
~s used for the an~lysis 

·?V . t· -= . s 

Where: 

PV
5 

c 

N 

0 

iF 

io· 

sv 

~ (_ 

= 

= 

= 

= 

= 

= 

= 

Present value of the syste.'il. 

Capital cost of the s·ystc.rn. 

system life. ; 

Operation energy cost i!'l year O·o 

Fuel cost escalation rate. 

Discount rate/cost of capital 

Salvage value of the system after 

THE FOLLOIH:;G ASSm·l?TIONS ~·lERE HADE: 

N years. 

1; Operation energy costs in year I are escalated 
and discounted. · 

2. Fuel cost esc~lation ~at~ remain~·constant 
through the payba~k pc~iod. 

II RELATIVE PRESE~T VALUE A~~LYSIS 

Thi~ progra~ generates a discounted cash flow analysis 
·for cln energy conserving syster.t relative to a ccnventio:1al 
systen, based or.: sj·stc.-n li.::e, inc=c::lcntal c.::.pitcll cost of 
the systc.":l, opc=a tion saving';:; i:1 year o, iuel cost escalation 
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rate, discount rate, salvage value of ·the system. A year 
by year discounted cash:flo\v is produced for the entire 
life of the sys:tem. At' the end of the svste..."!l life, the 
discounted snlavage val~e is added to th~ present v~lue of 
·the syster.1 end the life.cycle ~av~ngs of the systC!"'Tl is 
printed. 

The fol).ovring formula. is used: 

.-

Where: 

PV = 
s 

CI. = 

N = 

s = 

iF = 

io = 

sv = 

.C:t 
sv 

Present v~iDP of thP incremental cost and 
savings of the system. 

Incrementa~ capital cost of the. system. 

System lif~. 

Operation Energy savings in year·o. 

Fu~l cost escalation rate. 

Discount rate/cost. of capital 

Salvage va~ue of the system after N years. 

This prog=am allm.;s energy conserving syste."ns to be directly 
compared to alternate or conventional syst~~s. · By ex~~ining 
the· payment strear.1, the.discounted payb~ck period may be 
detemined, provided that the payback is Hithin the system 
life. 
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ABSOLUTE PRESEN'r VALUE ANALYSIS 

SYMBOL DEFINITIO~S: 

PROJECT LIFE 

· Capital Cost 

Operation Cost 

Fuel Escalation 

Discount Rate 

Salvage-Value 

Year 

Cost 

PVTL 

Life of the system us~d for economic 
analysis. 

Absolute capital cost of the syst~~. 

Operation ~nergy cost in year o. 

Fuel escal~tion rate per year. 

Discount r~te/co~t of capital per year. 

Salvage value of the system at the end 
of the project life. 

The previous year. 

Discounted and·escalated energy 
Costs for that year. 

Accumulated total of .the present value 
of energy costs and capital costs. 

Salvag~ Value (PV) Present value of the salvage value of 
the system .. 

Present Value Present value of the total system 
including - capital cost, energy costs, 
and salvage value. 
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HP-ICES PROJECT 

Relative Present Value An~lysis 

Symbol Definitions: 

Project Life Life of the syste1n used for ~conomic 
analysis. 

Capital Cost Incremental capital cost of the systD~ 
relative to a conventional syst~~. 

O~eration Savings Operation Savings in year o. 

Fuel Escalation - Fuel escalation. rate per year. 

Discount rate Discount rate/cost of capital per year. 

Salvage value Salvage value of the system at the 
end of the project life. 

Year The I>re_vious year. 

SVNG Discounted and escalated energy cost 
savings for that year. 

PVTL Accumulated total of the present value 
of eneigy cost savings. 

Salvage value Present value of the salvage value of 
the system. : 

. Present value Present value of the system, including: 
incremental capital cost, energy cost 
savinss, and salvage value. 
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fig 4A·3 Rotative Present Value 

Convention~l vs. Heat Pump System: 

Ice Storage HP-ICES 
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APPENDIX 7A.l EVALUATION OF THE ABILITY OF OUTSIDE AIR IN WINTER 

TO PRODUCE SUPPI.:F.MENTARY ICE 

FOR PENNSYLVANIA REDEVELOPM~NT SCHEME, WASHINGTON, D.C. 

Energy· Analysis 

The system will utilize the ability of cold air in winter time to gen-

erate ice and make up the deficiency in "cooling" energy required which 

could not be generated by the heat pump system~-· 
. .. -· -· . 

The deficiency in cooling was found to be 885,100 Ton-Hours. The num­

ber of degree-hours below and including 25°F and a base of 32°F is 6727 and 

·the number of hours of occurence is 728. 

Writing the energy relation 

885,100 X 12,000 = C.F.M. X 1.08 X 6727 

CFM 885,100 x 12,000 = 1,462,000 say 1,500,000 CFM 
1.08 X 6727 

This happens during 728 hours--hence energy input is: 

KWH= 1500,000 x 0.25" WG x 0.746 x:728 = 73 KW x 728= 53,370 KWH 
6360 X 0.6 

The brine used would be 20% methanol and 80% water having a density of 60.4 

lb/cubic foot (specific gravity 60.4 = 0.968); 
62.4 

specific heat 0.97 BTU/lb-°F and freezing point of 4.5°F. With .a A T = 

10°F the energy relationship would be: 

885~100 X 12,000 = gpm X 10 X 8.33 X 0.968 X 60 X 0.97 X 728 

yielding gpm = 3110 

with an assumed he~d of 100 feet, the pumping energy would be: · 

- 209 - . 



..::.3~l~l~O~x~8~·~3~3~x-70~.9~6~8~x~l~OO~x~0~·~7~4~6_x=-7~2~8 KWH= 33;000 X 0.75 X 0.85 

89 KW x 728 = 65,000 KWH 

HP-ICES PROJECT 

Total energy input = fan energy + pump energy 53,370 KWH + 65,000 KWH 

Winter heat pump energy input (see 14.1.8) 

Add 
Subtotal for winter 

Summer heat pump energy input (DHW) 
Total annual energy consumption 

Cost Analysis 

Energy Cost 

Winter 

118,370 KWH 

3,250,000 KWH 

= 118,370 KWH 
3,368,370 KWH 

367,800 KWH 
3,736,170 KWH 

Heat Pump (see 14.2.1) = $113,253 

Summer 

Fans and Pumps 

energy 118,370 KWH x $0.02158 
demand (73+89) KW x $3.17x7 Mo = 

Subtotal "' 

Heat Pump 

$2,554 
$)_, 5 7_2 
$6,126 

energv 367.800 KWR x $0,02261 $8,315 
demand 650x0.746 KW x $2.4/KWH 1.5 Mo 1,746 

Subtotal • · $10,061 

Total for year $129,380 

Equipment First Cost 

Heat Pump (see i4.212) $ 2, 6oo ,ooo· 
Additional ice bin storage = 750,000 
42 Axial fans 126,000 
1 pump = 3,000 
outside air coil ($0.18 per cfm) 2702000 

Total $ 3,752,000 
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FIGURE 7A-l: 

ICE STORAGE USING OUTSIDE AIR 

.. 
MODES OF OPERATION 

~ODE DESCRIPTION v -1 v-?. v- 3 v- 4 r· -l P -- ; F -1 

WI~T~R MODE OUT~IOS 
Ti<i-iP BE LON 2 5°F C·PEN C..1:.CX;t; I OFF OFF f:'. OFF ON 

V-3 
~--------------------------> A~r----------1 

B 
.FROM 
SYSTEM 3 

~RINE COIL · 

r\- ICE STORAG._i="_B_IN __ _ 

c ___ .-,--------------; 
V-1 

P-1 

LCAD 

~-- .. ·---·-····--·-·-···-···-·---·-·-·-·---··-···------··4-···------···-- ·····-··-··· __ .,. ___ . -----·-.... ·-·-·--·----·-··-·-··---:··--··-··-·.-····---~---··· .. ·---·-····--------·40o--·-·-·-- ~ 



Comparison With Conventional System 

Energy savings related to conventional system 
= $331,710 - $129,380 = $202,330 

Incremental investment cost $ 3,752,000 $750,000 
$ 3,002,000 
• 

Simple "payback" = 15 years 

Discounted "payback" = 12 years 

General Evaluation 

The system cuts the electrical demand by 3000 KW. 

}ij' ... ICES.PROJECT 

The liwitl~~~ ~va1lab1lity of low temperature air makes the ~ystew ~ultable 

for climates where the ice gener~ted in winter·time.is not sufficient to 
. ; . . ····- ~ .. ·- .. - . -. --- .. ·~ . . -···. .. . . . . . .. -·. . . - . 

cover the. summer cooling requireJrients but W.~~~e .. the:r~ __ <;l.t:.~ .. §Jifficignt. dee-.ree ___ _ 
i 

hours· oe"low 250 to generate. the. deficiency in ice. 
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7A.2 MODIFIED ACES SYSTEM WITH SOLAR RADIATION 

FOR DONALDSON CORPORATION, MINN. 

(Table - 7A-l) 

Annual Energy Requirements For Heating, Domestic Hot Water 

And Cooling 

' :, f 
SPACE 'TOTAL .. 

' 
., ' 
•(,f 

HEATING D.H.W. HEATING & 
MILLION MILLION D.H.W. COOLING 

MONTH BTU BTU ' MILLION BTU TON-HOURS 

JANUARY 6834 35 6869 0 

FEBRUARY 5271 31 5302 0 

MARCH ·4409 38 4447 0 

APRI~ 2020 33 2053 40,000 

MAY 606 36 642 80,000 

JUNE 94 36 130 104,000 

JULY is 33 48 176,000· 

AUGUST 23 38 61 176,000 

SEPTEMBER 442 33 ; 475 152,000 

OCTOBER 1325 35 1360 72,000, 

NOVEMBER 4057 35 4092 0 
-~,,. .. 

DECEMBER 5691 3:5 5724 0 

ANNUAL 30,787 416 31,203 800,000 TOTAL 

·:. · .. 
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Ice Storage Bin Size 

' 

Annuai heating requirement 31,20~ X 

With a heat pump COP 3.2 

The cooling potential is: 

OR 

31,203 X 10~ X 2.2 
3.2 

6 21,452 X 10 = 
12,000 

HP·- ICES PROJECT 

6 21,452 x 10. Btu 

1,787,672 Ton-Hours per Year 

This amounts to twice of the sununer cooling re.quirement of 800, O<D Ton·~Hours. 

The ice bin will thus be sized for the full cooling load plus the summer sto-

rage losses. (The ice bin will now be insulated). The losses are estimated 

at 12.5% of the cooling load. 

Thus the storage capacity: 

800,000 x· 1.125 = 900,000 Ton-Hours 

.I 

with 144 Btu/lb of latent heat and 50 lb per cubic foot for ice the storage 

volume is eiven by: 

900,000 X· J.2, 000 
144 x, 50 

1,500,000 Cu Ft. 

Assuming that the chilled water will be cooled down from 57°F to 32°F before 
' . . ~ ( 

being converted to ice, the heat extracted from 1 lb. of chilled water i.R: 

(57 - 32~ + 144 = 169 Btu/lb. 

Headug Capaci-cy of the Heat Pump 
; . 

Cooling capacity: 

= 

= 

= 

I 

1,500,000 X 50 X 169 

12,675 x 106 Btu 

' 6 
12,675 x,lO 

12,000 
= 

- 214 -
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Energy Consumption Per Year 

Heat pump compressor input: 

6 31,203 X 10 
3.2 X 3413 

. 6 
2.857 X lQ. \<WlJ. 

Energy cost = 2.857 X 106 
X $0.018 

= $51.426 

Heat supplied by heat pump 31,203 x 106 Btu 

HP-ICES PROJECT 

Heating load = 12;500,000 Btu (after de~ucting internal heat gain) 

Equivalent full load hours for heating 6 31,203 X 10 = 2496 
12,500,000 

KW kWh 
Hours 

2.857 X 106 

2496 
1145 kW 

(Chilled and hot water pumps not considered in any scheme) 

Note: This figure is obtained also by considering part load. 

Billing demand charge 

For pumps consider 96 kW 

.Total Cost 

Charge 

.$51,426 

$23,759 

$ 1,992. 

$77,177 

1145 x $4.15 x 5 months 

$23,759 

= Y6 x 4.15 X 5 $1992 

- 215 -



The heating capacity is given by: 

6 i 
12,675 X 10 X 3.2 

l:leat required: = 

2.2 

6 31,203 X 10 

HP-ICES PROJECT 

18,436 X 106 Btu 

Heat supplied by heat pump generating ice for cooling: 

18,436 x 106 ~tu 
I 

Heat supplied by heat pump generating ice melted: 

12,767 x 106 Btu (to assist heat pump) 

Supplementary Solar Heating 

. Use solar heat average incident soiar energy on vertical wall facing south 

' is 186,400 B'tu per square foot per: season (Ref. ACES H. FISHER) 

Solar energy required~ 12,767 x 2~2 x 106 = 8.777 x 106 Btu 
3.2 

I 

Area of solar radiator (based on v~ry low water temperatures) 

First Cost 

1". '., 

8, 777 X 10.6 

186,400 

Ice storage bin $0.5/Cu Ft 
(part of building Structure) 

Two ice makers 

Two screw compressors 
(with the whole refrigerating system) 

Subtotal 

Solar collector system 

= 

Total. 

~ 216 -

47,089 Sq. Ft. 

$750,000 

$200,000 

$200,000 

$1,150,000 

500,000 

$1,650,000 
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Annual Operating Cost 

Energy 

Cooling and Heating $ 77,177 

$ 4,000 
.. 

. i ~ Maintenance 

Insurance $ 3,000 

Personnel $ 40,000 

Total $ 124,177 

Present Worth 

26.78987 X 124,177 $3,326,685 

First Cost = $1,65o;ooo 

PW $4,976,685 

Say PW = $4 '977 ,000. 

Note: Solar radiators are used (instead of collectors) due to the 

0 . 
fact that the water has a low temperature (close to 32 F), 

lower than ambien~ and therefore, insulation and glazing 

not required. Moreover, the radiator will collect heat 

through conduction and convection. 

Also the radiator system can be used to dissipate heat in 

summer time at night. 

- 217 .. 
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7 A. 3 DIESEL ENGINE DRIVEN·. ICE GENERATiNG HP- ICES 

Energy Analysis . 

Dual fuel engin~, Colt Industries, 960 HP, 720 RPM, 6 cylinder, 

opposed piston, Model Fairbanks M,orse 38DD8. 

Heat input 7256 Bt~/bhp-h~ (efficiency = 254~ = 0.351) 
7256 

i 

No. 2 oil, 19560 Btu/lb, 7.119 lb/gal; 139,250 Btu/gal, Sp; Gr. = 0.8546 

Heat Balance (per bhp-hr) 

Useful Work 

Cooling Water 

Lube Oil 

Exhaust 

Radiation & Una~c 

Heat RP.('Qvered 

2545 

= 904 

1357 

= 2352 

98 

7256 

Btu (35%) 

Btu r2%~ 31% 
Btu 19% 

Btu (32%) 

Btu (2%) 

Btu(lOO%) 

; 

Exhaust 16,060 lb/hr at a t~mperature 630°F, 330°F temperature dif-

ference, sp. heat = 0.24 BtJ/lb - °F 
. 'i ! . 

Heat R~covered = 16,060. X 0.24 X 330.x 1 
9bO 

= 1325 Btti/bhp-hr 

= 1325 x 100 = 56.3% of exhaust heat 
2352 

18 -
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HP-ICES PROJECT 

Heat from lube oil recovered through jacket water i.e. 

Tots.l recovered = 

1357 + 904 - 2261 Btu/bhp-hr 

.2261 + 1325,= 3586 Btu/bhp-hr 

Diesel Cycle Efficiency = Work + Heat Recovered 

Heat Input · 

For 960 HP • 

Useful Work 

Cooling Water 

Lube-Oil 

Exhaust 

Radiation and 
Unacc. 

= 2545 + 3586 X 100 = 84.5% 
.7256 

./ 

960 X 2545 = 2,443,000 Btu/hr 

960 X 904 = 868~000 Btu/hr 

960 X 1357 = 1,303,000 Btu/hr 

960 X 2352 2,258,000 Btu/hr 

960 X 98 - 94,000 Btu/hr 

Total = 6,966,000 Btu/hr 

Heat recovered from jacket water 2,171,000 Btu/hr 

Heat recovered from exhaust ~ 1,272,000 Btu/hr 

Heat Pump 

Use COPe = 2.2 

Subtotal = 3,443,000 Btu/hr 

Work 2,1tlt3,000 Bt1.1/hr 

Total = 5,886,000 Btu/hr 

Efficiency (Check) = 5,886,000 X 100 = 84.5% 

6,966,000 

Cooling obtained = 2.2 x work input = 2.2 x 2,443,000 Btu/hr. 

= 5,375,000 Btu/hr 

- 219 -



Adjusted for Source Energy 

COPe = 5 2 375 2 000 Btu/hr = 0. 772 
6,966,000 Btu/hr 

Heating Obtained 

From heat pump 3.2 X 2,443,600 7,818,000 

From recovered heat 3 2443 2000 

Total "' 11,261,000 

COP~ (related to shaft work) 

= 11,2fil ,000 Btu/hr 4.61 
2, 44 'j, OUU Btu/hr 

COPH (related to source energy) 

Overall COP 

= 11,261 2000 Biu/hr 1.62 
6,966,000 Btu/hr 

Cooling + Heating 
Work 

HP-ICES PROJECT 

·Btu/hr 

Btu/hr. 

Btu/hr 

Cooling - J,37J,000 Btu/hr 

Heating 

COP Overa.U 

= 

COP Overall· 

-

Total = 

1626362000 
'2,443,000 

16 2 636 2000 
6,966,000 

11,261 2 000 Btu/hr 

16,636,000 Btu/hr 

l 

Btu/hr 6.8 
Btu/hr 

., 

Btu/hr 2.39 = Btu/hr 

- 220 -
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7A.4 GAS ENGINE DRIVE~ ICE GENERATING HP-ICES 

Caterpiller G398, 500 HP, 1,200 RPM, 12 Cylinder 

Heat Balance 
. .. 

Net,.Work :::1 1,272,600 Btu/hr (30.2%) 

Cooling Water = 1,174,900 Btu/hr (27.8%)'. 

Lube Oil = 211,100 Btu/hr (5. 0%) 
! ; 

Exhaust 0:: 1,310,300 Btu/hr (31.0%) 

Radiation and Unaccounted = 253,300 Btu/hr (6.0%) 

Total = 4,222,200 Btu/hr (100%) 

Heat Rate = 4,222,200 
500 

= 8444 Btu/bhp 
( 30. 2% eff. ) 

Beat Recovered 

Exhaust = 733,700 Btu/hr (~6%) 

Cooling.Water (& Lube Oil) = ~,386!000 Btu/hr 

Subtotal = 2,119,700 Btu/hr 

Work = 1 2272 2600 Btu/hr 
' ' 

Total = 3,392,300 Btu/hr 

Engine Cycle Efficiency = 3.392 2200 Btu/hr x 100 = 80.3% 
4,.222,200 

Beat Pump 

Use COPe = 2.2 

Cooling obtained = 1,272,600 x 2.2 = 2,800,000 Btu/hr 

Adjusted for source ~nergy 

= 2 2800,000 Btu/hr = 0.663 
4,222,200 Btu/hr 

221 -
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Heating Obtained 

From Heat Pump = 3.2 x 1,272,600 = 4,072,300 Btu/hr 

From Heat Recovery = 

Total 

COPH ·(related to shaft work) 
., 

= 6 2192 2000 Btu/hr 

1,272,600 Btu/hr 

COPH (related to source energy) 
; 

= 6 2192 2000 Btu/hr 

4,222,200 Btu/hr 

Overall COP 

Overall COl' 

= 2,800,000 + 6,192,000 = 7.07 
1,272,600 

relHterl to Rhaft work 

~ 8 2 992 2 000 ~ 2.13 
4,222,200 

related to source·~nergy 

·; 

.,;.; 222 -
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HP-ICES PROJECT 

A. MARKET SQUARE COMPLEX 

WASHINGTON; t.C. 
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HP-ICES PROJECT 

SUMMARY 

1. AREAS 

Sector A .f 2 rea . t Per c~nt of Total 

' 
Residential 735,000 33.4 
(776 dwelling units) 

' 
Commercial 

a. Department Stores 171,000 7. 8. 
& Offices 

b. Community Sto~age 40,000 1.8 

c. National Archives 1,258,000 57.0 
(921:,000 below 
grade) 

100.0 
Total 2 ,2o4·,ooo 

2. LOADS 

Heating . Domesti~ Hot Water Cooling .... 

Annual Annual 
Demand Annual. Energy Demand : Energy Demand Energy 

Requirement Requirenu:nt R~quirement 
... 

~- -..L•--<:c 

6 
.. . 

6 13,064,000 27,028xl0 BTU 3,086 ,o:oo 92llxl0 BTU 3205 Tons 3,009,000 ton-hr 

Btu/HR BTU/.hr =36,108xl06BTU 

I 

3. COOLING SAVED BY· THE USE OF HP-ICES (BY-PRODUCT OF HEATING). 

23 ~ 258xl06 BTU or 64% of 36,: 108xl,06 BTU 

. i 

i-2-
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HP- ICES PROJECT 

. 4. PERFORMANCE AND COSTS 

HP-ICES system Conventional System 

1. Source Energy ' 
Consumption i 

·-··· -· .,. ·-·- .. - ~···- . - -···- .... -

Winter 33,573xl06 BTU 51,770xl0
6 

BTU 

Summer 17,439Xl06 BTU 33,439xl0
6 

BTU 
; 

. 6 ' 
8?,209xl06 BTU Total 51.013x10 BTU 

Energy Savings BTU 34.197xl06 ---
2. -Annual Energy Cost $100.,568 $263,048 

Energy Cost Saving $162,480 ---
3. Annual Operating $380;568 $540.048 

Cost 

Oper. Cost Savings $159,480 ---
4. First Cost $4,547,130 $2,697,255 

Incremental First $1,849,875 
Cost 

5 • . Pay-back 7 years 

6. Rate of Return 15% 
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HP-ICES PROJECT 

A.l COMMUNITY DESCRIPTION 

1.1 INTRODUCTION 

The Market Square complex is situated at Pennsylvania Avenue, Washing-
; 

ton, D. c., between 7th and 9th streets and is part of Pennsylvania Avenue 

Development project. 

In fact, it is its central point and its design incOl:JJuL·aL~s modern 
; 

' 

energy con$ervation techniq11P.~ and advan~&d load management concept. 

The project is being sponsored and developed by the Pennsylvania 

Avenue Redevelopment Corporation and it should serve as a showcase, a shining 

model and example for government and private agencies to follow suit and 

apply the principles developed for Market Square to.other projects, both in 

the city and country at large. 

The·Market Square complex conains residential areas, retail and offices, 

n~tional archives and community storage areas. It is conceived as a major 

integrated city project with multi-~se facilities and a wide functional di-

versity, 

2 2 
It contains a total area of 2,200,000 ft. out of which 735,000 ft. 

2 or 33.4% are occupied by 776 dwelling units; 171,000 ft. or 7.8% are occu-
, . : . 2 

pied by department stores and offic~s; 40,000 ft. or 1.8% are community 

; 2 
storage areas and the remaining 1,258,000 ft. or 57.0% are occupied by 

national archives, out of which. 921,000 .ft.
2 are belol·l gl"ade. 

The general building design and construction emphasizes opportunities 

for the reduction of energy consumption by the building and their associated 

environmental system (heating, cooling, lighting, etc.) by applying the 

energy conservation concept on Architectural Design and treatment of the 

building and building material. 
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HP-ICES 

All exposed walls and roof will be designed with high mass construc­

tion of 100 lbs/ft2 and insulated to achieve an overall "U" value pf 0.06 

Btuh/ft2 /°F, combined window/wall area in any given space will have a 

combined "U" value of no greater than 0.12 on north exposure and 0.22 on 

south. 

Where possible, insulation will be located on the external surface 

of walls and roof so that advantage is taken of the structure's thermal 

mass, which will act as a heat reservoir and smooth out peak loads. 

Interior partition and floor slabs will be designed for 60 lbs/ft2 . 

High mass construction gives the building a high thermalinertia character-

istic t hat reduces t he effect of rapidly changing outside conditions. 

The high mass makes t he building react as a large thermal storage system 

which obviates wasteful short cycling. 

The exterior wall surfaces will have light color and absorption 

coefficient not greater than 0.3. All windows will be double glazed to 

reduce heat conduction and sound transmission. Windows facing south will 

be ·provided with external shading devices designed to exclude high angle 

su~ner sun, but allow entry of low angle winter sun. All windows will 

be carefully caulked and weatherstripped to reduce infiltration of outside 

air . 

Concerni ng energy conservation, space like corridors, wash rooms, 

utility rooms, vertical transport and other similar spaces ~hat · do- not have 

such stringent temperature . condition requirements should be located in those 

areas where heat loss is potentially the greatest (usually at the north 

wall). These spaces can t hen act as a huffer between outside and inside 

occupieu areas. 

-7-
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HP-ICES PROJECT 

Areas of common requirements such as lighting level - same occupancy 

hours etc. should be grouped together so they can be served by one system 

designed for those conditions and operated only when required. 

The loads and annual energy requirements are as follows: 

(a) Cooling: 
Demand = 3205 tons 
Annual Requirement = 3,009,000 ~on-hours 

= 36,108 x 10 BTU 

(b) Heating: 
Demand = 13,064,000 BTU/HR 
Annual Requirement= 27,028 x 106 BTU 

(c) Domestic Hot Water: 
Demanu - 3,086,000 R'rTJ/HR 
Annual Requirement = 9211 x 106 BTU 

1.2 DESIGN CONDITIONS* 

Latitude 39° 

Winter design temperature 19°F 

Inside temperatures, winter 68°F, night set back 58°F 

Summer 78°F DB, 50% RH 

Daily temperature range summer 18°F 

Equivalent full load hours cooling 700-1200 

Heating degree-days 4224 

Overall thermal tran~fPr valu9 for cooling 

= 2Q.!J.91t BTU/Im ft2 

(Table 2A-3 SystPm 
Development Report) 

Overall wall heat transfer coefficient for heating (including 
infiltration) 

Below grade heat transfer coef ficient 
= 0.063 BTU/HR-ft2-oF 

·kASHRAE GUIDE 1) 
2 ) 

Fundamentals ch. 23 
Systems ch. 43 
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HP-ICES PROJECT 

Roof u factor = = 0~06 BTU/HR-ft2-°F 

2 Ventilation 0.11 cfm/ft for above grade areas !or summer only; 
below grade for summer and winter. 

1.3 BASIC ASSUMPTIONS 

a. People 

Residential - 3 persons for dwelling unit 

Retail and offices - 100 ft2 per person 

Community Storage and Archives - 2. W/ft
2 

1.4 AREA TABULATION 

RESIDENTIAL 
776 dwelling units 

COMMERCIAL 

Retail & Office 
Community Storage 
Archive Above Grade 
Archive Below Grade 

Sub-Total 

TOTAL (Residential and Commercia~) 

1.5 COOLING PEAK DEMAND ESTIMATE 

RESIDENTIAL 

a. Solar and transmiss}on · 

735,000 ft 2 

171,000 ft 2 . 
40,000 ft2 

337,000 ft 2 

920,000·ft2 
1,468,000 ft 2 

2,203,000 ft 2 

Enveiope 404,000 ft x 20.494 BTU~HR-ft2 
Roof 140,000 ft2 x 0.06 BTU/HR-ft -°F x 270F = 

·sub-Total 

8,280,000 BTU/HR 
227,000 BTU/HR 

8,507,000 BTU/HR 

b. Ventilation 
735,000 X 0.11 X 4.45 X (40.5 -30.0) 

c. Light and Appliances 
1.5 KW per D.U., 776 x 1500 x 3.413 

d. People. 
Three persons per D.U., 776' x 3 x 450 

TOTAL RESIDENTIAL 

-11-. 

= 3,778,000 BTU/HR 

3,973,000 BTU/HR 

= 1,048,000 BTU/HR 

17 , :306, 000 BTU /HR 
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COMMERCIAL 

a. Solar and Transmission 
Envelope 50,000 x 20,494 
Roof 124,000 X 0.06 X 27 

b. Ventilation 

Sub::-Total · 

Retail, Community Storage, Ar9hives 
1 1,468,000 X 0.11 X 4.45 x=10.5 

c. Light and Appliances 2, 2 
Retail and Offices 171,000 ft · x ~ W/ft 
Community Storage 40,000 x ~- w/ft 
Archives 1,256,000 x 2 W/ft · 

Sub-Total 

HP-ICES PROJECT 

=· 1, 025, 000 BTU/HR -
201,000 BTU/HR 

- 1,226,000 BTU/HR 

7·, 545,000 BTU/HR 

= 684,000 w 
= 80,ooo.w 
= 2,514,000-W 

= 3,278,000· w 

Load 3,278,000 x 3.413 = 11,188,000 BTU/HR 

d. People . __ 
Retail and Offices, 171,000 ft~: 

. . 100 ft2/perso~ -
Community Storage, 40,000 f~2 : 
Archives 1,257,000: 1500 ft /person 

Sub-Total 

Load = 2,648 x 450 

e. Total Commercial 

= I 1, 710 persons 
- I 100 persons 
= persons ·'838 

2,648 persons 

= -1,192,000 BTU/HR 

= 21,151,000 BTU/HR 

TABLE A-1.1 MARKET SQUARE HEAT GAIN RECAPITUlATION (BTU/hr) 

Solar & 
Transmission 

Light & 
Ventilation Appliances people 

Residential 
Commercial 
Total 
% of Total 

8,507,000 
1,226,000 
9,733,000 

25.3 

3,778,000 
7,545,000 

11,323,000 
29.4 

3,.973,000 
11,188,000 

. 15,161,000 
39.5: 

Residential 17,306,000 BTU/HR 
12.,000 BTU/HR-ton 

Commercial · 21,151,000 BTU/HR 
12,000 BTU/HR-t~n 

' 

TOTAL 

--13-

1,048,000 
1 ,192.,000 
2.,240;000 

5.8-

= 

= 

= 

Total 

17,306,000 
21,151,000 
38,457,000 

100.0-

1442 Ton 

1763 Ton 

3205 TOli 

45.0 
55.0 

100.0 
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1.6 WINTER PEAK COOLING LOAD IN COMMERCIAL SECTOR 

6 
Internal heat gain = 12,380 x 10 BTU/HR 

Heat Losses in Commercial Area 
6 

6,614 x 10 BTU/HR 

Net Heat Gain = 5,766 x 10
6 

BTU/HR 

= 480~5 tons 

1. 7 ENERGY REQUIREMENT FOR COOLING 

. Equivalent full load hours 

Residential 1200 

Commercial 1100 

Diversity Factor: 

We assume a diversity factor.:of 0.82 for the cooling energy requirements, 

and a diversity factor of 1 for the heating energy requirements. 

The diversity factor is obtained. by assuming load profiles for the 

residen~ial cooling requirements and ,the commercial cooling requirements. 

The ratio of the maximum total load to the sum of the residential peak load and 

the commercial peak load gives the diversity factor. The value of the diversity 

factor e~timated h~~e is 0.82. 

.i 
The reason for a diversity factor for the cooling load is that the p~ak 

cooling energy usages for the residential and commercial sector do not coincide. 

in :th~ r~~ide·n:t·iai sector; there is ohly a small occupancy during most of the 

daytime hours, so that the air-conditioning in the summer would only be used 

for a small number of hours in the evening (to take care of the time lagged 

cooling load)~ 

The diversity factor for the heating demand is taken to be 1. The 

heating demand is assumed to be relatively uniform, and it appears reasonable 

to require that the maximum heating load tq be allowed for is the sum of the 

peak heating loads. 
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Cooling Energy Requirement: 

(a) Summer:. 

Residential sector: 1442 ton x 1200. EFLH x 0.82 = 1,419>000 Ton-HR 

Commercial Sector: 1763 ton x 1100 EFLH x 0.82 = 1,590,000 Ton-HR.· 

(b) Winter: 

Residential Sector_: 0 

Commercial Sector: 1763 ton x 367 EFLH 648,675 Ton.,-HR 
.: ,"; ; I ~ 1 • t .~ ~~ 

Total Annual Cooling Energy Requirement = 3,651,675 Ton-HR 

TABLE A 1.2 ANNuAL ENERGY REQUIREMENT FOR COOLING * 

% Cooling Cooling 
Energy Energy 

Requirem5nts 
Month Requirement 

.' BTU x 10 

January 3.55 1560 

February 3.55 1560 

March 3'.55 1560 

April 4.8 1850 

May 8.22 3611 

June 10.7 4694 
; 

.Tnl y ·18.1 7944 

' August 18.1 7944 

September .15. 62 6860 

October 6. 71 3250 
' 

November 3.55 1560 I 
December 3.55 1560 

Total 100 43,908 I Annual 
•· 

i. * In the winter, cooling is treated by enthalpy control • 

. . -15-
1 

' " 
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1.8 HEATING PEAK DEMAND ESTIMATE 

Residential 

a. Transmission and infiltra:tion 

Envelope 404,000 x 0.305· x (68-19) 
Roof 140,000 X 0.06 X 49 

Commercial 

a. Tran~mission and Infiltra'tion 

Envelope 
~oof 

50,000 X 0.305 X 49 
124,000 X Q.06 X 49 

TOTAL 

Sub-Total 

Below Grade 422,600 x 0.063 x 5.3 

b. Ventilation (Below Grade) 

' 
921,000 X 0.11 X 1.08 X 49 

Total 

·HP-ICES PROJECT 

6,038,000 BTU/HR 
= 412,000 BTU/HR 

6,450,000 BTU/HR 

747~000 BTU/HR 
- 365,000 BTU/HR 

=1,112,000 BTU/HR 

141,000 BTU/HR 

= 5,361,000 BTU/HR 

= 6,614,000 BTU/HR 

TABLE Al.3.MARKET SQUARE HEAT LOSSES RECAPITULATION (Btu/hr) 

& I Transmission 
Infiltration Ventilation 

I 
Residential 6;450,000 I -

Commercial 1, 253,000 i ., 
5,301,000 

Total 7 ~'703, 000 5,361,000 

1.9 ENERGY REQUIREMENT FOR HEATING 

Resid.ential 

6,450,000 x 4224 (DD) X 24 
49 

Commercial 
6;614,000 x 4224 (DD) x 24 

49 

TOTAL 

-18-

! 
I Total 

6,450,000 

6,6lli~OOO 

13,064,000 

= 13, 344 X 106 

13,684 x_l06BTU 

= 27,028 x 106 BTU 



.... 
I 
~ ·=> 1-· 
al 

10.000,000 

5.000.000 

·10,000,000 

!5,000..000 

~IDENT'IAL. 

6.450.000 
(~q""'· 7 .. ) ........ ----------------
FIG.·. ~1.10 

,. 

HP-ICES PROJECT 

COMMI!.eC lA\. 
~.61-4,00" 
(50.6,%) ------------------

Heating Peak D.emand Distribution By Sectors · i 

T~SMISS\ON 

"7.-rco.o e~c 
(5"\.0,%) ------------· ----------
FIG~- A.ll 

Heating Load Distribution 

lii!t:SIPE:f\M'IA\.. 
I?J.~44 
(4 ... 4 , .. ) -----------------------= = == --.-
FIG.- Al.l2 

~,_.T1LJto.TION . 
s. '!>60.000 

l-41.&1%) ---------------

CI:JMM~CJA~ 

I~G~ 

(SC..6 7..) = -------------= ------= ------=· --
Annual Energy ;Requirement For Heating 

-19-

.. 



HP-ICES PROJECT 

·TABLE A-1.4 A~illUAL HEATING REQUIREMENT 
' ENERGY 

MONTH DEGREE DAYS REQUIREMENT BTU 106 

January I 871 I 5573 
' 

February 762 4876 

March 626 : 4006 

April 288 I 
1843 

May 74 475 

June 0 0 
: 

·-
July 0 

' 
0 

: 

August 0 0 
' 

September 33 212 
............ 

October I 217 1386 
I 

November 519 3321 

December 834 5336 

Total 4224 27,028 
Annual .. 

. ... 

-20-
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1.10 DOMESTIC HOT WATER DEMAND ESTIMATE 

The assur.1ed DHW requirement is 60 gallons per day per apartment delivered 

at a temperature of 120°F. 

The recommended ASHRAE requirements for apartments are lower, i.e. be.,. 

tween 35 and 37 gallons per day at 140°F. 

The present system does not have a· central boiler. The DHW will be 

provided by individual units in the apaftments, each with a· t~nk and qe~f 

exchanger coil. 

Because of the difference in the delivery temperatures and the character-

istics of the system, we have assumed a larger DHW requirement (of 60 gallons 

per day). 

The results are the following: 

Calculation of Average Hot Water Loads 

Residential 

60 gallons per day per apartment 

= 60 X 776 (No. of DoUo) 

12 hours usage 

Commercial 

= 46,560 X 8.33 
12 

2 gallons per day per person 

= 46,560 gal/day 

= 32,320 lb/hr 

= 2 ~ 2648 = 5,296 gal/day 

5 hours usage 5296 x 8.33 8,823 lb/hr 
5 

-21:-
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The DHW energy requirement for the coldest month is the following: 

32,320 + 8823 
with~ = 75°F 

Demand = 41,143 x 75 - 3,086,000 BTU/HR 

Table A-1.5 gives the results for the monthly DHW energy requirements. 
' ! 

The supply water temperatures have been taken from the Handbook of Air Con-

ditioning, Heating and Ventilating, by Strock and Koral, pages 1-157. (1965) 



TABEE A,-!.5 DOMESTIC HOT WATER ENERGY REQUIRW!ENTS. 
(Based on monthly city water temperatures) 

Month BTU x 106 

' January 1010' 

February :919 

March 881 

' April 804 

May- 738 

June 666 

July 686-

August 544 

September 515 

October 673 
: 

November 817· 

December :958 

; 

Total . 9211 
Annual 

HP-ICES, PROJECT 

Winter months - October through April. 
DHW:requiremertts = 6062 x 106 BTU 

Summer months- May'through September 
6 DHW requirements= 3149 x.lO BTU 

Total = 9211 X 106BTU 

Ref .•. : Handbook of Air. Conditioning, Heating· and Ventilating, 
by Strock and Koral,: pages 1-157. (1965). 
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TABLE A-1.6 ENERGY REQUIREMENT~ FOR HEATING & DHW 

; 
HEATING MONTH ' 

; 

DHW ! SUBTOTAL 
1 ; : ~ ' January ; 5573 1010 6583 

I ' 
i ' February 4876 919 ; 5795 ; I 

March 4006 881 I 4887 I 
I i 

' 804 
! 

April 1843 I 2647 
! ! 
I I 

May I 475 : 738 ' 1213 ! : ! 
June i. 0 i 666 i 666 I ! I 

: 1 

July I 0 I 686 ! 686 
l 

I ' i August 0. I 544 i 544 
I i I 

i 212 515 
: 

727 September i ! I 
i 

1386 673 ! 2059 October I i I 

November I 3321 I 817 
! 

4138 I i 
I i 

December 
I 

5336 
I 

958 I 6294 
I 

Total 27,028 
I 

9,211 36,239 
Annual 

TABLE Al-7 RECAPITULATION OF ANNUAL ENERGY REQUIREMENTS FOR COOLING, HEATING & DHW 

ResidP.nt:ial Commercial Total 
i 

X 106 Cooling 17,043 X 106BTU 26880 X 106BTU 43908 BTU 

Heating 13' 352 X 106BTU 13,675 6 x 10 BTU 27028 X 106 BTU 

DHW 8271 X 106BTU 940 X 106BTU 9211 X 106 Btu 

.. 

• • :r_ 
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A.2 SYSTEM DESCRIPTION 

2.1 ·System Components 

The system will be a heat pump generating ice on heating and will consist 

of three main components: 

the energy center located in three mechanical rooms and generating the 

heating, domestic hot water and cooling r~quirements for the entire complex 

- a distribution system 

- terminal units 

2.1.1 Energy Center 

The energy center will include: 

a. Three ele.ctrically driven screw compres·sors capable of operating at 20°F 

SST and 130°F SDT, at 350F SST and 130°·F SDT for summertime generation of 
0 . 

D H w with the simultaneous generation of chilled water arid at ·35 F SST 

and 105°F SDT for the conventional air conditioning operation in sununertime 

with heat rejection to the cooling towers. 

b. Three double bundle condensers 

c. Six flat plate ice makers 

d. Three chillers 

e. Circulating pumps: 

- three primary hot water pumps 

two primary chilled water pumps, operating between the ice bin and the 

primary loop . 

- three primary chilled water pumps, opera~ing between the chillers and the 

primary loop and also between the chillers and the ice bin. 

- condenser water pumps 

- ice plate circulating pumps . 

-2,7-. 
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2.1.2 Distribution System 

The distribution system will consist of: 

a. Primary distribution piping 

b. Secondary hot water pumps 

c. Secondary chilled ~vater pumps 

. d. Heat exchangers for domestic hot water 

2.1.3 Terminal Units 

For the residential areas and small offices, there will be a .four-pipe 

fan coil unit system, while for the commercial areas (department stores, 

landscape offices, ·places of public assembly, archives) air handling units 

will be used with proper air distribut.ion systems. For the commercial sector, 

for which a cooling load may be expec~ed in the winter, enthalpy controllers 

will be incorporated into the air handlers to minimize the use of mechanical 

cooling when the outside air conditions will permit. 

2.2 Equipment.Sizing and Selection 

2.2.1 Compressors 

The compressors are selected according to the heating requirements in 
- ---··-·. ··-···-··-·-- ···-·-·----·---· .. : .. ·-·-·a-··-------··-·----·-·-· -·-·--~- ----·---·-··-,···--······· 

winter time when ~_hey_ ·OP~.r.!lte at Al)T ~- _130 __ F. •..... The compressors should also.,be .. 

,,abi~ to operate at standard air conditioning conditions that is at· 35°F SST 
i;·' t 0 ..... ___ -~,---- .. ---- _ _, ___ , __ _:__ -----------·---- ..... -- ..... - ·--.. ·- .... .,,_ --·-- .. _, __ ,,_ __ ... __ ........ -----·-· 

and 105 F SDT and t:hei~. perf9rmanc~ .at .... these con9itio~~ . sho,1,1ld, '!>~ .~QmP9.t'ableon··•• ... 

with the performance of a standard centrifugal compressors·. 

Select Punham-Bush screw compressors, model F. (800) hp x 2'H2 

At 20°F SST a~d .130°F DST heat rejection ~.s-·6·~-o-6'~),'oocl,' :B'tu/hr:·~·~~frig~rati~g ............ ·-

effect 342 ton, power input 772 hp. Three units will satisfy heating and 

domestic hot water at 35°F SST and 13.0°F SDT. At these conditions the heat 

rejection is 7,672,000 BTU/hr, refrigeration effect 475 ton and power input 

775 hp. 

28-
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Also, to supplement the cooling requirements in the summer, the same 

compressors will again be called upon to perform at standard air conditioning 

conditions that is at 35°F SST and 105°F SDT. At these conditions, the 

cooling effect is 555 ton and power input 578 hp ,heat rejection by the 

cooling tower 8,131,000 BUT/hr. 

The following table recapitulates the performance of E(800) x 2512 

compressor at the stated conditions: 

TABLE A 2.1 DUNli.AM H~~~J8UU) ~-~-~-~-~-C~W COJ:i!l!:~.~ -S9R PERFORMANCE 
----r 

SST c 20°F SST = 350F SST = 350F 
SDT "' 130°F SDT = 130°~· SDT - 105oF 

Tonnage 342 ton 475 ton 555 ton l 
i I 

Power Input----~----7_7_2_h_P ______ ~·-· ___ 7_7_5 __ h_P ______________ 5_7_8_h __ p 1 

Heat Rej ec tion ' 6. 06 9 • 000 B tu/hr r 7! ~ 72 • 000 Btu/h': ~~· ~·~31, 000 Bt u/hr I 
::;Ton .. -~- --C--~~;: _: _:::: . 1.04 I 

COP<; :!.09 __ c~:-~-~·-________ 1 __ __ ~=-~---·------- - · -- ! 

The performance of the compressors is illustrated in the following charts 

(Figs. A 2.1, A 2.2 and A 2.3). 

2.2.2 Ice Generating Equipment. 

lee w~ll be generated by six units each consisting of 12 flat direct 

expansion plate evaporators and 12 expansion valves manufactured by the 

Turbo Company, Denton, Texas. 

Water will be sprayed by evaporater pumps over the surface of the plates 

and frozen. The evaporaters will work in cycles and one of them will perform 

harvesting of ice at all times. The six units will generate a total of 648 

tons of ice per day (24 hours). 
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2.2-..3 Chillers 

Three chillers will be selected of 555 ton capacity each to enable 

chilled water generation in the summer in conjunction with domestic hot water 

generation and also with heat rejection to the cooling towers. 

2.2.4 Condensers 

Condensers will be of the double bundle type capab.le of rejecting 8,131, 000 

Br.U/hr in the summer while chilled water is generated. The temperature of th~. 

refrigerent at this condition should be 105°F, while the condenser water will 

The condenser should be capable of ope.rating also in the winter, reject­

ing 6,069,000 BTU/hr at a refrigerent temperature of 130°F, while the con-
! 

denser water should be between 90° and 120~F. 

2.2.5 Cooling Towers 

'( .. 

Cooling towers will be selected for summer operation at night time. Three 

Marley cooling towers of 555 ton capacity each will be selected. 

2.2.6 Pumps 

.The following table summarizes the selection of the Aurora pumps. 

-33-



HP-ICES PROJECT 

TABLE A-2. 2 .. HP-ICES PUMP SELECTION 

--------~---------- -~- -·---····---·-··-··- --- _________ ..:,._, __ -
I 

Head Efficiency Hodel & 
Desisnation Service GPM Foot HP % RPM 

p..,IA Heating 367 150 22 ·68 3x4xl4 
P-lB Series 410 
P-lC 1750 RP'H 

Double Suction· 
f 

'i 
' i 
\ P-2A Chilled 2250 110 70 89 8xl0xl713 
I P-2B water Series 410 

I 
I 

bin to ·1150 RPM 
primary Double Suction 

loop 
: ' I ' 

I i i I I ' 
f-3A i Chilled l 830 ' 70 18 ; 80 15x6xl5· 
P-3B I i 

; 
Series 410 water I 

P-3C i I 
chiller 

I 
i ! 1150 RPM 

to bin I Double Suction . I ! i I i 
.. ! 

! 
, i I 

I I 

80 
I 

P-4A Condenser: 1626 I 38 88 8x8xlll3 ., 
P-4B water I ; Series 410 

i I 

P-4C cooling 

I 
1750 RPM 

tower Double Suction 

2.3 System Operation 

Fig. A.2. 4 illustrates the energy center for the Market S.quare complex. 

1 i; On :the low pressure role of the refrigeration cycle there are. chillers 

connected in parallel with the ice ma~ing evaporaters which enables the 
; 

system to either generate ice or chilled.water at a higher SST when simul-

taneous heating and cooling is required which results in a lesser power 

input. The control system will enable the three units to operate either 

in the same mode (ice or chilled water) or generating simultaneously ice 

and chilled water. However, the control system will minimize the. generation 

and use of chilled water during the ·winter in order to produce· as much ice 
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as possible for the summer while in the winter the cooling requirements will 

be satisfied by enthalpy control. 

The refrigeration cycle is dedig,ned to operate as a recirculating system 

allowing to connect alternately two· different evaporai:ers with different flow 

rates to the same cqmpressor preveriting thereby liquid refrigerant from 

entering the compressor suction. 

On the high pressure side of the refrigeration cycle there are double 

bundle condensers supplying either ho~ water for heating or condenser water-to 

the cooling towers. 

In the relatively mild climate of Washington, D. c., the ice generated 

by the heat pump during the winter is not sufficient to cover the summer 

cooling requirements • 

. The deficiency in "cooling" eriergy is made up in two ways. .First, 

domestic hot water is generated ·in summer during night time to eliminate the 

electrical billing 'demand with simultaneous production of chilled water. 

The.resulting COP is higher than for ice een~ration ac the SST is 

35°F while the SDT remains at 130°F. Storage t.anks are p~ovidod to 

enable the use of the domestic hot ·water during the day. The remai~der of 

the deficiency in "cooling " energy is produced by operating the chillers in 

conjunction with cooling towers. This is also done during the summer nights 

aml resul'tS in a yet higher COP as the SDT is reduced to 105°F. 

The chilled water, whether produced with domestic hot water or with 

cooling towers,is stored in one special compartment of the ice storage bin 

which is.isolated from the remainder of the bin. The chilled water is used 

up the following day. The entire system will be integrated with the building 

to minimize additional load requirements. The ice bin will be located under 
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the east side of the building at the lowest level and will occupy about 40% 

of the total boundary area of the c~mplex. ;The three ~~chanical rooms wnich 

constitute ·the energy center will be locateq above the ice bin and ~11 at the 
, ,Hf 

same level to enable the ice to drop directly into the bin below. 

The chilled water distribution system ~ill consist of a pri~ary-secondary 

putr.ping arranger.;ent with: special pumps supplying chilled wate.r fron: the bin to 
.; '·).i- I. • ir 

the primary and another set of pumps supplying chilled water from the chillers 

to the bin during summer operation. 

The primary system will be on the same level as the mechanical rooms with 

the branches on the north and south sides with a common return. Secondary 

pumps will serve all the different building"s and sectors. 

The temperature difference in the chilled water primary will be 16°F 

while that in the secondary loops will be deterr.1ined by the end users enabling 

thus a considerable amount of flexibility. 

A similar pumping arrangement will serve the heating distribution system, 

with a temperature difference in the primary of 30°F. The cooling towers will 

be located on the south-east roofs of the complex (See Figs. A2.5, A2.6, and 

A2.7). 

-37-



. 
I 

H
P-

IC
E

S 
PR

O
JE

C
T 

F
IG

.· 
A

2.
6 

M
A

R
K

E
T

 S
Q

U
A

H
E

 C
O

M
P

L
E

X
 W

A
S

H
iN

G
T

O
N

. 
D

.C
. 

. .
. 

H
P-

JC
ES

 S
C

H
E

.M
A

T
IC

 D
E

S
IG

N
 

--
--

-·
··

··
··

-·
--

·-
··

--
--

-_
;:

_
_

 __
__

__
__

 ·--
-
-
-
-
_

_
_

_
:
..

;
,·

··
. 

-· 
-
·
·
·
·
-
-
"
·
 

. ~~
-
-
r
-
:
:
~
=
-
=
=
~
-
:
,
~
-
~
-
1
 

II •. 
··

• 
111

1 
. 

J.J
]_

 
-ll

ll 
I' 

~~
 

j,t
:~l

 
r 

I 

.1,-_-~_ ..
 · 

. 
_I_

 
. 
-
-
-

..
..

. 
-

• 
ij~~

-_
l_

 .
. .

 
. 

. 
. ..

 
I ~ 

-r 
-___ ·--

_._0,
~ .

. -'
F 

,=
--
~-

--
m

 
II 

--
-·

--
.. -0

-
"!II

 
~~
 

. 
-'--

: 
. 

n 
"'' 

,~
 

. t
j ~

 
~--

--~
*--

---
---

---
---

~~~
~~-

---
---

---
---

---
---

---
--

__ _
ji

 z
 

- .....
.. 

-
-
-
-
-
~
-
-
-

------· 
.. ·a 

. 
. 

. 

I=
 

..... -· __ ;_
·____ 

L 
-
-
~
 
: 

. "-f-
~ 

. 
' 

. 
0 

I 
1 

I 
=

 
' 

. 
' 

' 
>

 

. ;
 :~-:

-=~
i·=

= I 
-:

 -~--.
 .

 .1
·. 

l 
• 

.. ,
 . 

~ 
--+

-
i 

_
_

_
 1. 
--

~ .
 

I 
' 

, 
• 

. 
--

--
..

 ..
_ _

 _, _
_ .... J 

..
 

·-
··

-·
 ·

·
-
-
-
-
-
-
' 

---
-
·
~
-
-
~
-
-
t
·
-
:
·
 

i I 
. 

! .
 

' 
. 

·-
:-

...
 

··-
r 

--
~
.
 

' 
. 

. 
I 
.
.
.
.
 ·

·-
..

. 
--

..
 i

 
• 

i 

' 
..

 

.
.
 
~
 n

 

.\.
. 

-3
8-

: i 
. .

 
. .

. -
-

. ,; 
. 

I I 
. 

I 

I I 



·-

= , . --. 
• 

• 
• I 

• 

' 
ICE MAKEi:: 
"'i:!Nl:S~T\CN .- • • MEC~ICAL 
~M [;<"''"' I \ 

~ 
r~':.v' ~ 

~ ... ~ 

11111111111111 n 11111111111 Ill 1111111111111111 
' .-

I 
~ 
~ 
I ICE BIN STORAGE-.. ·- . . . . - .. -- -. -- .. ' - .. 

I 

FIG. A2.6 MARKET SQUARE ICE BIN STORAGE 
CROSS SECTION c 

:X: 
"tJ 
I 

.. ~. H 
n 
t>:l 
CJ) 

' 
"tJ 

~ 
c.. 
M. 
n 

. · . ; t-3 .. -~ 

.. 
........ 

" -. -
.,.: 



I 
.t:-
0 
I 

SUCTION FR0~\11CE STORAGE BIN @--~~- --~-l 

1 ------- --- - ~::=-~-=~_:....--=--=;· c.w. PUMPO · 0 .. f' 
I -·ICE M'AKER MACHINE. I . l- T _. a4' RETURN I -- I -_ TO ICE-
L _________ -- -----· __ ----- _.J I 0 STORAGE BIN 

T . 
1- L~ · 

C.W.R. 

T;======4=-===~ ~ -l-~- -. c.w.s. 

RERFRIG~RAlNT LINE 

~-~~-- -_ ----- '- -l> ... 
I r--- ~ ---.------H-_,1 ~OBUILDiNG 

I - - .w.s.lb... I I . ·. . .. Ji"' ·-

j I o-r ..... H.W.R. 

-=--=._J I - . 
CHILLER 

COMP. 

~======~~~--~ ~~=-~ I . 
DOUBLE ,BUNDLE CONDENSOR ; - - , _ 

_ TO COOLING TOWER ~ 
;~FRO~ COOLING TOWER·. 

H.W. PUMP 

FIG, A.2.1 TYPICAL MECHANICAL ROOM FOR THE MARKET SQUARE 



HP-ICES PROJECT 

A. 3 EXPECTED PERFORMANCE 

3.1 General Performance 

It is expected that the "cooling" energy generated during the winter 

in the form of ice, after deducting 8% losses due to !leat· leakage into the 

ice bin will be 18, 878xl06 BTU which is 52'% of the summer cooltng' '·require~ent 

of 36,108xl06 BTU. 

Domestic hot water generation account:s for 4380 x 106 BTU of "cooling" 
' ·~ . ' . '; \ 

energy which is another 12% of the summer .cooling requirement. ., 
,I ~ 

I 

The remaining 36% of the summer cooling requirement, i.e. 12,850 x 106 

BTU are supplemented by employing the compressor in conjunction with cooling 

towers and with chilled water. generation at night time during August, Sep­

tember and October. The conditions of ope.ration are 35°F SST and 105°F SDT 

which results in yet a higher COP. 

Thus, the COPH's of winter operation, summer DHW generation and summer 

operation with heat rejection to cooling towers are 3.09, 3.89 and 5.53 

respectively. 

The separate insulated compartment of the ice storage bin is so sized 

that it can supply a summer's peak day cooling requirement and can be 

charged during 9 hours of operation of all the three compressors operating at 

the highest COP which for cooling is 4.53.' 

• I 

'i'he HP..:IcES supplies 64% of "fre'e" cooling while supplying- all the heatTfig and 

domestic hot water requirements for the Market Square complex. 

Thus while supplying 36,239 X 106 BTU of heat in~ and domestic hot -water, 

the system also supplies 23, 258 X 106 BTU of useful "cooling" energy 

and 1,646 X 106 BTU. of losses. All this at an energy expenduture of 

3-,320,000 kWh. 
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The overall annual COP is, therefore estimated at 

_ COPoverall =(36,239 + 23,258)
1

x 106 
3,320~000 X 341~ 

= 5.25 

But taking into account also the cooling generated with heat rejection 

to the cooling towers the COPoverall = (36,239 + 36,108) + 106 

4,151,000 X 3413 
5.11. 

The section of Annual Energy Balance in this chapter will show the pro-

cedure followed in deriving the above cited figures and will illustrate the 

results with the help of tables and graphs. 

3. 2 ANNUAL ENERGY BALANCE 

The first column of Table A-3.1 represents the annual energy requirements 

for heating and domestic hot water~ 

6 Thus, in November this requirement amounts to 4138 x 10 BTU and the 

6 : 
heat pump generates 2799 x 10 BTU of cooling (ice). As there is no cooling· 

requirement in November this "cooling" energy is disposed of in the ice bin. 

This goes on until March with a maximum accumulation of 18,187 x 106 

BTU after subtracting heat leakage into the hin. This maximum accumulation 

also determines the size of the ice bin. 

6 .In April LheJ:"§ is e.lready-c·--c6oJ.J.ng_rsqu:L:rcment of 1805 X 10 BTU 

• • I • 6 6 
which exceeds the cooling generate? of 1790 x 10 BTU by 15 x 10 BTU and 

this deficiency comes out of storage. 

The following month there is no ice generated but the~e is 90;1. x; 106 RTTJ 

: . ' ~ . . i . :' . 
of l:oollug_geti.erated in the torm of chilled water and to satisfy the cooling 

requirement of 3611 x 10
6 

Btu, 2710 x 106 Btu are taken out of storage which 

6 
together with 175 x 10 Btu losses (i.e. heat leakage into the storage) hr.:t.nes 

down the stored "cooling" energy to 15,113 x 106 Btu.. A sinfilar procedure is -

followed through June and July. 
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'~ONTH 

.Nov. 

Dec. 

Jan 

Feb. 

March 

April 
--

May 

June 

July 

Aug. 

Sept. 

Oct. 

Total 

TABLE A-3.1 ANNUAL. ENERGY BALANCE. 

COOLING GENERATED · 
BTU x 106 BY HEAT PUMP - BTU x 106 STORAGE BALANCE 

SUMMER NET 

HEATING WITH DEPOSIT DEBIT ACCUMULATION 

& DHW COOLING COOLING (INTO (OUT OF IN STORAGE 

REQUIR~ENT REQUIREMENT WINTER SUMMER TOWER STORAGE) STORAGE) LOSSES END OF MONTH 
BTUxlO · BTUx106 COF'H•3.09 COPu=3.89 COPr.=4,53 

4138 0 2799 0 0 2799 0 0 2799 

6294 0 4257 0 0 4257 0 143 6913 

6583 0 4453 0 0 4453 0 149 11217 

. 5795 0 3920 0 0 3920 0 134 15003 

4887 0 3305 0 0 3305 0 121 18187* 

2647 1805 1!90 0 0 0 iL5 174 17998 
-

1213 36il 0 901 0 0 2710 175 l5113 

666 4694 0 495 0 0 4199 237 10677 
-·-~--~~~-----···-··~ 

686 7944 I) 510 0 0 7434 262 2981 

544 7944 0 404 4810 0 2730 251 0 
··--

727 6860 0 540 6320 0 0 0 0 

2059 3250 D 1530 1720 0 o· 0 0 

36239 36108 .20524 4380· 12850 18734 17073 1646 -
i -

*Maximum volume of ·fee Storage. Bin = 181~7 x 106 BTU 
144 + (50-32) X 36 

= 3ns x 103 cu. ft. 
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In.August the losses of 251 x 106 Btu reduce the storage to 2730 x 106 

Btu which is used up entirely togethe; with 404 x 106 Btu of cooling in the 

form of chilled water, generated by the heat pump while generating domestic 

hot water. But, there is still a dema:rtd of 4810 x 106 Btu and this is 

supplemented.by operating the screw compressor at conventional conditions of 

35°F SST and 1050F SDT and with heat rejection to cooling t'owcrs. This will 

. be done at night time with daily storage to eliminate demand. 

Throughout September and October the compressor similarly operating in 

conjunction with cooling tower supplements the cooling genernted in the form 

of chilled water by the heat pump while supplying some heating ,and generating 

domes.tic hot '-'a ter. 

Fig. A-3.4 depicts the annual energybalance •. The upper side of the 

bargraph shows th~ heating and domestic hot water requ:irF>T!Ients; while below 

the abscissa axis the "cooling" energy generated at various times of the year. 

The thick contour lines depicts the actual cooling requirements. 

The "cooling" energy generated dut'ing the winter (low~r left) will 
.. 
cove; the blank' white area under the ·tontour and the storage losses. 

The winter cooling load shown in Fig. A-1.9 is satisfied ·using outside 

air with enthalpy control~ and is therP.fore not in~luded in thP ~nergy ualancc 

of the HP-~CES system in Fig. A-3.1. 

3.3 DETERMINATION OF THE ICE STORAGE BIN VOLUME 

From Table A 3.1 the maximum accumulation of "cooling" energy occurs in 

March and this anergy will determine the size of the ice storage bin. To 

eliminate the electrical demand over the entire summer and to operate the heat 
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pump at higher COP's while generating chilled water, a daily chilled water 

storage is required. The chilled water storage will occupy a relatively small 

part of the ice stroage bin but will be separated from the remainder of the 

bin and insulated. 
'. 

This arrangement will enable us the generation of domestic hot water at 

night time while using 56°F water after the ice in the compartmen~ has melted 

as a source for the chiller and opera.ting at a higher COP at a SST = 35°F 

and SDT = 130oF. 

In August, September and October conventional operation at SST,;. 35°F 

and SDT = 105°f will be required with heat rejection to the cooling towers. 

The volume of the daily chilled water storage should be able to 

accommodate the .cooling required for a·summer peak day which is 

3000 ton x 5 EFLH 

The volume of the water is 

15000 X 12000 
16 X 62.4 

= 

= 15000 ton-hours 

180,300 cu. ft. 

To accommodate the ice this volume haR to increase in the ratio of Lhe 

densities of water to ice, i.e. 62.4 • 1.73 
j'6,0 

Thus, the volume of the chilled·water compartment is 

. ;. I I' 
'! • ; ·. 

. 180,300 X 62.4 
Jb.O 

= 

The density of ice is 56 lb./cu.ftl 
Company, the·pack:f..ng fraction of ice 
density of 36 lb./cu.!t. 

312,500 cu. ft • 

According to Stal Ice Making Equipment 
r~sult& in an i.rP.-·w~ter-air IILLxturc 
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The cooling effect of this ice is: 312,500 X 36 X 162 
. . 6 

= 1822.5 x 10 Btu 

This is about 50% of the cooling requirement for }~y and this means that by 
. . 0 

the middle of May we already have available 180,000 cu. ft. of water at 52 F 

which can be cooled by the chiller (Note: Had we not used a separate compart-

ment in the ice bin we would have to wait until sometime in July when all 

the ice melted and we would then have ice water at 32°F, not suitable to put 
: 

through chiller). 
'v 

The above arrangement will enable the operation of the chiller and storag~ 

through May, June and July·as a hec;lt source for DHW generation while in 

Augus.t, September and October we use the chilled water daily storage. 

The ice storage bin will be approximately 400 ft x 400 ft and 20 ft 

deep. The top of the bin will be insulated by 4 inch polyurethane (R = 36.4) and 

2 inch polyurethane (R = 18.2) on the sides and bottom. This will result in 

only ~% heat leakage losses in the bin which have been taken into account 

· in the energy balance. The losses have been broken down by month (The 

calculations are based on results obtained i~ the First Report). 

To·satisfy the load on a summer peak day three compressors will have 

to operate.during night time for nine hours at full load at 35°F SS'f and 

105°F SDT at which conditions the cooling output will be 555 ~ons, yielding 
! 

l!jOQO tun-hours. 

3.4 ANNUAL ENERGY CONSUMPTION 

Table A 3.2 shows the energy consumption for the compressor by month for 

three main modes of operation and also the total consumption by month. 

Table A 3.3 shows the energy consumption by month for the electrically 

driven auxiliaries and Table A 3.4 shows the total consumption both for com-

pressors and auxiliaries. This table is depicted by a bar graph in Fig. A 3.2. 
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. MONTH 

I 
.p. 
(X) 
I 

-·-·-

November 

December 

January 

February 

March 
... .. 

April 

May 
--·-----·-· 
June ., 

July 

August 

September 

October 
·---

Annual 

HEATING 
GENERATED 
BTU x 1C6 

4138 

6294 

6583 

5795 

4887 
. . .. 

2647 

1213 
------·-~-----· 

666 

.686 

544 

727 

2053 
- ---

36239 

COOLING GENERATED 
BTU x 106 ELECTRIC ENERGY CONSUMPTION -KWH 

COPll=3.09 COPn .. 3.89 C0Pc.=4.53 COPH=3.09 . COPH=:3.89 . COPr=4.53 TOTAL 

2799 c 0 392,000 - - 392,000 

4257 a 0 597,000 - - 597,000 

4453 a 0 624,000 - - 624,000 

3920 o. 0 549,000 - - 549,000 

-
3305 0 0 463,000 - - 463,000 .. ·- ... -- ----- ____ ........... "-~--· ···-

1790 0 0 251,000 . - - 251,000 

0 901 0 - 91,000 - 91,000 . 
--- -~ -· ···--··- ·----·-·-------·· ... -

0 495 0 - 50,000 - 50,000 
--

0 510 0 - 52,000 - 52,000 
···- ·--·· ··-

0 404 4810 - .41,000. 311,000 352,000 
·------- --

0 540 6320 - 55,000 409,000 464,000 ' ' ' - ·--- ·-·- .-- ·-' ·-·-··-··· ··~·---·-- ·-·-.·-· -········ ·----- ·-·-·······-·---

0 1530 1720 - 155,000 111,000 266,000 

20524 438::> 12850 2,876,000 444,000 I 831,000 4,151,000 I 



.. 
~ 
\0 
I 

Month 

Nov. 

Dec. 

Jan. 

Feb. 

March 

April 

May 

June 

July 

Aug. 

Sept. 

Oct. 

Total 

TABLE A 3. 3 ANNUAL ELECTRIC ENERGY COMSUMPTION 
For Auxiliaries - KWH 

Condenser 
Water 

Pump & 
Domestic Bin to Cooling Ice 

Heating Hot Primary Chiller Tower Maker 
Pumps Water {Chilled W.l to Bin Fans Pump* TOTA.L 

17,483 2278 - - - 1736 21497 

28,078 2669 - - - 2788 33535 

29-,286 2822 - - - 2908 35016 

25,660 2567. - - - 2548 30775 

21,068 2465 - -- - 2095 25628 

9,7-08 2244. .. ..... .14080 .. - - .·. .. 964 _26996-

2,4~8 1632 21120 2212 - 248 27710 

.0 1292 31680 1218 - - 34190 

0 1343 31680 1246 - - 34269 

0 1054 31680 11074 33840 - . 77648 

1,128 1003 31680 14602 44556 113 93oa2 

7,291 1309 14080 7364 12126 724 42894 

142,200 22678 176000 377HA 90522 14124 483240 
.. 

* 2 ~umps 5 hp or 4 ·kw, same number ·of hours as heating pumps. 



HP-ICES PROJECT 

The maximum energy consumption occurs during December, January and 

February, while the minimum occurs during May, June and July. 

TABLE A 3-.4" 

MONTH 

January 659016 

February 579775 

March 488628 

April· 277996 
I 

May I 118710 
i ' 

! 
i June I 

I 
84190 

. ! July 86269 
-·---·-·-··· ~ ·-·;---··.---···-···-·-·--~ . I August 429648 

I September 556969 

I October 3081.70 

I November 413497 

I Dece¢er ! . 630535 

al l · 4633403 

~~ -··""""'•. '" ·----· ------·-------·- -·-··- ---.. ··-·-·-·"''"-·---··- ........ -· 

Winter (November through April) ;:: 

Summer (May through October) = 

-50-

3,049,447 

1,583,95'6_ 
4,633,403 
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3.5 RESOURCES UTILIZATION 

Table A 3.5 was completed according to ASHRAE 90-75, Section 12 

requirements. The annual fuel and energy·resources determination Was made 

according to Table 12-4 in the above Section, for Washington, D .c·. South 

Atlantic Retion. (See Table A.J.5) 

Table A 3.5 HP-IcEs 

ANNUAL FUEL AN 'EN!":RGY CALCULATION FORM 12·2 

l-..,..£~!!io,no form 11-i 
Unc Futlliid t:nergy 

Supplied to Site 

14 Fuel OiL li~ht 

1.5 Fuel Oil, Heavy 

16 Gas Nat'l MCF 

C.O. RUF and ~';~ •• Silt 
T<:>l!ll from To Meell::nri"~Y · 1nirrm~n-ts o · &uildiiiK/Pruject 

from Supplier · Cl C2 C3 C4 CS Co c-7 

i''orm or t"rom S: Tons MCF BBL Grams l&'KWH Other Other 
12·1 Tables Coal Nat'l Crude Oil U-235 flydro · 

Une 13 

Oil BBL ~~ 
17 Coal 

18 Elec. Winter ~Ot.Q .l.'i~ 
Cnal S Tnn< ~ _Q_ _?.7 823 • 3: 

i 

Gas MCF ~ 0.56 1707.6c;_~-~---l---l---l 
Oil BBL ~~ 0.53 [6!§.~ 
Nu' Grams - 3.84 -~·-' ..&..6.f_l·--=:-l70::-19-,-.8_JI9~--l----l--~ 

_Hydr_u_ ~ 0.07 ~13 .46 
Oth~r · 

19 El~c.Summer ~l58J~:~'·~%~r~~~~~-~~1---~l----~-----~-----~---~---l 
Coal s. Tons ~ 0. 26 41L8~ ~=--::::-::1---l-------l----l----+--~ 
Gas MCF ~ 1. 04 11;__. 6:.._41..:_ 7· •:.....:..• 3-=-l~K>'I,..........,...-4---~----l---4--l 
Oil . BBL ~~ 0.56 1887.02 
Nuc Grams~~~ T.a4· : --· :.---fl6~~08~2-•. 4-l,}l--4---t--l 

_fu~J.j) ltolKWH~~ 0.04 _:-~:.=..~'=·:-3-=--j6._ --+--I 
t---+-----..1...~ Oth:=:_er ____ --1----~~~~~~ __:_----t----~f------~----+-----~~-·+···-· .... _, .. 

20 I Elec. Annu.:l . . ,.. .... --lw~~~~~~------I------I------1-----1-------J..-----~- __ 

~::1 s~~;s - ~--J----
Oil RRI ~ ----~~--~~----~l----~----~------1-----+----1 
Nuc Grams ~ _____ 

1
._,_ ___ ~------l-----l----~-----l-------4-----1 

Hydro lo'KWH ~~ ' 
~her -----~~--~------! 

----~--~~~----~---~-------~--~-----

21 I (Oth~r) 
22 TocaiResour<"e~ 1~-~§~~l~ 3355.01 2501 ?~ 1770? ~n276·.~·~8,_2~....,.._-L ... -

ASH RAE STANDARD 90· 75 
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3.6 SELECTION OF A COMPARATIVE CONVENTIONAL .SYSTEM. 

3..-6 .1 General Description 

.A conventional system of sufficient c~pacity ·to satisfy the ·heating ana 
. ·' 

.cool-ing demands was selected .to serve .as a basis .of ·comparison with ·the 

HP-I:CES .13y:stem~ 

The. chillers will operate in conjunction with a primary-secondary pumping 

·arrangement with a temperature differential in the ·prima~.y pf ~6~ -40~ ;, .16~f. '! 
' . ' . . . ·;: 

. 4 0 . 0 For ·heating, the primary loop wi'll operate at temperatures 2 0 F-160 .F • 

. Th:e .heatin~ pump was selected to deliver: 

.at .a•head of 125ft. 

13,000;000 
. 500 X ·.80 

= · .326 gpm 

The energy requirement for heating ·:and domes'tic hot .water is 36 ,~2'34 x 106 Btu • 

. Fuel consumption 36234 X 106 = · 5.'1, 770 M cu. ft .. o.f gas • 
0.7 x lOOO.x 1000 

Pump.ing .. power .for heating pump;· is .calculated by assumin.g 

:EFLH 36,234 x 106 BTU 
16,000.,000 BTU/hr 

2265 X 1 •. 7 = 

= 2265 hours 

3850 'hours for .auxiliaries 

'15 X 0. 746 rye 1R'i0 = 43,.082 .kWh. 

Se.e 'Fig. A 3. '3 for schematic diagram for the conventional system. 

- 5:3-; 
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CHILLER 
lOOOTR 

BOILER 
.12000. MBH.. 

BOILER 
12000 ;MBH 

BOILER 
3000 MBH 

Secondary Loop 
(Typical) 

FIG.3.3. 
MARKETSQUAREtOMPLEX 
WASHINGTON, D.C. 
CONVENTIONAL SYSTEM 

_ SCHEMA'riC DESIGN 
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3.6.2 Equipment Selection 

a. Chillers 

Carrier centrifugal packaged hermetic, three units 1000 ton each, 772 ~~ 

input, 35°F SST, 105°F SDT model 19 EB ~983 DP. 
., ., 

b. Cooling Towers 

.Three Marley, 1000 ton each, 60 hp fan each 

c.. Boilers 
I 

Two 12,000,000 BUT/hr Cleaver Brooks hot water boileiS,one 3,000,000 

BTU/hr for domestic hot water. 

d. Pumps 
''· 

TA.l31..E A 3 ·6 PUMP.S FOR CONVENTIONAL.' SYSTEM 

.DESIGNATION · 
! 

I SER,VICE I GPM HEAD HP EFFICIENCY MODEL 
FEET 

j P-lA Chill~d I 1500 110 50 0. 7.5 Aurora 8xl0xl5~ I 
I · P-lB Water Series 410 , 

· P-lc I I I I P-2A Condenser 3000 
; 

80 75 0.82 Aurora 10xl2xl5C I 

I P-2B Water Series 410 

I P-2C 

I 
P-3A Heating 326 125 1'5 0.68 Aurora 3x4xl2 I 

P-3B :Series 360 
P-36 

See Tables A.3.7 and A.3.8 for energy consumption for the refrigeration con-

pressors and refrigeration auxiliaries r~spectively. 

3.7 ~SOURC~S UTILIZATION COMPARISON 

For the r~~uurces utilization of the conventional system. see Table A 3.9. 

The bottom lines of Table A 3. 5 and Tab.le A 3. 9 are compared in Table A 3.10 

which shows that HP-ICES uses more crude oil, more hydroelectric power and more 

coal·and Uranium (U-235) than the convent~onal system, but significantly less 
( 

natural gas. It is difficult to see the improvement in 

-55~ 



I 
VI 
0\ 
I 

Month 

January 

February 

March 

TA:BLE A 3~ 7 :ENERGY CONSUMPTION FOR REFRIGERATION COMPRESSm.s' 
(FOR THE CONVENTIONAL SYSTEM) 

Cooling 
Requirements, 

Btu X 106 

0 

0 

0 

C 0 N S U M P T I 0 N 

% Cost $ 

0 0 0 

0 0 0 

0 0 0 

DEMAND 

% KW Cost $ 

0 0 0 

0 0 0 

0 0 0 

Total 
Cost & 

0 

0 

0 
•· .. ··--· ------i---'-------'--+---+-----t----+--l----t------'---+-------1 
April 1805 5 116122 1144 25 579 2,327 3,471 

... -··--·---····· -------------·· ... .. --- ... -·-- -------·-········· ----·-·-···--- -- ····-·-········· ·-·· ···--·---·-- -------t------·--+-------·--------
50 1158 4,655 6,943 _May 3611 10 232308 · 2288 

r--_- --------"---- --------f.:...:· ·::....· --1,:..-'---+_:_---+-'----+__;_--+-----1-=---~---1 

June 4694 . 13 301981! . 4279 100 2316 11,997 16,276 

July 794/4 22 511Co64 7242 100 2316 11,597 19,239 
-----------·-------t--------1-'---~------t----t--+---+----~f-------t 

794li 22 511064 7242 100 2316 11,997 19,239 August 
..... -----------·-----·- ---- ________ ,, _____________ ........ -. ......................... _ ·-----+---1------ ----· .. -- -....... ....... ........ .. . - ... -·---· 

September 6860 19 441327 '6254 50 1158 5,998 1 12,252 

October 3250 9 209083 ~963 25 579 3,000 i ; 5,963 
------------ __ , _____________ , ___ , ------ ---··-··-··----t-----1----J..----- i------- r-----------·-··-- .. --... 
November 0 . 0 0 0 0 0 0 0 

1'-------t---------· f------ .. ------.... -----1--·- -·-----1----------· ----------------- _____ , ___ __ 

December 

Total 
Annual 

0 

36108 

0 0 

l100 2,332,949 31,412 i 
0 0 0 0 

51,971 83,383 
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TABLE A-3. 8 
ENERGY CONSUMPTION FOR ELECTRICALLY DRIVEN.REFRIGERATION AUXILIARIES 

., 

c 0 N S U M P .T I 0 N DEMAND 
Month % 

; KWH 

January 0 0 

Febr1,1ary 0 0 

March 0 0 

April 8· 52893 

~y 12 79339 . 
1-··. ·-···- .. ·-- .. ···-~-

June 18 119008 

July 18 119008 
1-----·----- -

August 18 119008 

September 18 119008 

October 8 52893 

November 0 0 

December 0 I 0 

I I 
I 

Total 100 :661,158** 

*3 chilled water pumps 
3 cond~ water pumps 
3 cooling tower fans 

I 

I 

Cost $ % 

0 0 

0 0 

0 0 

521 50 

781 100 

. 1,686 100 

1,686 ; 100 

1,686 .100 
: 

1,686 100 

750 50 

0 0 

0 0 

8,796 I' 

= 150 hp 
= 225 hp 
= 180hp 

555hp 

KW* Cost 

0 0 

0 . 0 

0 0 

207 832 

414 1,664 

414 i 2,145 

41l I 2,145 

414 I 2,145 

! 414 i 
I ! 2,145 

207 j 1,072 
j 

0 I 
0 ! 

I 
0 ! 0 

I I : . 12,148 
' ' 

Auxilliaries Pot..rf"r Rntio 
414 kW = 0.138 kW/ton 
3000 toil 

**Full load hours = 939 x 1.7· = 1597 Hr 

kWh = 1597 X 414 = 661,158 KW 

-57t 

$ 

0 

; .Q; 

0 

1,353 

2,445 

3,831 

3,831 

3,831 

I 3,831 

I 1,822 

0 

I 0 

l2o, 944 
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TABLE A 3. 9 CONVENTIONAL SYSTEM 

ANNUAL FUEL AND ENERGY CALCULATION FORM 12-2 

and Energy c.o. RUF U~onSile ,._,_ 
Form 12-2 Tolal from To Mttl Ener2y o ••• of Buildin2/P r()j~cl 

Unt f~l and Energy fro in Suppliu Cl Cl CJ C4 cs C6 Q 
Supplied lo Sile form or from S. Tons MCF BBL. Grams to' KWH Olhu Olher 

12-1 Tables Coal Nal'l Crude Oil U-~JS Hydro 
Une IJ 

_14 Futl Oil, Light 

JS _fuel Oil, Heavy 

16 Gas Nat'l 

Oil 
MCF =---=:1:-:::·-::-1. 6=-+---JUf..u.u..nnl '>.w>' 1~ .. ~"----1-=--1-
BBL ~~~ 10 O 0053 24I c38 

17 Coal 

18 Eire; Winter 4: .087 ~ · 
C"'nal ...s..L:u1s:. ~ ~ · ___Q_._ll-t-_.1......_. 1_,_,6.....,_i:'.\l--'---i-----;---i----l--+--1 
Gas MC.F ~ 0. 56 124.13 
Oil BBl ~ ~ -::Qc..:..:,. 5~3-t----1---+....::.2.:;:..:2. •...:.. 81.3:::......t 
Nuc Grams ~ ~ 3.84 -=-1~65 • ...,..-:i43·---l----+---i 

Hydro lloJKWH~ 0.07 ---1--3_.0_2-1---+---1 
Other 

19 Elec. Summer 12994.1 ~ 
Coal S.Tons ~~ :o:,.:2~·6=::7'='7=8=.4~·~~,~~---;·---~-~---;---i--~-~ 
Gas MCF ~~ 1.04 3113.87 .. 
Oil BBL ~ 0 • 56 16 7 6. 7 C ::-:-;-::=--:;:i...----i---t--1 
Nuc Grams ~ 3.84 11_.1_41'9_1:7_ ..... -1-!3-m,.......,..._-l--;---t--1 

Hydro loJKWH~ 0.04 ll.~ /tJ 

Olher 

20 ! Eiec _AnJ!l al . ~~ 

Coal S. Tons ~~~~ 

J;j_as MCt- ~~\.~ =====~~=-=-=--=-~~-=.~-:.-=-~--=---~--..... 1 ~--_-_-_ ... -i .. · ~~-t---1f---l 
Oil _BBl. '~ ~ ~~ -----t-----1-----i--'----+---t-~--r---r--1 
Nuc; Grams ~ 

Hydro loJKWH ~ ~ ---1-----i----1-----;--i---1---:---+--l 

O!her 
' .21 (01h'er) 

22 Toaal Resources 790.10 63191.20 1973.91 11662.81 122.78 

ASHRAE STANDARD 90-75 

.• 
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UP- ICES PROJECT 

energy use from this table, therefore, an energy source comparison will be 

used with a heat rate of 11,000 BTUlkWh(3413 = 0.31\ 
. . 11000 ~ 

. TABLE A..3 .lQ ENERGY RESOURCES COMPARATIVE ANALYSIS 

ANNUAL FUEL A.N'Q ENERGY RESOURCES 
ON SITE ~~ OFF SITE 

TO MEET ENERGY REQ'l{IREMENTS OF THE PROJECT 

. . 
·' 

·,. ' . 
'. ·.. ·J·;;,, 

.. 

I 

Cl C2 ' C3 C4 I cs 
! 

System s Tons MCF ' BBL Grams 103 KWH 
Coal Nat'l •Crude Oil U-235 Hydro 

63191.20: 1 ·1973.91 I 11662 .• 81 I 
·.1 

Conventional 790.10' 122.78 I I 

I HP-ICES I .- . ' I 
··4 . , I 

1235.·18 .... 3J55. Ol l . 2.503 •. 23 17792.30 1 276.82 .I 

The first column of tables ~.3.5 and A.3.9 were used to compile 

Table A..3.11. 

Thus from Table A..3.7 the kWh used for the HP-ICES were 3,049,450 

pl.us 1,583,960 which adds up to 4,633,410 kWh. Thus 

6 4,633,410 x 3413 = 51,012, x 10 Btu which 
0.31 I 

appears in Table A.3.11. 

Similarly from Table A..3. 9~ firs~ column for the conventional system 

51,770,000 cu. ft. of gas yilelds 51,770 x 106 Btu ~bile 2,994,110 kWh and 

43,082 kWh yield 

. 6 
3037;192 X 3413 ~ 33,439 X 10 Btu 

0.31 .. 

... -59-



Thus the total Btu's are (51,770 + 33,439) x 10
6 

= 85,209 x 106 Btu 

HP-ICE~ PROJECT 

The raw source energy comparison· is given in Table A. 3.11 below •. · 

TAB:E A.J.u ANNUAL RAW SOURCE EN.ERGY UTILIZATION COMPARISON 

; I 
Total Ener~y Used I 

I 

System Btu X 10 1-
- .. 

Conventional 85,209 

Hl'-ICES 51,()12 

For First and Second Law analyses see Section C • 

. "· .. 
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HP-ICES PROJECT 

A.4 EXPECTEP ECONOHICS FOR THE MARKET SQUARE PROJECT 

4. 1 IN):'RODUCTION A."''D ASSID1PTIONS 

The method used here for evaluating and comparing the ~conomicsof. the 

l-IP-ICES system and a conventional system of the same heating and cooling 

c:apacity w:ill be a life cycle cost analysis. 

The following are the assumptions:niade in eval.uating ~he ecpnomic~. 

(a) The Conventional System: 

The conventional system wi;ll be a central system with 

conventional centrifugal chillers. and gas-fired boilers. Although the 

methods of generation of heating find cooling differ in the two systems, 

the distribution systems were assumed to be the same. 

(b) The First Cost: 

The first cost of each system includes the generation equipment 

arid distribution system, but does'' not include the end-users equipment 

(air handling units) or the cost of land. 

The reason for this is that the main object of the economic 

evalua.tion is to compare the HP-ICES system with a conventional 

system and examine the relative costs. 

The cost of the end-users e~uipment can vary greatly, depending 

on details of the system. Ho\-1ever, it would be about the same for the 

HP-ICES system and the conventional sys.tem. 

The HP-ICES system requires a large amount of space for the 

storage. Because of the difficulty in getting large areas of land in 

tnis project, it will be necessary to use underground bins which do 

not take up additional land area'outside the building. Therefore, with 

proper design,· the main difference in land use between the l!I'-ICES .::md 
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conventional systems will not be in the .land area used but in the cost 

of excavating the land for the ice.bin and in the institutional con~ 

siderations involved in pipes crossing roads, etc. 

In the analysis~ the cost of excavating the land, constructing the 

ice bin, etc. is taken into account. It is assumed that the area of the 

land used will be about the same for the two systems, and that the large 

storage will be under the buildings and will not take up additional land 

area. 

These were obtained from the following manufacturers: Compressors 

from Dunham-Bush and Vilters; ice makers from Trubo Co., Texas, and Stal 

Co., Sweden; boilers from Cle~ver-Brooks Co., and pumps from Aurora Co. 

(d) Energy Prices: 

Energy· prices were cal,culated according to· Potomac El F:!t:tric 

Power Company Service schedule DC-GS, 

Billing .Demand November - May 

.June ,.. Octo her· 

Energy Charge ' November - May 

June October 

$4.02/kW 

$5.18/kW 

$0. 00985/ld-lh 

$O.Olul7/kWh 

Gas prices were those of Washington Gas Light Co. - $0.303/therm. 

Details of the energy costs will be given later. 

(e) SystP-.m Life, Mortgage Pt!riod, Salvage Value, etc. 

The life of the equipm~nt is assumed to be 20 years and the life 

·of the distribution system and ice storage bin 40 years. The mortgage 

period artd the period of the economic analyses are both assumed to be 

20 years. The depreciation life of the overall system (for the purpose 

of tax deductions) is assumed to be 20 years. For certain kinds of 

ownership of the system, it may be possible to use a smaller deprecia-

tion period and increase the tax savings. However, the results will 

be given here only for a depreciation life of 20 years~ 
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·. ·The.salvage_value of:the.equipment·after 20 years will be 

assumed to be 20% of the first cost. For the ice bin in the HP-ICES 

system, the salvage value will be assumed to be 40% of the initial 

cost of the ice bin (i.e. the cost of excavation and ice bin construction). 

The reason for assuming this high,value is that after the useful life 

of the HP-ICES system, it is possible to put the bin to good use by 
' l 

converting it into a parking aot without too·large an additional expense. 

For the complete HP.-ICES system, including the equipment and the storage, 

the overall percent salvage value is found to be about 30%. 

(f) Cost of Insurance, ~intenance, Labor; Administration, etc. 

Insurance costs are assumed to be about 0.5% of the first cost. 

The costs of maintenance, i·abor, administration, etc. are. estimated 

for each project separately. 

(g) Discount Rate and Inflation Rate 

The general inflation rate is assumed to .be an average of 6% per 

year. The discount rate used in evaluating the present worth of money 

is assumed to be 2% more than the•inflation rate, i.e. 8% per year. 

(h) Taxes 

The effective income tax bracket for the commercial system, 

assuming ownership by a private cprporation, is assumed to be 46%. 

The tax deductions that a business can make are all allowed for. 

The property tax is assumed to be 1% per year. 
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4.2 DETAILS OF COST ESTIMATES FOR THE HP-ICES SYSTill1 

System. 

. :··· 

The following are the details of the cost estimates for the HP-ICES 

a. First Cost for the HP-ICES SYstem 

1. Ice Bin Excavation 
(150,000 cu.yard @ $0.50/cu.yd.) 

2. Ice Bin Construction 
(3,200,000 cu.ft. @ $0.50/cu.yd.; 
incremental cost; ice bin is part 

. of the underground structure) 

Ice Bin Sub-Total 

3. Three Dunham-Bush screw compressors 
including condense~s, chillerst oil 
separators and fluid accumulators 
(342 ton at 20°F SST and 130°F SDT) 

4. Six Ice Makers of total capacity 
. ( 3 .X 342 = 640 ) 

640 ton ice , 1.~ ; 

5. Three Cooling Towers (of 600 ton each) 

6. Pumps 

Three Pumps used for heating 

Two Chilled Water Pumps.· (Bin to :l:'rim~ry) 

Thraa (Chiller to Din) Pumps·· 

Three Condenser. Water Pumps 

7. Chilled Hater Distribution System 
· (Pr:i.mary and· s,.~.ondary bacicd on 
20,000 linear feet of. 6" dia. pipe) 

8. Hot Water Distribution System 
(Based on 20,000 linear feet of 
3" dia. pipe). 

9. Electrical Installation and Connection 
(2054 kW) 

=$ 75,000 

"" 1,600,000 

$1,675,000 

= 300,000 

600,000 

7,500 

= 14,500 

10,200 

= 13,500 

= 800,000 

400,000 

= 238,050 

Sub-Total F:t.rst Cost=$4;133,750 

10. Contingency 10% = 413 380 

Total First Cost=$4,547,130 
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b. Operating Cost for HP-ICES System 

1. Energy Cost 

2. Maintenance (1% of Equipment First Cost) 
. . 

3. · Labor, 8 station: Engineers · · 
(at $20,000 each) : 

4. Administration, 6 people 
(at $15,000 each) 

=$ 100,568 

= 30,000 

= 160,000. 

= 90,000 

·TOTAL OPERATING COST. ·$ 380,568 
i. 

Details of the Ener.gy Cost, given above as part of th~ 
~ 

Operating Cost, are as fol:;l:ows: 

·Details of the Energy Cost; 
. . 

1. Compressors (see Table' A 3.2)' =$ 88,986 

2 •. Pumps used for heating. = 2,796 

3. Bin to Primary Loop Pumps = 5,570 

4. Chiller to Bin }'umps 5'25 
; 

5. Condenser l\Tat.er Pump & Cooling Tower Fans 1,283 

6. Domestic Hot Water Pump = 1,164 

7. Ice !1aker Pumps (4 kW Demand char.ge during 
seven months and 132 kWh) 244 

Total Energy Cost =$ 100,568 

(Note: For items 2 throug~ 6 above, see Appen4ix I) 



4.3 DETAILS OF COST ESTIMATES FOR THE CONVENTIONAL SYSTEH 

The following are the details of the cost estimates for a conventional 

system of the same heating and cooling capacity as the HP-ICES system. 

a. First Cost for Conventional System 

1. -Three (1,000 ton each)conventional 
centrifugal chille.rs, Carrier Model 
No. 19EB 8983P packaged hermetic, 
including controls~ starter with 
installation 

2. Thre8 cuoling towers, 1,000 ton each 

3. Two 12,000,000 BTU)HR Boilers 

4. One 3,000,000 BTU/HR DffiT Roiler 

5. Pumps 
Three Chilled \Vat~r 
Three Condenser Water 
Two Pump-s for··; Hea~ing 

6. Chilled Water Distribution 
System (as for HP·-ICES) 

7. Hot Water Distribution System 
(as for HP-ICES) 

8. Electrical Installation arid Connection 
c21s2 km .. 

:=$ 600,000 

= 

-
= 
= 

90,000 

160,000 

40,000 

15,000 
22,500 
~.ooo 

800,000. 

400,000 

318,550 

Sub-Total Flrst Costa$2,4~l,500 

9. Contingency_ 10% = 245,205 

TOtAL FIRST COST =$2,697,255 
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b. Operating Cost for Conventional System 

.L Energy Cost 

2. Maintenance (1% of Equipm,ent First Cost) 

3. Labor, .8 statio.nenginee'I:~ ,,._, 

=$ 263,.048 

= 27,000 

... 160,000 

·4. Administration ~ 6 peopl~ = 90,000 
------------------~----~~--

T.OTAL .OPERATING COST=$ 540,048 

· JJetaf.I~:._o_~ th_e Ehergy:_'G_oy;t- _f,ot· the: conventi:onal' :~ystem, given as 

part of the Operating Cost, are .as follows: 

Details of Energy Cost for the C6nventional System: 

·1. Compressors (see Table A ·3 • .:7) 

.2. Refrigeration Auxiliaries 
(see Table A 3.8) 

3. · Pumps used for heat~ng 
·Demand 6 x 14 x 0.'746 x ,4.02 
Energy 43, 082 :.x $0. 00985. 

4. Domestic Ho·t Water Pumps 
(as per liP-ICES) 

=$ 

= 

= 

83,383 

20,'9.44 

270 
·424 

1,164 

~Sub-Total Electrical=$ 106,185 

5. Heating & DHW 

36,234 x 106 BTU = 517 ,700:·., '~berms 
0.7 X 105 

£ost @ $0.303/Therms. 

TOTAL ENERGY COST 

-.67-
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=$ 263,04'8 



HP-ICES PROJECT 

4.4 LIFE-CYCLE COST ANALYSIS OF THE MP.JUCET SQUARE PROJECT 

This section summarizes the steps and the results of the comparative 
' 

life-cycle cost analysis for the ~1arket. Square HP-ICES system and a conventional 

system with the same capacity. 

Table A4.1 gives the details of the life cycle analysis of th~ 1~-ICES 

system and a conventional system with the same capacity. 

The following is a summary of. the results: 

I 

1. The HP-ICES system is more energy-efficient than the conventional 

system. In the example given here, the savings in the annual average 

energy cost savings achieved by using the 1~-ICEG system is about $217,000. 

2. In the present example, the total annual average life-cycle cost is also 

less for the HP-ICES system than for the conventional system. However, 

the savings in the total life~cycle cost is a relatively small difference 

bet.vleen tvlO large numbers, and is sensitive to parameters such as the 

interest rate. ~nen these parameters are varied, the life-cycle cost for 

the HP-ICES system is less than or comparable to that: for a conventional 

system. 

3. The lifP- cycle capital cost fur the HP-lCES systern :i"s about 70% greater 

than that for the conventional system. 

The total operating cost (including energy cost) for the HP-ICES system, 

minus the tax savings, ·is about 27% of the corresponding quant~ty for. 

the conventional system. 

4. The cost of money (i;e, the m~rtga~Q intcrc~t rate). and ~he energy price 

escalation rate are among the most im~ortant factors in determining the 

relative economics of the two systems. 
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HP-ICES PROJ~CT 

5. The relative values of the life-cycle capital costs, energy costs, etc. 

are the'most useful parameters in comparing the economics of the two types 

of systems. 

6. In the example given here, the Return on Investment for the HP-ICES system, 

as compared to the conventional system is found to be about 15%. The 

Payback Period is therefore about6.7 ~ears. (The Return on Investment 
:I •). ~.. '• 

is found by determining the ·iTalue of the discount rate for which· the 

Net Life Cycle Savings becomes zero.) 

..... 
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HP-ICES PROJECT 

i 
TABLE A4.1 ECONOMIC ANALYSIS, MARKET SQUARE 

FC 

DPf 

HP 

EP 

HIR 

DR 

IR 

EC 

ER 

DPER 

sv 

IT 

Cl 

C2 

PT 

·-· .. ····-:··- -------~---·-·· .......... -·····--r-·--··-·····----·····-·· ···-···-----··-·-;··--~-- ...... " ······· ··---··-·····-·····-··-, ....... ··---·-·-··-·-· .... ······ 

. J HP-ICES ! CONVENT:):ONAL 
_ i SYSTEH . SYSTE!1 

·-·-···--:·-··------· j. ····---·······--············-·· --- ·-~~-·-·-·······-·-·· ......... , ... ~ ..•. •····· ... ··~····· ·--... --··. ·•······. .. - ... . ·----·---
First Cost 

Down Payment (% of First Cost) 

:'v!:ortgage Period 

Period of Economic Analysis 

Mortgage Interest Rate (% per yea·r) 

·Discount Rate 

Inflation RatP. 

Present Energy Costs 'per year 

Energy.Price Escalation Rate 

Deprecia-tion Period 

Overall Salvage Value 
(as fraction of First Cost) 

Effective Income Tax Rate 

Insurance Costs (0.5%) 

t:ost of Maintenance, Labor, 
Administration, etc. 

Property Tax Rate 

' I 

i .$4 J 54 7 J 130 ! 
! 
! 

l 
I 

I 
f 
! 

10% 

20 years 

20 year~ 

15% 

8% 

64 

$ 100,568 

12% 

20 years 

30% 

46% 

$ 22,736 

$ 280,000 

1% 

j 
' 

! 
i 
I· 
i 

·.:.,. 

$2,697,255 

10% 

20 years 

20 years 

15% 

8% 

6% 

$ 263,048 

12% 

20 years 

20% 

46% 

$ 13,486 

$ 277 '000 

1% 

·--·--··-··· ·-----------------~------------·---L-... ·--····---~~-----·--··--·--·------···-·-···· 
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·TABLE A4 .1, cont. 



TABLE A4.1 

LIFE CYCLE AVERAGE ANNUAL 
HP-ICES CONVENTIONAL SAVI~GS BY USING SAVINGS BY USING 
SYSTEM .SYSTEM HP-ICi:'.:S SYSTEM HP-ICES SYSTEM 

' 

.. 
TLC PW of Total Life Cycle 

=(CC+ Cost Before Tax 
$14,.70~,.974 OAC- Deduction $15,946,588 $ 1,245,614 

SSV) .. 

ITS PW of Income Tax S.avings 
(:i.nc. Depree.) 

6 ,.747. AOO 7,360,794 = (IT) (DEP .± OAC-:·t_ LI) 

...... ··- (OAC- .(Op·., & Admin.- Cost·- ·Tax·· -.. ·-
ITS) Savings) 1,312,326 4,624,078 3,251,752 $162,588 

I 
...... 
!'.) NLC Net Life Cycle Cost I -

After Tax Deduction 
= TLC - ITS $ 7,953,574 $ 8,585,795 $ 632,221 

.. 

~ 
I .. H 

(') 
t'l 
en 
1-d 
::0 
0 

.· ~ 
I (') 

~ 
.. 

... 
; 
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HP-ICES PROJECT 

4.5 COST TO THE USER A.~ BASIS FOR CHARGING iN THE MARKET SQUARE PROJECT 

The price to be charged to each user is a very compl ... x question, especially 

~or a new type of system such as the HP-ICES system. According to conventional 

pricing policies, it would depend on the category of the user and fhe volume. of 

energy usage. The price would also ·vary with time. 

We shall use a very simplified method, and obtain an average price for 
:· ;, 

energy over the period of economic analysis: The cost to the user will consist 

of two parts: a first part, the demand charge, that depends on the peak load for 

the user, which pays for the life cycle average capital cost of the system; and 

a second part, the energy charge, that pays, for the total operating costs. Each 

of these includes a profit margin. 

A price schedule for a user of the Hf-ICES system would include different 

rates for different levels of energy usage. Also, for a commercial user, there 

would be a penalty for exceeding a predetermined peak load. Here, we do not 

consider such an elaborate price schedule, but merely give the average price 

that a user would pay for each MBTU/Hr of peak load, and for each MBTU of energy 

usP-ii., over a period of 20 years. (Note that MBTU denotes a million BTU.) We · 

also give· the actual price the user pays each year, with an assumed price 

escalation rate. 

The price estimates will be based on the assumption that all the energy 

produced will be·used. It is assumed that,the capacity of the system remain 

the same, i.e. there is no expansion. 

The results for the Market Squa~e are as follows: 
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(a) 

. . . . . ~ . 
" i '; ' ' 

CaEital Costs 

Present Worth of Life Cycle Capital Costs Before Tax :Deduction. 

= $6,873,921 

Annual Average Life Cycle Capital Cost = $343' 700 

Maximum Peak Load 

~~ximum of Peak Heating Load and Peak Cooling Load 

= 38.5 x io6 BTU/Hr. = 38.5 HBTU/Hr. 

Average Co~t to Owrier for Each MBTU/Hr. Capacity 
' 

$8,927 per year per MBTUH capacity. 

In units of kilowatts, this corresponds.to $30.5 per yc<:tr per 

kW capacity, or $2:5 per month per kW capacity. 

This, together with a profit margin, would be.rP.covered from the 

users over the life cycle of the system, e.g. through a schedule 

of demand charges. 

Fur a 40% profit margin, the demand charges to the user would 

be an average of about $1,041 per month per MBTUll c.apaclty (or 

al:>out $3.55 per month per k.W r.-Rpaci_ty). Thi:J is in tenu::; uf the 

present worth. 

. If the demand payments were constant over 'the life cycle, this 
••,• I 

would require a c;lollar paymFmt nf about $1,335 p~r month JJ~L HBTUH 

capacity (or about $4.56 per. month per kW capacity). This· assumes 
. a discount rate of 8% and an inflation rate of 6% per year. 

For comparison, this is about 69% more than for the conventional 

system considered here. Also note that in the Potomac Electric 

Power c.ompany Schedule used in determining' the cost. of the energy 

used by the HP-ICES system, ·the electricity demand charges were 

$5.18 per month per kW between June and October~ and $4.02 per 

month per kW betw~en November and May. 
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(b) Energy ·costs 

Average Annual Operating and Ad~inistration Costs over the 

L·ife ·Cycle (in terms of .pres.ent ·.worth) = ·.$405 ,.986 

Total .Ener.gy Usage Paid for by ·the Users = .72,000 MBTU 

(This .consists .of abo.ut 27,000 ~TU fo.r hea:.ting, . 3.6, 000 ·HBTU for 

cooling., and 9, 000 for 'ho.t water • .) 

Average Energy ·Gost per }fBTU $5. 64 per f1BTU 
! 

Adding a .profit niargin :of 40% results in the following energy cost 

.to .the user : 

Average Energy Price Paid by th~ User Over The Life Cycle 

.$7. 90 per MBTU, in terms ·of the ·.Present Worth. 

With the HP-ICES system, the energy price .escalation rate would 

be 'less than the escalation rate ,for conventional fuel. AEsuming· 

that the conventional fuel pr.icE7 .escalates at 12%, and that the 

other parts of the operating and .administration costs increase at 
. ' 

the .general inflation rate, the:above energy .price implies a 

dollar payment of $8.63 ,per MBTU (equivale)lt .. to ·2. 95¢/kWh) initially, 

escalating at 8% per ·year • 

. Note .. that the electrical energy .charge· of the Potomac Electric 

Power Company is 1. 417 ¢/kWh bet"f'een June and de to ber, and 

0. 98S¢/kWh bet'\o7een November and May, whi:le ·the natural gas price 

charged by Washing.ton Gas Light Co. is $3.03 per M.BTU.. These 

pr.ices are assumed to escalate a.t 12% per year. 

For comparison, the same procedure ~pplied .to the conventional 

! 
.system ·results in an averag.e energy price paid .by the user over the 

life cycle (in terms of the Present Worth) -of about $11.25 per MBTU. 
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The dollar payment would be $10.61 per MBTU (equivalent to 3;62¢/k¥.h) 

initially, escalating .at 9~5% per year. 

. I 
The average life cycle energy price paid.'by the user of the HP-ICES 

system would be about.32% less than that paid by the user of the 

conventional system, for a constant volume of energy usage • 

. .... 
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~:. x~s.. :rnsnTll'ri.ONAL; .coN&rnERA.iiONs. MARKET sQuARE coMPLEX 

A. ENVTRONMEN.TAL IMPACTS 

1) Pollution and Noise 

The use of an HP-ICES system in the Market Square Complex, with heat 

pumps driven -by electricity, uses ~ess energy overall. than a conventional 

system with the same capacity, and .tperefore leads to less pollution. 

Since the heat pump in this system would be electricity driven, there 

will be practically no pollution at the location of ~he heat p~p. Th~ 
. " I ! 

pollution associated with the generation of the electricity would be 

localized at the power plant, and can therefore be:' .. isolated and con-

trolled more easily. 

The cooling system involves an ice bin, and would not create··.any air 

pollution or thermal pollution, in contrast. to the large cooling towers 

in conventional systems, which can create both thermal pollution and 

chemical corrosion problems. The only cooling towers in the HP-ICES 

system would be smaller, and woul~ be used only a small fraction of 

the time -- i.e. at night during a;bout three months in the year, which 

would lead: to minimum thermal pollution or other environmental 

problems. 

Because the HP-ICES system operates. with closed loops, there will be 

little or no thP.rmal pollution or chemical water pollution, in 

c.nntrast to what happens in a conventional system with water cooling. 

Since the storage bin contains only water or ice, leakage from it 

would not. eause any pollution problems, in contras.t to systems using 

brine or other fluids. 
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Since the storage is large, care must be taken to drain it only into 

the storm sewer and not·into the sanitary sewer. 

The noise from the coolfng towe~ q>eration would also be very smail, 

because the cooling towe.r 'would be operated only a small part ·.of the time. 

2) Land Utilization 

Since the large storage bin is under the building, it will not take 

up excessive additional land. The total space requirement for the 

HP~ICES system for this project would be less than that for a con-

vention~l system. 

The piping network would, be underground. Care should be taken to 

integrate it with the existing buildings .and roads, so that it does 
·! 

not become necessary to open,·· up roads or cross 'public areas. 

3) Resource Consumption in Construction 

This would be less than with a conventional system. 

4) Retirement 

The .retirement of the systt:m should not giVP. rise to -any environ-

ment;~l problems. T.he large st:urage bin can be converted into a 

parking area without major alterations. The mechanical rooms can 

be used for other purpQses. 

·' 
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/ 
B. STATUTES,. CODES, REGULATIONS; ETC. 

Spec~al questions can come up in the ~rket Square project because it 

is located in Washington; D.C. 

The Height of Buildings Act in Washington, D.C. establishes a maximum 
' 

height of 160 fee~ for buildings front~ng on Pennsylvania Avenue between 

the 1st and 15th Streets, N.W. It may.be necessary to seek an amendment 

to this Act to be able to develop the Market Square Complex. However, 

this would be a minor amendment. 

Under the original zoning regulations, the development area included two 

separate zoning classif1cations. It would be desirable to amend the 

· .original zoning regulations so that the whole development area would be 

a single new zone, with a unified system of standard's in the area. 

The other proposed regulations include the following: 

(a) Mandatory Standards, ·which would cover areas such as Energy Conser-

vation, the overall conformity of ~he project with the environment, 

noise and air quality aba-tement during construction., and other 

que~tions such as historical and architectural preservation. 

(b) Non-mandatory Standards for assisting developers lu uesigning the 

projects; these would include guidelines in 4esigning the buildings 

and facilities. These may become part of the building code by the 

time that the project is implemented. 

Another important kind of regulation would be the tax laws, which 

may provide incentives for using the system that is the best avail-

able in terms of Energy Conservation. 
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C. ·, POTENTIAL OWNERSHIP AND FINANCING APPROACHES FOR THE MAR..T<ET SQUARE 

HP-ICES PROJECT 

The possible approaches are the following: 

A. Ownership and financing by the federal government or an agency 

created by it. 

B. Ownership and financing b"y the local municipality, or an agency 

created by it. 

C. Financ·ing by a third party, such as a developer or a private 

corporation (which could .be a utility). 

' D. A combination of A, B and C above. 

' 
The main factors tn be considered are the following: 

1) The project requires a large financial backing and involves 

a financial risk. 

2) The project will require a high level of technical ability and 

competent management. 

3) Being in Washington, D.C., the. project will be subject to 

special regulations. 
·;:· 

u)·: The project ~.;rill have high publll; vls:lbilitY in thP. rity and in 

the w·hole nation. It is meant to tit!I"Ve as a model for other 

projects in the nation. 

The adva~tages of Approach A will be that the federal government 

will not have any difficulty in obtaining .the large financial and 

management res·ource.s, and is in a position to accept the finan~ial 

risk. 

On the other hand, the project needs participation by a large 

number of private agencies, who ~.;rould prefer the flexibility and 

efficiency that can be more easily obtained with private management. 
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.If the financing of the project is done by a municipality, the 

financing mechanism will be either through bonds issued by the 

municipality, or through federal financial support obtained by 

the municipality, or through the formation of municipal joint 

action agencies. An important requirement on the financing 

mechanism will be that if the project fai~s f~nancially, it 
. ' ,. . ; . ~ 

should not create a serious risk for the city's finances.· 

Financing by a thirdparty, such as a developer, or.a private 
~ ' ': ~. . i i : 

l! 

corporation (including a utility company) has the advantages that 

a private company.may possess the technical expertise that a 

municipality normally would not have, and may be able to operate 

with greater flexibility and efficiency than the federal 

government or many municipalities. The main problems for a 

developer or private corporation are that most of them do not 

have the large financial resources required and cannot afford 

the risk involved in a large investment in a large and new type 

of system such as the HP-ICES system. 

It appears that the best alternative for ownership and financing 

would involve a ~ombination of thP. three approaches A, B and C, 

with financial backing by the fede.ral government, and tn<mage:-· · ·. -· 

ment by a private corporation or jointly by the municipality and 

a private corporation. Such an arrangement should be possible 

within the framework of the Pennsylvania Avenue Developm~i1t 

Corporation. 
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B. PARK PLAZA ~ BOSTON 

-83- . 



HP-ICES PROJECT 

SUMMARY 

1. AREAS· 

Sector Area ft2 
Per cent of Total 1 

Residential 2,011,000 34.9 
(1600 dwelling units) .. 

<=~~''·''"'''·''·.,. .. .::..:o...-~:::-."="'7:=..-.~-"'' .,. .......... ·----·-·-

Commercial 

a. Retail and Galleria 567,000 9.9 
' 
i 

b. Office l,ilO,OOO 19.3 

c. Hotel 9oo,ooo 15.7 
: 

d. Parking 1,076,000 18.7 

c. Service .84,000 1.5 

Total 5,748,000 100.·0 
-- ·-··· ~-- ... -----···----

2. LOADS 

•----H:....e_a_t_i_n_g __ ......:.... ___ --t-1-D_o_m....:,e_s_t_ic_H_o_t_W_a_t_e_r_l ___ ---C-o~ling ---·-··-·-·-

!-! -------r-------+--_:.....--, ---t--,;-; Alu~u;-;-;u~aT~___.__ A:nnua:r······--· 

I 
De111antl Annual Energy Derrdnd n:·ner,.gy . D~mand ···Energy 

Requirement ., Requirement' Rf.'!quirelll$nt 
-· ·-··-+---------l-------:,__....:._ _ ___;.l-~..:.....:....------

165,000,000 ~86,380xlo6 · 135,~00,000 75,980xl06 ! 11680 
BTU/hr BTU BTU 1 Tons 

·--'--~='-----l.-----1--------11, _______ -l-------·----'-! 

10,056,000 ton-hrs 

3. COOLING SAVED BY THE USE OF HP-ICES (BY-PRODUCT OF HEATING AND DHW) 

120, 6i2xl0
6 .BTU or 100% '.: 
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4. PERFORMANCE AND.COSTS 

I 
1. Source Energy I Consumption I 

i 
Winter . ! 

i 

Summer 

i Total 

I Energy saving BTU 
I 

2 I • ! Annua~ Energy Cost 

Energy Cost saving 

HP-ICES Systein 

138,436x.l'06 

40,044Xi0
6 

BTU 

BTU 

178,480Xl06 BTU 
6 

330,737xl0 BTU 

HP-ICES PROJECT 

Conventional System l 

333,285xl06 BTU 
i 
I 175, 932xto6 BTU 
i I 
I 509 ,217xl06 BTU 1 

,, 

$ 

l ,. 
----·~--. --------·--·------ ... I 

777,693 I $2,546,707 I 
$1,787,014 . 1 1 

--+------ ---------~------------ ... ; 
1 3. Annual Opera~-~~;·-······~,- $1,171,943 · li $2,839,707 · ! 

Cqst 
I 

::::;-~~: -"~:ing . -h:: ~~:: :::: ~--- _L $6, 397;65;---l 
Incremental First ~22,613,745 ; 
Cost : 

Pay-back 8 years ·-: I 
Rate of Re;.;;;:----+iJ~-~=~~=~-~~-=-==---~=~=---J 

4. 

5. 

6. 
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HP-ICES PROJECT 

B.l COMMUNITY-DESCRIPTION 

1.1 COMMUNITY DESCRIPTION 

Park Plaza is a proposed 5,75d,OOO square feet project, situated in 

downtown Boston between the Arlington and Stuart Streets and the Public 

Garden. 

It was first.conceived by Mayor Kevin White in 1970, :and thereafter, 

sponsored by the_Boston Redevelopment Authority (BRA) as a huge privately 

fi~anced_urban renewal p-roject which w;:~s to transform the oomcwhat shabby aml' 

deteriorating Park Square area into a glittering complex of office buildings, 

residential and hotel high rise with plazas, promenades, entertainment facilities, 

shops and parking garages. 

Park Plaza is intended to be a showplace and a link between the Back 

Bay and the downtown shopping area, but economic feasibility should be thP. 

key to the whole proposal. 

ThP. complex ·is distributed over three pacct!ls, designated ilarcel 1, 2 

and 3. Parcel 1 comprises a residential tower of.546,000 square feet contain-

ing 420 dwelling units, 493,000 square feet of -retail spaces ;:~nrl above the 

retail, 510,000 square feet of low rise offices and additional office space 

of 600,000 square feet in an office tower. 

Parcel 2 contains a high rise hotel of 900,000 square feet out of which 

a thousand rooms occupy 460,000 square feet. Public spaces (lobbies, restaurants, 

shopping, etc.), occupy 340,000.square feet. The xemaining 100;000 square feet 

being occupied by service. 

Parcel 3 comprises a high rise tower of 1,030 luxury dwelling units of 

1,315,000 square feet total area,~and a small tower of 150 dwelling units which 
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HP-ICES PROJECT 

are subsidized and non-air conditioned, of total area 150,000 square feet. It 

also compreses 24,000 square feet of retail area and together with Parcel 2, 

it can accommodate 3,000 cars in a parking lot of 1,076,000 square feet. Also, 

Parcels.2, and 3 shares 84,000 square feet of service area. 

Dividing the Park Plaza Complex by sectors, the residential (2,011,000 

square feet) accounts for 35.0% of total area, the retail (567,000 square feet) 

for 9.9%, office space (1,110,000 square feet) for 19.3% and hotel (900.000 
t 

square feet) for 15.6%. Parking and service accounts for the rest. 

The energy demand and consumption estimates were based on energy conser-

vation slanderds, wh{1P the building materials, standards and mechanical and 

electrical system were based on ASHRAE Standards 90-75. The buildings would 

be of luxury type and insulated and the mechanical and electrical systems would 

be of high quality. 

Exposed walls and roofs will have a high mass construction of 100 lb/cu.ft. 

and will be insulated to give a "u" factor of 0.06 for roofs and 0.08 for walls. 

Interior partition and floor slabs will be de$igned for 60 lbs/ft. 

Where possible insulation wilJ he located on the exL~rnal surface of 

walls and roofs so that advantage .is taken of the structure's thermal mass, 

which will sat as a heat reservoir and smooth out peak loads. 

High mass construction gives the building ~ high thermal inertia 

characteristic that reduces the effect of r~pidly changing ouL~lu~ conditions. 

All windows will be double glazed to reduce hP~t conduction and 

sound transmission. Windows facing soulh will be provided with external 

shading devices designed to exclude high angle summer sun, but allow entry of 

low angle winter sun. All windows will be carefully caulked and ~eatherstripp~d 

to reduce infiltration of outside air. 
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Concerning ene.rgy conservation~ spaces like corridors, wash rooms, 

utility rooms, vertical transport and other similar spaces that do not have 

such stringent temperature condition requirements. should be located in those 
l 

' 

. areas where heat loss is potentially the. greatest (usually at t~e ·north 

wall). These spaces can then act as a buffer between outside and inside 

occupied areas. 

Areas of common requirements such as lighting. level ~·same: .occu!?~74:. 
,.i' ','I 

hours etc. should be grouped tog~ther so'they can be served by one system 

designed for those conditions and operat~d only when required. 

The loads and annual energy requ~remnts are as follows: 

a) Cooling: 

Demand .. ·.11,680 tons 

Annual Requirements = 10,056,000 Ton-hours 

b) Heating: 

Demand = 165,000,000 Btu/hr 

Annual Requirement = 186~380 x 106 Btu 

c)· Domestic Hot Water: 

Demand = 35,800,000 Btu/hr 

Annual Requirement = 75,980 x 106 Btu 

d) Electrical: 

Demand = 23,300 KW 

Annual Requirement Base Load = 8,000,000 kWh 
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HP-ICES PROJECT 

1.2 DESIGN CONDITIONS * 

Latitude 42° 

Winter design temperature: 10°F 

Inside temperature, winter 68°F, night set back 58°F, summer 78°F DB, 50% RH 
l 

Daily temperature range during summer - 160p · 

Equivalent full load hours cooling 400-1200 

Heating degree-days 5634 

. * Ref. - ASHRAE - Fundamentals 23 

.. 
. ·.· 

Systems 43 
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HP- ICES PROJECT 

1.3 BASIC ASSUMPTIONS 

Based on square and cubic feet which in turn is based on standard require­

ments for different sectors in the project. 

1. Cooling Demand 

a. 

b. 

c. 

d. 

Residential 1.8 ton per dwelling unit 

Retail 240 ft 2/ton; galleria ,; 200 ft 2/ton 

Office 300 ft 2/ton 

Hotel, public.l50 ft 2/ton, rooms 5/8 ton per room 

2. Heating Demand 

a. Residential 3.5 Btu/hr per ft3 

b. Retail 2.4 Btu/hr per ft3 

c. Office 3.8 Btu/hr per ft3 

d. Hotel 3.5 Btu/hr per ft3. 

3.. Domestic Hot Water Demand 

a. Residential 1.0 Btu/hr per ft3 

b. Retail .0.4 Btti/hr per ft3 

c. Office 0.4 Btu/hr per ft3 

d. Hotel 1.0 Btu/hr per ft 3 

4. Energy,Requirements for Heating (per year) 

a. Residential 4.85 M Btu per ft 3 

b. Retail. 1.15 M Btu per ft3 

c. Office 3.45 M Btu per ft3 

d. Hotel 4.85 M Btu per ft3 

5. Energy Requirements for Domestic Hot l\Tater (per year) 

a. Residential 2.5 M; Btu per ft3 

b. Retail 0.2 M Btu per ft3 

c. Office o.5 M Btu per ft3 

d. Hotel 2.5 M Btu per ft 3 ·. 
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1.4 AREA TABULATION 

Residential 

Parcel 1 Tower, 420 units 546,000 ft 2 

Parcel 3 Tower, 1030 units (l~ury) 1,315,000 ft2 

Tower, 150 units (subsidized) 150,000 ft 2 

2,011,000 ft 2 

R,;'a~~ ~~U~I~a 

Parcel 1 Retail 385,000 ft2 

Galleria 108,000 ft 2 

Parcel 3 Retail 50,000 ft2 

Galleria 24 000 ft 2 

567,000 ft2 

Office 

Parcel 1 Tower 600;000 ft2 

Over Retail 510,000 ft 2 

l,llU,UOO ft 2 

Hot.el -- . ~·,·, 

Parcel 2 Public 341,000 ft 2 

I. 
£t2 : Guest Rooms (1000 rooms) 459,000 

Service 100,000 ft 2 

900,000 £t2 

Parking 

Parcel 2 1600 cars 580,000 ft2 

Paecel 3 1400 c:ars 496 000 ft2 

1,076,000 ft2 
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Service 

J>arcel 2 

·Parcel 3 

Heat~d Basement, Parcel 1 Retail 

Non Heated Areas 

Parking 

:Service 

Total Gross Heated Area 

Non .Air Conditioned Areas 

Subsidized Apartments 

Hotel Service 

Ser'Vice 

Total Gross Air Conditioned Al'·ea 

GROSS VOLUME SUMMARY 

Residential 

Retail 

Office 

Hotel 

-

·-

... 

-

Parcel 1 

Parcel 3 

Parcel 1 

Parcel 3 

Parcel 1 

Parcel 2 

45,000 ft2 

39 000 ft2 

Total ·Gross Area 

Sub-total 

. .:ys-~ 

HP-ICES PROJECT 

5,748,000 ft2 

45,000 ft 2 

5,793,000 ft2 

1,076,000 ft2 

84,000ft2 

1,160,000 ft 2 

4,633,000 ft 2. 

150,000 ft 2 

100,000 ft 2 

84,000 ft 2 

334,000 ft2 

4,338,000 ft2 

4,900,000 ft3 

13,200,000 ft3 

7,200,000 . ·J ft 

1,200,000 ft3 

13,200,000 ft3 

9',000,000 ft 3 

48,700,000 ft3 
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1.5 REFRIGERATION PEAK DEMAND ESTIMATE 

.1. Residential 

Parcel 1 420 units at l.ST/unit = 756T 

Parcel 3 1,030 untis at LS T/unit = 1,854T 

Sub-Total = 2,610T 

2. Retail and Galleria 

Parcel 1 Retdl ':\85 .ooo ft 2 240 ft'J/T 1,604T 

Galleria 108,000 ft 2 200 ft2/T = 540T 

Parcel Retail 50,000 ft2 240 ft 2/T = 208T · 

Galleria. 24,000 ft2 200 ft2/T - 120T 

Sub-Total 2,472T 

3. Office 

Parcel 1 Tower 600,000 ft2 300 ft 2/T = 2,000T 

Over Retail 510,000 ft2 300 ft 2/T = . 1, 700T 

Sub-!ot:al 3,700T 

4. Hotel 

Parcel 2 Public 341,000 ft 2 : 150 ft2/T .. . 2,273T 

:r Ruums .1,000 roow~ at 5/8T/room =· 625T 

Sub-Total · 2,898T 

TOTAL PEAK DEMAND = 11,680T 
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REFRIGERATION PEAK DEMAND ESTIMATE (Cont'd) 

TABLE B 1.1 COOLING PEAK LOAD DISTRIBUTION BY SECTORS 

Parcel 1 Parcel 2 Parcel 3 Total % of Total 
) 

Residential 756T - 1,854T 2,610T 22.3 
:;: i 

Retail 1,604T - .. 208T 1,812T 15.5 

Galleria 540T - 120T · 660T 5.7 

Office 3,700T - - 3,700T 31.7 

Hotel - 2,898T - 2,898T 24.8 

Total 6,600T 2,898T 2,182T 11,680T 100.0 

% of Total 56.5 24.8 18.7 100.0 
J 

Using diversity factor 0.82 * 
Tonnage 11680 x 0.82 = 9571 tons 

(say 10,000 tons) 

1.6 ENERGY REQUIREMENT AND CONSUMPTIO~ FOR COOLING 

Equivalent full load hours: 

Resident;f,.al 1,000 

Retail 1,000 

Galleria 1,000 

Office 1,000 

Hotel 1,200 

Use 1050 Equivalent f'ull Load Hours for eutir~ system. 

*The peak energy· usages for the reside'ntial and collll:lercial sectors do not 
coincide. Thus the diversity factor which is the ratio of the maximum ..J-,:> . 

. total load .to the sum of the residential peak load and the commercial peak 
load was estimated at 0.82. 
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TABLE B 1.2 ENERGY REQUIREMENT FOR COOLING* 

- ' .... .__ 
% Refrig~ration Refrigeration Energ6 

Month Energy Requirement R~quirement BtuxlO 

January 0 0 

February 0 ' 0 
--

March 0 ' 0 

April 5 .6 ,034 

May 10 1 12,067 

June 13 15,687 

July 22 26,548 

August 22 I 26,548 

September 19 22,928 

October 9 10,860 
.. 

November 0 0 

December 0 0 
' 

Total 100. 120,672 
Annual 

I 

l 
*Only the mechanical refrigeration;loads are considered. If there is a 

cooling load in the winter, enthalpy control will be applied which does 
not affect the energy balance. 
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1.7 HEATING AND DHW _f~K_ __ !)E;MANp ESTH1ATE 

Residential 

Parcel 1 546,000 ft 2 
X 9 ft = 4,900,0001 CF 

Htg. 4,900,000 CF x 3.5 Btu/hr/C~ = 4,9 = 17,000,000 Btu/hr 
DP..J 4,900,000 CF x 1.0 Btu/hr/CF = 4,900,000 Btu/hr 

Parcel 3 (1,3]5,000 + 150,000)ft2 X 9 ft = 13,200,000 CF 
Htg. 13,200,COO CF x 3.5 Btu/hr/CF = ~6,000,000 Btu/hr. 
DHW 13,200,000 CF x 1.0 Btu/hr/CJ' = 13,200,000.Btu/hr 

Retail 

Parcel 1 385,000 + 108,000 = 493,000 ft2 
Basement = 45,000 ft 2 

I" 448,000 ft 2 X 16 ft = 7,200,000 CF ..... 
0 Htg. 7,200,000 CF x 2.4 Btuihr/CF' 17,300,000 Btu/hr 0 = 
I· DIDl 7,200,000 CF x 0.4 Btu/hr/CF 2,900,000 Btu/hr -= 

Parcel 3 
... 

50,.00•) + 24,000 = 74,000 ft"- X 16ft . = 1,200,000 CF 
Htg. 1,200,000 CF x 2.4 Btu/hr/CF = 2,900,000 Btu/hr 
DH\J 1,200,000 CF x 0.4 EtU:/hr/CF = 500,000 Btu/hr 

Office 

Parcel. 1 
. 2 

1!.110,.000 ft X 12 ft 13,200,000 CF 
Htg. 13,2GO,OOO CF x 3.8 Bt~/hr/CF = 50,400,000 Btu/hr 

' DHW 13,200,000 CF x 0.4 Btu:lhr/CF = 5,300,000 Btu/hr 
~ 
I 

Hotel H 
(") 
tz:l 

. 900,000 ft 2 X 10 
Cll 

Parcel 2 ft = 9,000,000 GF 
'"d 

Htg. S , 0001, 000 CF x 3. 5 Bt•.1/L'lr /CF = 31,400,000 Btu/hr :;t:l 
0 

DHW 9,000,000 CF x 1.0 Btu/hr/CF ,. = 9,000,000 Btu/hr c... 
tz:l 
(") 

TOTAL Htg .. = Hi5, 000,000 Btu/hr 1-i 

DHW = 35,800,000 Btu/hr 



I 
1-' 

····o 
1-' 
I 

Sector 

. -· ··-- .....•.... 

Residential 

Retail 

. Office 

\!Hotel 
.. 

I 
il 
~Total 

Parcel 1 

Heating DHW 

17,000 4,900 

17,300 2,900 

50,400 5,300 

- -

84,700 13,100 

TABLE B 1. 3 HEATING AND DHW PEAK 

MBH 

·-·-
·Parcel 2 

Sub- Sub-
Totai Heating DHH' Total Heating 

21,900 - - - 46,000 

20,200 - - - 2,900 

55,700 - - - -
.. 

- 31,400 9,000 40,400 -

97,800 31,400 9,000 40,400 48,900 

DEMAND SUMMARY BY SECTOR 

Parcel 3 Total 

Sub- Grand 
DHW Total Heating DHW. Total 

13,200 59,200 63,000 18,100 81,100 

500 3,400 20,200 . 3,400 23,600 

- - 50;400 5,300 55,700 

' 
-

- - 31,400 9,000 40,400 

13,700 62,600 165,000 35,800 200,800 



HP-ICES PROJECT 

1. 8 ANNUAL HEATING AND DHw REQUIREMENT ESTIMATE 

Residential 

Pa:rcel 1 Htg. 4,900,000 CF x 4~85 M Btu/CF . - 23,600,000 M Btu· 

DHW 4,900,000 CF x 2;50 M Btu/CF = . 12,200,000 M Btu 

Parcel 3 g~· 13,200,000 CF x 4;85 M Btu/CF 64,000,000 M Btu 
13,200,000 XF x 2,50 M Btu/CF 33,000,000 M Btu 

Retail 

Parcel 1 Htg. 7,200,000 C:F X 1.15 M Btu/CF 8,300,000 H Btu 
DHW 7,200,000 CF x 0.20 M Btu/CF 1,440,000 M Btu 

3 DHW 1,200,000 CF x 0.20 M Bt.u/CF = 240,000 M Btu 

Office 

Parcel 1 Htg. 13,200,000 CF x 3.45 M Btu/CF 45,500,000 M Btu 
DHW 13,200,000 CF x 0.50 M Btu/CF 6,600,000 M Btu 

Hotel 

Parcel 2 Htg. 9,000,000 CF x 4.85 M Dtu/CF "' 43,600,000 M Btu 
OHW 9,000,000 CF K 2.50 M Btu/CF - 22,.500,000 M Btu 
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I .... 
0 w 

' ' 

Sector 

. ·---- .... ··--·-·--··--

Residential 
I 
! 
Retail 

Office 

Hotel 
I 
i 

I 
I. 
!Total 
I 
i 

TABLE B 1.4 

-----········-····· ..... ·····- ···~--- --~ 

Parcel 1 

--· --
Sub-

_Heating DHW Total 
- --

23,600 12,200 35,800 

8,300 1,440 9,740 

45,500 6,600. 52,100 

- - -

77,400 . 20,240 97,640 

ANNUAL HEATING AND DHW REQUIRE~N~ SUNMARY BY SECTOR 

BTU X 106 

.. ··---·-···------········--·-····-···------------· ··----~ ......... ···-.··-·-··· .. ~ --··· ....... . - ...... 

Parcel 2- Parcel 3 

---
Sub- Sub-

Heating DHW Total Heating DHW Total 

- - - 64,000 33,000 97,000 

- - - 1,380 240 1,620 

- - - - - -

43,600 22,500 66,100 - - -

43,600 22,500 66,100 65,380 33,240 98,620 

. ······ -·· . ... .' 

Total 

-· --·-· 

Grand I 
I 

Heatin_g DHW Total 
l 
! 

87,600 45,200 132,800 

9,680 1,680 11,360 I 

45;500 . ·6,600 52,100 

43,600 22,500 66,100 

186,380 75,980 262,360 
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TABLE B 1.5 ANNUAL HEATING AND DOMESTIC 

Month DD 

January 1,088 I 
February 972 

March 846 

April 517 

May 208 

June 39 

July 0 

August 0 

September 66 I ' 

October 316 

November 603 

December 983 

Annual 5,634 

TABLE B 1.6 

HOT WATER . PROFILE 

' 
Heating DHl-1 
Requirement 
Btu X 106 

Requirement 
Btu X 106 

35,992' 6,453 

32,155 5,829 

27,987 6,453 
; 

16,971 6,245 

6,881 I 6,453 

J-,290 6,245 

0 6,453 

0 6,453 

2,183 6,245 

10,454 6,453 

19,948 6,245 

32,519 6,453 

186,380 75,980 

RECAPITULATION OF ANNUAL 
ENERGY REQUIREMENTS FOR 

COOLING, HEATING & DHW 

Residential Commercial 
... 

Cooling 25,689 X 106 BTU 94,983 X 106 BTU 

Heating 87,600 X 106 BTU 99,780 X 106 BTU 

DHW 45,200 X 106 BTU 30,780 X 106 BTU 

--
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Heating & DHW 
Requirements 
Btu X 106 

42,445 

37,984 

34,440 

23,216 

13,334 

7,535 

6,453 

6,453 

8,428 I 
16,907 I 
26,193 I 
38,972 

262,360 

Total· 

120,672 X 106 BTU 

186·,380 X 106 BTU 

75,980 X 10° BTU 
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B.2. SYSTEM DESCRIPTION 

2 . 1 INTRODUCTION 

The HP-ICES as applied to Park Plaza, Boston differs so~ewhat from the 

HP-ICES as applied to the Market Square Complex in Washington, DC. · 

The results of the First Report indicated.that an attractive ·system 

could be obtained if gas or diesel engine drive could.be used to drive the 

heat pump. 

The heat recovered from the rt?cket water heat exchanger and exhaust 

silencer greatly enhance the efficiency of the heat pump cycle. 

Not only additional heat is gained.but also the discharge.temperature 

of the heat pump compressor can now be reduced and the COP of the heat pump , .. ~ 

improved. 

For the Boston, Mass. area the First Report indi~ated that the winters 

are rather severe and more than enough ice will be accumulated in winter time, 

which would have to be subsequently melted. 

However~ the heating requirement being partly satisfied by the heat 

recovered from the engine, the heat pump can afford to deliver lese heat 

and therefore, less ice which results in a smaller ice storage bin, less 

in~ulation and l P.88 power input to the hl" . .,t. puwp. 

Moreover, the amount of ice could be reduced still further, in order 
\ 

to leave "room" for domest~c hot water generation in the summe.r with the 

! 

simultaneous generation of chilled water with a higher COP.. In such cases the 

domestic hot water is generated by the heat, ·recovered from the engine, while 

the engine drives the heat pump. 
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2.2 SYSTEM. COMPONENTS 

The system will consist of energy centers, a dis.tributions _system and 

terminal units. The energy center will have. seven dual fuel engine driven 

heat pumps with heat recovery from jacket water and exhaust gas, tube type 

ice-makers and ice makers circulating p~ps, chilled water primary pumps. 

between the storage bin and primary loop, chilled water pumps between the 

chillers and primary loop and hot.water pumps. 
: . .-.· 

The distribution system will have a primary loop and secondary station 

pumps for each building and sector. 

Terminal units will be of two kinds: for the industrial areas, 

small offices and hotel guest rooms a 4-pipe fan coil unit system will be 

used, while for the commercial sector, like public assembiy areas and 

landscape offices air handling units with enthalpy control, zoning sy'stem 

and distribution system will be used. 

2.3 EQUIPMENT SIZE AND SELECTION 

2. 3.1 . Engines 

Seven dual fuel 12 cylinder engines Fairbanks Morse, opposed 

piston, 2400 hp each, 900 rpm, mo~el 38 DD-8-1/8, with speed 

increasing gears. 

2.3.2 Seven Vilters screw compressors VRS-130, with chillers of 

1440 ton capacity each; condensers, valves and controls. 

2.3.3 Fourteen units of ice makers Model FKE .. 705A, 525 ton ice per day 

capacfty each.· Manufactur-ed by the Stal Company of Sweden-~---each consisd:ng of 

. five-ice generators .of t-he tube type including liquid accUmulation ·'tank .. 

and seven ice maker· pumps 352 gpm, 7~ hp. each. 
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2.3.4 Pumps : The following table summarizes the pump selection. 

TABLE B 2·1 PUMP SELECTiON FOR HP-ICES 

The. Following Table Summarizes the Pump Selection ,,.,, .... ... -:-51 

Pump No. of Head Mot: or Model 
Designation Pumps Service G.PlM Pt. BHP HP % Aurora 

P-1 6 Heating 1817 150 63 75 82 6~~t8xl5 Series 

' 
P~2 7 Chill~d 2632 150 125 125 87 8K10xl5 B -

'W~ter Series 410 .. 
P-3 7 Condenser 5200 eo 125 125 87 10x12xl2 B 

Water Series 410 

' 
P-4 7 Ice !'taker 352 50 6.5 7l~ 85 3x4x9 B Series 

p...;,S 1 DHW 2387 150 125 125 73 8x10xl5 B 
.;:· 

Series 410 .:.· 

' -~-~ 

2.4 
. I 

SYSTEM OPERATION 

Fig. B 2.1 is a schematic diagram of the system. Hot water returning 

from the community passes through the heat pump condenser where it is heated 

t:o u2''E' then passes through the jacket water heat exc.haneer where its 

temperature !s raised another 6°F and then goes to the· exhaust silencer where 

it is heated up to 120°F. 

· Figures B 2.2 and B 2.3 describe the dist~ibution sy~tP.m ~nd the ·ice 

bin location. 

The huge ice bin of approximately.15,000.000 cubic feet w:Ul be 

integrated with community buildings, but because of its' size it will have 

to be built partly under the buildings and partly under the streets and public 

garden area as was done i~ the case of the public parking lots. 

The basement level will be used for the seven main mechanical rooms 

and for the primary distribution loop. 
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The ice making units will be located as close as possible. to the ice 

storage b~n to reduce problems associated with the conveying of the ice. 

The ice is conveyed from the tube type ice maker to the storage bin 

by means of a conveyor. 

The distribution system will be arranged in primary-secondary loops 

as for the Market Square Complex. 

For both heating and cooling a primary-secondary loop system will 

be employ~d. The temperature difference in the cooling primary loop will 

b t lt. T = 24°F to va-ry e ween .L1 __ 

For heating the temperatute difference in the primary will be 30°F. ' 

The primary-secondary system will reduce the power required for pumping 

and reduce the pipe sizes and enable the end user to select his own ~T 

in the secondary system as required .• 

The operation of the compressors with heat rejection to cooling 

towers is not necessary.in the Park Plaza case. All the cooling required 

is s~pplied by thP. h~at pump. 

To Rtm yp,th& over~ll heating, domeutlc hot water aud cooling 

requirements of the Park Plaza community complex will thus be supplied 

with one system operating at a high efficiency both economically and energy-

\Y"ise. 
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B.3 EXPECTED PERFPRMANCE 

3.i 1NTRODUCTION 

The ice .generating heat pump as applied tq Park rlaza ~qston will. be 
' ; ~ . ? ., 

driven by a dual fuel engine. 

The dual fuel engine will supply a considerable amount of recovered 

heat from both jacket water and exhaust. and this will. incr~ase. ~he ovep~ll;L i . 
: ·~ 

' 
amount of heat ~?pplied by the heat pump and considerably increase the over-

all COP. 

A series arrangement of the heat ·pump condenser, jacket water heat 

exchanger and exhaust silencer, in that:order, will enabte to re!;luce the 

condenser discharge temperature~ improving thereby the heat pump performance, 

..while the overall system supply temperature will remain the same. 

The heat supplied by the heat pump condenser will amount to 60% of 

the overall heat supplied, while the jacket water and engine exhaust will 

contribute 40%. The condenser outlet temperature will be reduced by 10°F 

and this will reduce the power input to the heat pump by 10% with an improve--: 

ment of the COP by the same percentage. 

On the oth~r h~nrl a deisel fuel ~ngine driven heat pump while reducing 

the amount of heat handled by the heat pump, will also reduce the amount of 

ice g;enerated by the heat pump to the point where the cooling generat.ed 

will just be sufficient to cover the summer cooling requirement and ice bin 

This in turn will diminish the ice bin storage volume required by 20% 

relative to the storage required by an electrically driven heat pump. 

The dual fuel engine driven heat.pump will also eliminate the peak 
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electrical demand both in winter and summer and will allow the generation 

of chilled water, if required, even during the summer peak load hours, 

eliminating the necess~ty of chilled water daily storage and associated with 

it additional investment costs. 

The dual fuel engine drive also causes a reduction in energy consump-

tion when compared with a conventional system. 

3.2 GENERAL PERFORMANCE 

The dual fuel engine selected is manufactured by Colt Industries, 12 

cylinder Fa:l;J:banks MorRe, Model 38DD-8-1/8. The p~rformance of this engine is 

summarized in Table B 3 :·1 .• 

TABLE B 3.1. 
.. ···- ~·- ···- .. 

HEAT BALANCE OF A 12 CYLINDER FAlRBANKS MORSE DUAL FUEL ENGINE MODEL 38DD-sl 
·- : - ·-. .. a··.,. 

h.p. Total 
Required a~ Heat Reat New Work Recovered 

h.p. Rated ?ercentage Input Recovered Output Heat 
Required h.p. of Rated Btulh~-hr Rtu/hp-hr Btu/hp-lu: Btu X 106 

' . 

2295 2400 9.5 •. 6 7500 3700 2545 ·8.5 

2205 2400 92.0 7500 3700 2545 8.16 

2115 2400 88.0 7-500 3700 2545 7.82 
..... -

1950 2400 81.0 7800 3988 2545 7.78 
! --

' 
See Appendix for more infcimation 

Vilters Compressors VRS-136 selected utilizing R-22 and operating at 

3540 RPM. The performance of these compressors at various conditions is 

summarized iu Ti:ible B 3.2. . 
Column four of the table shows the performance of the compressors for 
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VILTER SCREW COMPRESSOR VRS-130-DRIVEN BY DUAL FUEL'ENGINE·-FAIRBANKS MORSE 38DD 8-1/8 12 CYL 

TABLE B 3. 2: 
(At Different Suction and Discharge Temperature) 

1300F/200F 1250F/200F 1200F/20oF US0F/200F 1300F/350F 200F/35oF 050F/35oF 

Ton 1035 1090 1125 1193 1440 1575 1755 

ImP 2430 2295 2205 2115 2610 2295 1950 

Heat RejQction 
Btu/hr 18.6 X 106 

I 18.92 x~·106 19.1 X 106 19.7 X 106 23.9 X 106 24.74 X 106 26 X 106 
I 

COPH 3.01 3.24 3.4. 3.66 3.6 4.236 5.28 
... ·. . .. . . ., ... ........ ,. - -- .. 

COPe 2.01 2.24 2.4 2.66 2.6 3.236 4.28 

Heat Recovered 
with Diesel 9.0 X 106 8.5 X 106 8.16 X 106 7.82 X 106 - 8.5 X 106 7.78 X 106 

Engine Btu/hr 

'l'otal Heat 
27.6 X 106 27.42 X 106 27.26 X 106 . Rejection 27.52 X 106 - 33.24 X 1( 33.78 X 106 

Btu/hr 

Improved 
CO PHI 4.463 4.695 4.86 5.113 - 5.7 6.86. 

..... .:::-' 
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winter conditions. at 20°F SST and 1200F SDT w4il~ column seven shows the 

performance of the compressors during the. summer when the compressors operat~ 
0 . ' 

at 35°F SST and 120 F SDT. generating domestic hot water with the· simultaneous 

generation of chilled water. 

The table also shows the integrated performance of the compressors when 
; 

operating in conjunction with the engines. The lower SDT is possible in view 
l 

of the heat recovered from the jacket water and exhaust gases. 

The table also gives the hP..Rt balance of tho engine he.!'l.t pliutiJ cumbination 

i 
at various conditions giving the hE!at recovered and the COP. The minimum 

horsepower required is 2295 and oc~urs at 120°F SDT and 35°F SDT which condition 

will govern in selecting the size of the engine. 
. . 

The COPHI means "improved" COP. Thus from table B 3.3 the total heat 

rejected (by condenser and engine) is 33,240,000 Bt~/hr and therefore 

COPHI = 33,240,000 = 5.7 
2295 J1. 2545 

··::' 

_All the cool~ng requirement~ of 120672 x 106 Btu can bP. supplied by the 

heat puwp while supplying heating and domestic hot water in ~.nter time with 

a COPHI = 4.86, heating in May and October with a COP= 5.7 and the domestic 

hot water in the summer with a COf = 6.86. 

. '·. The 3bovc mentioneu COP's are heating ~d "improved'i COP's which means 

that they are obta~ned by dividing both the heat rejected by the heat pump 
' 

and the heat recovered from the engine.by-the shaft work input to.compressor. 

6 . 6 
Out of the 120672 x 10 Btu'of cooling required 100370 x 10 Btu is 

) 

generated in the form of ice in winter and ~fter deducting 15,602 x 106 Btu 

losses, 84,768 X 106 Btu or 70% are available ns "free" cooling. 

6 
Additional 9,841 x 10 Btu 6r 8% of cooling in the form of chilled 
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water are generated in the months May and October while supplying heating 

required during these months. 

The remainder 26,063 x 10
6 

or 22% are generated during the summer while 

generating domestic hot water. 

No daily storage system is requir .. ed as the dual fuel engine incurs no 

electrical demand charge and the heat pu~p can be operated during peak summer 
'· 

days. 

Thus 186,380 x 106 Btu of heating, 75,980 x 106 Btu ~of domestic hot water 

and 120,672 x 106 Btu of cogling are supplied annually at an expenditure of 

142,480 X 106 Btu in the form of gas and 8387 X 106 Btu in the form of pilot 

oil. This yelds an annual overall COP of: 

(186,380 + 75980 + 120672) ~ 166 

(142480 + 8387) X 10° 
= 2.54 

as related to source energy. When related to shaft work the expenditure is 

·20,000,000 BHP-hr and the 

COP = overall 383,032 X 106 

20 X 106 X 2545 
= 7.52 

which is much higher than the already high COP of 5.12 for the electrically 

driven heat pump for the Market Square cqmplex proving the desirability of 

the engine driven heat pump. 

3.3 ANNUAL ENERGY BALANCE 

.Table B 3.3 summarizes the annual energy balance and shows the "cooling". 

energy generated both in the form of ice and chilled water. 

During the winter months the system will operate at 120°F and 20°F SDT 

and SST respectively and with a COPar = 4.86. The heat pump will generate all 

the heating and domestic hot water required and will generate ice. 

During the summer months the cooling required will be supplied mainly 

from the storage but also pnrtly by the heat pump. The domestic hot water will 

-119-
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be generated by the heat recovered from the engine allowing the operation 

of the compressor at 105°F SDT and 35°F SST for the generation of chilled 

water. The condenser water will be heated in the engine heat recovery system 

to the set point temperature. 

The "cooling" energy deposited in the storage exceeds the energy with-

drawn from the storage by about 16~5% which means that a considerable amount 

of icc generated will be allowed t~ melt by heat leakage into the ice storage 

bin permitting a considerable reduction in the ice bin insulation with a 

corresponding reduction in the initi.:~l investment. We can afford such an 

approach since ice will be generag~d anyway as required by the heat pump on 

heating the buildings· of the community. 

It is also seen from the storage accumulation column of Table B 3.4 

that the maximum accumulation of ice occurs in April and this month's accu-

mulation will determine the volume.of the ice storage bin which will be 
' 6 

8H190 x 10 Btu 
162 x.36 

= 15,122,000 cu. ft. 

Fig. B 3.2 is a bar graph r~pr~sentation of the energy balance as given 

in Table B 3.4. We note that because of the large storage in the HP~ICES sys-

tem, the performance will not be appreciably altered by the occurrence of 
. 1 ' 

'pe~k heating, peak cooling, and simultaneous operation modes. Because of 

this, it is sufficient to consider typical RVP!"<~ge he:~ting and coolLi~ luads, 

and not consider in detail the· peak loads. 

.J 

·~ ."• 

The ~torage volume as determined above will take care of the cooling 

requirement during the summer with allowance for heat leakage of 15,602 x 106 Btu 

Th~s allowance will determine the wall insulation of ice b~n. 

-120-
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TABLE B 3.3 

HP-ICES ANNUAL EtiERGY BALANCE 

COOLING GENERATED Btu x 106 

Energy Energy Energy 
Month Required for Required Required 

Heating for DHW 
6 

for Cooling 120/20° 120/35° 105/35° 
Btu x 106 Btu x 10 Btu x 106 COPuT"'4,86 COP a5,7 COP •6.86 ,,. 

November 19948 6245 0 12934.8 0 0 

Dec:ember 32519 6453 0 19245.4 0 0 

Jar.uary 35992 6453 0 20960.5 0 0 

Fet:.ruary 32155 5829 0 18757.5 0 0 

March :0'.1987 6453 0 17007.4 0 0 
. . . . .. 

April )6971 6245 6034 11464.7 0 0 

Hay 6881 . 
6453 12067 0 3906.47 4026 

June 1290 6245 15687 0 0 4701 

July · 0 6453 26548 0 0 402fi 

August 0 6453 26548 0 0 4026 

Septe_mber 2183 6245 22928 0 0 5258 

OctQber 10454 6453 10860 0 5935 4026 
Annunt 
Total 186,3110 75,980 120,672 '100,370.3 9,A41. 4 7 26,063 

1) 

2) 

3). 

Peak cooling Load is 11,680 ton with diversity - 10,000 ton 

Peak heating load 165,000,000 Btu/hr 

Peak DIIW load 35,800,000 Btu/hr. 

,· 

. 
DEBIT Btu x 106 

Deposit 
Supply to Taken Storage 
Storage Out of Accumulation 

Btu.x 106 .StornP.e Los sea Btu x 106 

12934.8 0 1024.4 11910.4 

19245.4 0 1024.4 30131.4. 

20960.5 0 1024.4 50067.5 

1R757.5 0 1024.4 67800.6 

17007.4 0 1024.4 83783.6 

'5430.7 0 1024.4-· 88190 

0 4134 1576 82480 

0 10986 1576 69918 

0 22522 1576 45820 

0 22522 1576 21722 

0 17670 1516 2476 

0 900 1576 0 

I 94,336.3 78.734 15602 -
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Let us assume that the ice bin storage will be located underground 

with a depth of 25 ft •. and a square shaped base. That ·will lead to a length 

dimension of·777 feet and a surface area of a 1,~85,158 square feet. The 

average ground temperature was assumed as 57° an,d the result:ing U-factor is 

.0. 068 Btu/hr-°F. Total monthly heat leakage is '15602 x 106 Btu. 

(Table B 3~3}' Assuming 30 days in a month: 

u = 1576 x 106 Btu/month 
30 days X 24 hr/day X 1285158 ft2 X 25° (DT) 

= 0.068 Btu/hr-°F 

This means average R = 14.7 

Concrete 12" thick has R = 0.5 

According to ASHRAE Fundamentals, Chapter 24, the heat losses for an underground 

uninsulated wall below 7 ft. deep is 0.069 Btu/hr-ft2-°F. 

At a depth of 25 feet the heat loss would be a lot lower. Therefore, 

:it is reasonable to take as any average the value of 0.068 Btu/hr ft 2 °F .for 

the storage bin losses. 

3.4 ANNUAL ENERGY CONS~~TION 

Table B ~A-summarizes the energy consum~tion for the dual fuel engine 

at different conditions of operation as speeifi~d in the same table. 

The engine operates on natural gas and pilot oil and to satisfy the 

winter and summer load seven engine-compressor units are required. 

In winter operation the heat rejection of one engine-compressor unit 

is 27.26 x 106 Btu/hr and seven units will reject 190.82 x 106 Btu/hr, enough 

to satisfy the heating and domestic hot water load of 200.8 x 106 Btu, taking 

into account a certain load diversity. 
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TABLE B J 4· . . 

Heating 

Space 
Heating 

NoVember 19948 

December 32513 

January· 35992 

February -.. 32155 

Karch 27987 

l,pril 16971 

.Kay 6881 

June 129J 

July 0 

August 0 

September . 218.3 

October 104.54 

Total 186380 
Annual 

-
GcneratJon ·cooling Generation 

DIIW 
120i20° 

COP111• 4. 36 
120/35° 

COP111 • 5.~ 

624S 
1293~.8 

0 

6451 1924:.4 0 

.645:) 2096(;5 0 

SS2.9 ·-.. .... .. o· 
18751.2 

64S:l 17001.4 0 

624~· 114M. 7 0 -
.. 

645::. c 3906./ol 

624~ c 0 

645:: 0 0 

. 645~ 0 0 

624 5 0 0 

6453 0 5935 

75930 96,971 9841.47 
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ANNUAL ENERGY CONSUMPTION 

105/35° 
Consumption Consumption. Gas Pilot No. 2 Gal. of Cu. Ft. of 

BIIP-H 6 Btu
6 

. Btu 011 6 No. 2 Gag COP111.:. 6.86 :X 106 Btu x 10 X 10 ntu x 10 on X 10 

0 2.1177 15882.6 15018.6 864.00 6171 15.0186 

0 3.151 231\31.5 223'-5.9 1285.60 9183 22.3459 

0 3.432 25i37.3 243::·7 .04 1400.260 10002 24.33704 

. ·- ~ 0 3.071 23032.3 2!"779.33 1252.97 8950 21. 17933 

0 2.7840 20E83.4 19747.53 1135.870 8113 13.747.53 

0 1.877 1.;j(']7. 5 13311.681 765.816 5470 13.311684 

!,026 0.8434 6440.5 6062.43 378.064 2700 6.062436 

-i701 0. 4 316 3366 3150.2 215.8 15lo2 3.1502 

-<026 0.3631 ZB82 2697.lo5 184.55 1318 2.69745 

<i026 0. 3691 2882 26'}7 .loS 184.55 1318 2.69745 

5258 0.4822 J765 3523.65 241.J5 1725 3.52365 

io026 1.09 8287 7801l.lo5 478.5~ 34.18 7.80845 

~6063 20.0183 1S.0867.1 142480 8387.38 59910 142.47972 
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In the summer one unit will produce 1755 ton of refrigeration and 

seven units will supply 12,285 ton which exceed the requir~d 10,000 ton. 

Usually one unit.will be sufficient to generate domestic hot water 

with a second unit assisting. 

3.5 AUXILIARY ENERGY CONSUMPTION 

Table B 3.5. shm•s the energy consumption -of the auxiliaries. The boxed 

numbersin the upper left corners in the first t~ree columns represent the hours 

of .operation. 

Table B 3.6 shows the annual energy cons~ption both for engines and 

auxiliaries. 

Fig. B 3.2 is a bar graph_representation:of the total annual energy 

comsumption. 

Tables B 3;7. and B 3.·s. show the resource energy .utilization. 
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TABLE B 3:5. 
HP-ICES ENERGY CONSUMPTIC•N FOR AUXILIARIES 

Energy In::•ut KWH 
Chilled Ice 

Heating DHW Water Maker 
Pumps ... Pumps Pumps Pumps 

691 J 175 .J 
194862 16318 0 24191.6 

742 1 180.] 
209244 16785 0 25939.2 

744 1 1go 1 
209808 16785 0 26006.4 

672 I 163 f 
189504 15200 (I 23492 

735 I 180 I 
207270 16785 a 257(14 

211 I 175 I 117 I 
61194 16318 76372 8271 

14~7 i 1so I 176 I 
41454 16785 114834 0 

5] I 175 I 263.5J 
16074 6318 172000 .a 

0 J 1ao I ?~1-· 51 
0 16785 ] 72.000 0 

0 I 180 I ' 261.51 ' 

0 16785 172000 0 
ns I 175 I 263.21 

32430 16318 172000 0 
209 J 180 j l ll7 I 

58938 16785 • 76372 0 I 

43291 
1220778 197967 955628 133610.9 

The number on t~e corner is the operating hours 

Total 
Electrical 
Input 

235 377.6 

251 968.2 

252,599.4 

228,196 

249,759 

162,155 

173,123 

- 204,392 

188,785 

188,785 

220_. 748 

152,095 

2,507,983.2 



HP-ICES PROJECT 

&~~AL ENERGY CONSUMPTION 
FOR ENGINE fu~D AUXILIARIES TO 

SUPPLY HEATING, DHW AND COOLING 
TABLE B 3. 6. 

; 

' 

Pilot Oil 
Cu. Ft. of Gal. Of IG-lH 

Month · N. Gas No. 20il Electric 

November 15,018,600 
,. 

6,171 I 235,378 

December 22,345,900 9,183 I 251,968 : ·. 

January 24,337,040 10,002 252,600 

February 21,772' 330 8,950 223,196 

March 19,747,530 8,113 249,759 

April 13~311,684 5,470 162,155 

May 6,062,436 I 2,700 173,123 
.. 

June 3,150,200 1,542 204 '392 

July 2,692,450 I 1,318 .188,785 

August 2,697,450 1,318 188,785 

September 3,523,650 1~ 725 220,748 

October 7,808,450 3,418 152,095 . 
Total 142,479,720 59,910 2,507,984 

' 
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TABLE B 3. 7 
HP-ICES HP-ICES PROJECT 

ANNUAL FUEL AND ENERGY CALCULATION FORM 12-1 

.. -"-''--!' 1Pro.J«"• 
EnerlP'_ eq mrms Furl 1nd Enugy Supplied lo Sile 

Line Column AI Al 81 _!!_ 83 84 BS B6 87 B! 89 

funclion 
lo'B~~ 

Elrclric Coal Gas ~~~~ Heavy Oil Eke. Win. Eire. S 
I&'KW

1

~· 
Other Other 

!&'KWH to'Biu to'Biu to' Btu !&'KWH I~KWII 

i Heating 18l..380 ~ 1"!>80 ol, ~ 
2 Cooling ~6,2. ~ ~~~ II£_1.C\~ 
3 Water He;)(ilig 7S'18_o ~ 
4 HVAC A ,.;,;,.;~, 

s Jdgllting ~ -
6 Fl .. v~rnrc ~ 
7 Cnmnur~rs ~ 
8 Cooking 

9 Process 

10 Other 

II Other i 

12 Other 

1_3 "J"otal Carry Fwd. to Form 12-2 l•"'i48~ 1 a?>a1.~6 ,~.06 112l.q:. 

TABLE B 3:8 __ 
-· _, ... ANl\IUAL flJ_f.L AN£ E_NERGr CALCUI.ATIO!"' FORM 12-2 

d c.o. RUF on 
rn Form_~2-l Total from To _M~1 En~~ Requ_il-e_rne"tsor _l3_uildin&{!rojeci_ 

Une furl and Energy from Supplier Cl C2 CJ C4 cs C6 C7 

Supplied lo Site form or from S. Tons MCf BBL Grams I&' KWH Ot!ler Other 
12·1 Tabl~s Coal Nat'l CrudeO~ U-1.35 Hydro 

UnrlJ 

14 Fuel Oil, light a~~n36 o.1qa /6611. "1<1 

_15 Fuel QiLHea'-r_ 

16 Gas Nat'l _MQ"_ I14Z48o _\.\0 ~~~l~ 
Oil. BBl ~ O,OD26 ~8.1S 

17 Coal 

18- ·Eke. Winter IL36C.D6 ~~ 
.Coal S_ Tons ~~~~ o.o~ ~1.40 

Gas ~CF ~ 
Oil BBL ~~ /./Cf l•~·z:z~ 
Nuc Grams ~~~ /l.<t~ /65C5. 5Cl 

Hvdro t03 KWH ~~ 0,05 6~.00 
··~·--- ··-·- -·-· 

Other 

19 Elec. Summer IIZl.q!l ~~ 
Coo: I ~ ~~ -"~0~ ~g-4_ 

Gas MCF ~ Q,6Z. ~q:~c 

Oil BBL ~ /. 2."1 1445.03 

I· Nuc Grams ~ ~.II '1147. so 
J!ydro IIQ'J<WH ~~ 0.06 G7.70 
Other 

20 Eke. Annual ~ 
Coal S. Tons ~~~~ 
Gas MCF ~~~ 
Oil ___am_ ~ 

Nuc Grams ~ 
Hydro loJKWH ~~ 
Olher .......... , ..... 

21 I (Other) 

22 Total Resources 7$. Z4 l1574lZ7. \'1_514~ 12565.) ~;;,1C 

ASHRAE STANDARD 90-75 



3.6 COMPARATiVE CONVENTIONAL SYSTE}1 

A comparative conventional system was selected to meet the peak 

cooling and heating requirements of the entire community complex. (See Fig. 

B 3.3). 

3.6.1 Coolin9 System 

The peak cooling loa~ of about lO,OOO.ton-will be.coveredb.y 
. . 

four centrifugal carrier chillers oper~ting with R-11 at SST = 350~ 

and SDT = 105°F and having the follow~ng capacities and power inputs: 

a. 5000 ton 3996 k"\ol 

b. 1920 ton 1596 kW 

c. 1920 ton 1596 kW 

d. 1000 ton 772 kH 

Total 9840 ton 7960 kt~. 

-·-·-··----· .. .. --- .... ·-···----·-----·----- w 

··These units of various siz~s were selert.Pd to enable the overall 

system flexibility at full and part load and. to improve p_erformance by 

avoiding, as fas as possible, the ·ope·ration of any one unit at part load,. 

The chilled water distribution system will consist of a primary­

secondary loop operating with a DT = 16° .(560F - 40°F) that will reduce 

the gpm and pUmping power. 
-~ 

Th~ fulluwlng table summarizes the pump selection. 

TABLE .B 3." .9 ( PUMP SELECTION F_OR CONVENTIONAL SYSTEM 

No. of : Water 
Pump No. Pumps I Service· g. p.:m 

f--P_-__ 1 __ -+ __ s __ I c~n_:~~---· 3soo: 
P-2 5 ~ondense. 6000 

Head 
Pt.. 

! . Power 
i ! Input 

BHP 

I ' 
Model Aurora 

150 ! 175 l 10 X 12 X 15B - 410 
-. ---·-··-j --··- ---·-· -- -··j--------:-·----···-··-·-=---1 

' 80 i 150 . 10 X 12 X 12B - 410 i i : I 

' -130-
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HP-ICES PROJECT 

I 
' 

COMPRESSOR DRIVE .ELECTRICAL ENERGY CONSUMPTION 

TABLE B 3 .. 10 

CONSUMPTION 

Cost ; 

Month % KWH* $ ' % 

' 
January 0 0 0 .. 0 

February 0 0 0 0 
' 

March 0 0 0 ; 0 

April 5 402,500 21,3'10 ; 50 

May 10 805,000 42,679 ! 75 

June 13 ·1,046,500 55,482 ' 100 

July 22 1,771,000 110,333 100 

August 22 1' 771' 000 110,333 100 

September 19 1,529,500 95,288 75 
.• 

October ·9 724,500 45,136 50 

Nt:nrP.mber 0 0 0 I 
0 

Decem her 0 0 0 0 
! 

Total 00 8,050,000 $480,591 

., 

* 9577 TONS x 0. 8 KW /TON x 1050 EFLH · 
= 8,0.50,000 KWH 

-132-

DEMAND 
Total 

Peak Cost Cost 
KW $ $ 

0 0 

0 0 

0 0 

4673 22,664 44,004 

7010 33,998 .76,672 

9345 45,332 100,814 

9345 54,575 164,908 

9345 54,575 164,908 

7010 40,938 136,226 
·---··-

4673 27,790 72,426 

0 0 

0 0 

$279~372 $759,963 
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REFRIGERATION AUXILIARIES ELECTRICAL ENERGY CONSpMPTION 
TABLE B 3.11 

CONSUMPTION DEMAND 
' ' 

Cost Peak Cost TOJAL COST 
Month % KWH $ % KH $ $ 

January 0 0 
! 

0 0 

February 0 0 0 0 

March 0 0 I 0 0 .. , . .. 

April 8 240,000 12,724 50 I 830 4,025.5 167,695 

Hay 12 300,000 19,086 100 1660 8,051 27,137 

June 18 540,000 28,629 100 ·1660 8,051 36,680 

July 18 540,000 33,642 100 1660 9,694.4 43,336.4 

August 18 540,000 33,642 100 1660 9', 694.4 43,336.4 

September · 18 540,000 33,642 100 '1660 9,694.4· 43,336.4 

October 8 240,000 14,952 50 830 4,847.2 19,799.2 

' November 0 .. 0 0 0 

December 0 0 0 0 

Tot. 3,000,000 $76,317 ' $54,060 $230,377 
Annual 

-- .. -
--~--

Demand 1660 KW 

Use 1050 xl.7 = 1785 say 1800 

Equivalent Full Load Hours 

2,988,000 KHH 

Account for Hiscellaneous say 3 ,·000, bOO K\o.TH 
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3 .. 6.2 Heating System 

To meet the heating requirement of 165,000,000 Btu/hr and domestic 

hot water requirement of 35,800,000 Btu/hr, four boilers of 55,000,000 Btu/hr 

each were selected. 

a. aeating Requirement 

Energy Consumption: 

Oil 

Gas 

b. DHW Requirement 

Energy Consumption: 

Oil 

Gas 

. I 

' 

= 

= 

= 

= 

-

= 

186,380 X 106 
0.7 X 140,000 

1,902,000 gallons 

6 186,380 X 10 
1000 X 1000 X 0.7 

266,260 H ft3 

75,980 X 106 Btu 

75 2980 x 106 

0,7 X 140,000 

775t310 galloM 

75 2 980 x 106 

0,7 X 1000 X 1000 

108,550 H ft3 

The primary loop will have a tcimperat~~e difference of 240°- ln0°= ROOF 

and four primary pumps where selected • 

. 
The flow rate of each pump will be 

220 X 106 
4 X 500 X 80 

= 1375 gpm, say 1400 gpm 

From the project layout the estiamted head will be 125 feet. Thus, four pumps 

were selected having the following characteristics: 
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gpm = 1400; head = 125 ft; hp ·- 60; effic·iency 71%; 

rpm 1150; "Model = Aurora 8 J: 1q x 17.B, Series .410; 

Total horse pot·1er = .240 ·hp = 240 X 0, 74·6 179 kW 

·Power 'Consumpt:i,on for Auxiliaries 

a. Boi.ler .auxiliarie-s, 73.3 kW per boiler, 4 x 73.3 = 293.3 kW 

b. .Prd.mary heating pumps 179.0 kW 

c. Eq.uiv:alent full load hours for <boilers 

= 'Heating & DHVI requirements 
Heating & DHW demand 

= 2'62, 360 X 106 
200,800,000 

1'306 hours. 

For the heat·ing :.pumps the numb.er of operating hours wi t-aken as the total 

number·.of hour.s when the temperature i's below 5toF Electric ,power consumpti·on 

is thus·: 

Boiler auxilia~ies = 293.3 :kW x 1306 hours 383,050 kWh 

Heati.ng pumps 179.0 kW X 4n9 = 775,064 kWh 

Total "' 1,158,114 kWh 

See Tables B3 .1 2 and BJ.l 3 for resource energy utilization. 
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Table B 3.12 CONVENTIONAL SYSTEM 
ANNUAL FUEL AND ENERGY CALCULATION FORM 12-1 

roject 
Energy_ Req'men ts Fuel and Energ)' Supplied to~_ite 

Une Column AI A2 Bl 82 RJ 84 85 B6 87 88 89 

Function ;~r;::l Electric Coal Gas Light Oil Heavy Oil Elec. Win. Elec. Sum. I::lec. Ann. Other Other 
toJKWH 1o6 Btu lo' Btu Ill' Btu Ia' Btu toJKWH JoJKWH JoJKWH 

I Heating [186.380 ~I·· 266.26( ~ 
2 Cooling 1120.672 ~ ~ 11050 
3 Water Heating 75980 ~~ ~0&55( 
4 HVAC Auxiliarie_s 

s _Lighting ~~ ' -
6 ~~ .. v~tnr< ~ 
1 Computers ~ 
8 Cooking 

9 _process 

10 Other 

II Other ' ...•. 

12 Other 

13 Total Carry Fwd. to Form 12-2 7~4~10. 11050 

Table B 3.13 
ANNUAL FUEL AND E:"IIEltGY CALCUI ATJON FORM 12-2 

c.o. RUF Fuel and Used on Site 
Ca~Uiatll)_n Form 12-1. Total From To M~t Enerl(y ReQ ·~· or Building/Project 

Line l'ucland Energy From Suppliu Cl Cl C3 C4 cs C6 C7 

Supplied to Site Form or From S. Tons MCF BBL Gr.~ms toJKWH Other ! Other 
12-1 Tables Coal Nat' I Crude Oil U-235 Hydro 

Line lJ 

14 fuel Oil. Light 

.lS. .Fuel Oil. Hea~y 
16 Gas Nat'l MCF 1374.81 1.10 412 .2_< 

Oil BBL ~ • 0.0028 L05D_ 
17 Coal 

18 Elec. Winter 158.12 ~ 
Cnal ..5...IJ:ms.. ~ Jl....0.1 34.75 
Gas MCF ~~~ 
Oil BBL ~~ 1.19 328 
Nuc Grams • 11.96 1:3~51._ 

Hydro loJKWH o.os 51_._9 
OtlleJ 

191 Elec Summer 11050 ~ 
Coal S. Tons ~~ 0 03 331 50 
Gas MCF • 0.62 6851 --
Oil BBL 1.29 l4254 51 

:96is··:s-~ Nuc Grams ~ 8.11 
Hydro lloJKWH ~~ 0 06 663 
Other 

20 . Elec. Ann~.>al ~~ 
Coal_ S, Tons_ ~~~~ 
Gas MCF ~~ 
Oil __..IUiL_ ~ 
Nuc Grams • Hydro 101!<Wti 

Other 

21 i (Oth'er) 

22 Total Resources361i 2 r; 7264. 34 . 1 c;i;1? c;n 1 n11, I. f.. c;n "7 "" on 

:-:-136-

l 
.I 

I 

' I 
. I 

.i 

' ; 
.l 

l 
.! 

l 
\ 



I 

HP-ICES PROJECT 

3. 7 RESOlJRCE ENERGY UTILIZATION 

The resource energy utilization is summarized in Table B 3.14 below. 

TABLE B 3.14 ENERGY RESOURCES CO~ARATIVE ANALY~IS 

.. 
~~AL FUEL AND EN~GY RESOURCES 

ON SITE A1~ 0FF SITE 
TO HEET ENERGY REQUIREMENT 

OF THE PRC?.JECT 

i 

C1 C2 C3 C4 C5 

System S: tons MCF BBL Grams 103 kwh 
coal Nat'l Crude Oil U-235 Hydro 

I 
Conventional 366.25 7264.34 15632.50 103466.50 720.90 

---·-.---· .... -.. 

\ 

' 
HP-ICES 75.24 157427.30 5146.94 25653 136.70 

Thus the HP-ICES uses much less co'al, CD.il~ uranium and hydroel~et~f~·. · ··· 

power than the conventional system_,· but· .. uses more gas. 

Fro~ Table B 3.8 (first column) representing the energy utilization. 

of the HP·-ICES, the system usss 8387. 38:· x 10
6 

Btu in the form of pilot No. 2 
. 6 . 

oil (see also Table B 3.4) and 142,480 ;x 10 Btu in the form of gas. Also·. 

the system uses 2,508,000 kwh for auxiliaries (Table B 3.5). 

Thus the raw source energy is 

(8,387.38 + 142,480) x 10
6 

Btu+ 2,508,000 x 3413 Btu = 
0.31 

178,480 X 106 Btu 

The conventional system uses 266,260 M cu. ft. of gas plus 108,550 M 

cu. ft., a total of 374,8·10 M cu. ft. of gas. It also uses 11,050,000 .kwh 

for refrigeration and auxilaries drive (Tables B 3.10 and B 3.11) and 

1,158,114 kwh for boiler auxiliaries and heating pumps. Its raw source 
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-energy is thus 

6 
374,810 X 10 Btu + 12,208,114 X 3413 

0.31 

::: 509,217, X 106 Btu 

These results are tabulated in Table B 3.15 . 

. TABLE B 3.15 AllliUAL RAW SOURCE ENERGY UTILIZATION COMPARISON 

6 
Syste.m Total Ene_:~L-~~ed. Btu x 1~····--·---·· 

Conventional 509,217 

HP-ICES 178,480 

~--~---------'-----~---------··· 

For First and Second Law analyses see Section C. 
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B .. 4 EXPECTED ECONOMICS FOR THE PARK PLAZA ·PROJECT 
I· 

4 .. 1 .INTRODUCTION A."'D ASSUMPTIONS . 

The ·method used here for evaluating and ·comparing the economics o.f the 

HP-ICES system .and a conventional sys·.tem of the same -heating .and co:oling capacity 

\vill be a iife-:cycle cost analysis. 

The 'follow.ing are the assumptions made :in evaluating t'he economics . 

.(a.) The Conventional System: 

T.he conventional syst:em will be a central system with conventi-onal 

cent:r.ifu,gal chillers and gas fir.ed boilers~ Although t·he methods of . 

_generation of heating and cooling diffe~ in the two s_ystems, ·the distri-

'but'ion ·systems were assumed to be . the same. 

(b) .The First Cost: 

.The first cost of· each system includes the generation equipment 

and .dist-ribution system., but does not include t'he end ·users equipment 

(ai'I" handling units) or the cost of land • 

.The reasons for this are similar:to those discussed in detail .. 

for ·the Market Square project in an earlier section. 

(c) Equipment Prices: 

These were obtained from the foliowing manufacturers: 

Compressors frdm Dunham-Bush and Vilters; ice makers from Trubo Co., 

Texas and St~l Co. , Sweden; boilers fl:om Cleaver-Brooks Co., and pumps 

from Anr.ora Co. 
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(d) . Energy Prices: 

Energy prices were calculated according to the Boston .Edison Co. 

General Rate G-1: 

Demand 

.Energy 

Gas 

No. 2 Fuel O;ll, 

Lubricating Oil 

November-June 

July-October 

November-June 

June-October 

Boston Gas 

Details of the energy costs will be given later. 

$4.85/kW 

$5.84/kW 

$0.053/kWh 

$0. 063/k\-..Th 

$4.00/M cu.ft. 

$0.57/go.llon 

$1.00/gallon 

(e) System Life, Mortgage Period, Salvage Value, etc. 

The first of the equipment is assumed to be 20 years and the life 

of the distribution system and ice storage bin 40 years. The mortgage 

period and the period of the economic analyses are both assumed to b.c 

20 years. T~e depreciation life of the overalL system (for the purpose 

of tax deductions) is.assumed to·be 20 years. For certain kinds of 

ownership of the system, it may be possible to use a smaller depreciation 

period and increase the tax savings. However, the results will be 

given here only for a depreciation life of 20 years. 

The salvage value of the equipment after 20 years will be assumed 

to be 20% of the first cost. For the ice bin in the P.P-Tr.F.s· system, thfi 

salvage value will be assumed to.be 4q% of the initial cost of the ice bin 

(i.e. the cost of excavation and ice bin construction). The reason for 

~ssuming this high value is that after ·t~e useful life of t~e HP-ICES 

system, it is possible to put the bin to good use by converting it into 
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a parking lot without t·oo large an additional .expense. For the 

complete HP-ICES system-; including .the equipment and the stor~ge, the 

overall percent salvage value is found to be about 30%. 

(f) Cost of Itlsurance, Maintenance, Labor, Administration, etc. 

Insurance costs are assumed to be about 0.5% of the first cost . 

. ·The costs of maintenance, labor, administration, etc. are estimated for 

each project separately; 

(g) Discount Rate and Inflation Rate 

The general inflation rate is assumed to be an average of 6% per 

year. The discount rate used in evaluating .:the present worth of. money 

is assumed to be 2% more than the inflation rate, i.e. 8% per year. 

(h) Taxes 

The effective income tax bracket for the commercial system, 

assuming o~mership by a private corporation, is assumed to be 46%. 

The tax deductions that a business can make are all allmved for. 

The property tax is assumed to be 1% per year. 
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4.2 DETAILS OF COST ESTINATES FOR THE HP~ICES SYSTEM IN THE PARK PLAZA PROJECT 

The following are details of the cost estimates for·the HP-ICES system. 

a. First Cost for the HP-ICES System 

1. Seven units of dual fuel ~ngine(l2 cylinder 

Fairbanks Morse Model 38DD8 1/8, 900 rpm)mounted on 

common base coupled to a speed-increasing gear to 

drive a screw compressor,.with engine auxiliaries 

and heat recovery equipment installation included: 

$800,000 for each of 7 units 

2. Seven units Vitler Screw Compressor VRS - 130 

(wlLhuul mutuL') t:uuplt!d wllh ull ~eparatur, double-

bundle condenser chiller and all valves and control 

required: $120,000 for each of 7 units 

3. 14 units of Stal ice maker equipment FKE 705A 

including 5 ice generator eac~ incuding accumulation 

liquid tank and all auxiliaries required. 

$290,000 for each of 14 units 

4. Six pumps for heating; cap~ci ty 1817 gpm, 100 hp 

.J. St!Vt!ll t:hlllt!u walt!L' pumps 2632 gpm, 125 hp 

6. 1 DHW pump 2387 gpm, 125 'hp 

7. Seven ice-maker pumps 352 gpm, 7-1/2 hp 

8. Excavation and construction of storage volume of 

15,000,000 cu.ft., at $1 per cu.ft. 

9. Primary distribution pipes network for chilled 

water, bin system and heating system 

=$ 5,600,000 

840,000 

4,060,000 

45,000 

= 60,000 

9,000 

10,000 

15,000,000 

= 650,000 

10. Electric installation and connection for 800kH service= 100,000 

11. Sub Total = 26,374,000 

12. Contingency 10% = 2,637 40q_ 

TdTAL FIRST COST =$29,011,400 
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b. Operating Cost for the HP-ICES S;Ystem 

1. Energy Cost 

2'.. Maintenance co.st for s·even dual fuel engine 

@ $5/HP-Year 

3. Lubricating oil consumption and cost 

0,5 gal/hr of 2400 hp engine 

Oil ·consumption - 1500 EFLH 'f 0. 5 gal/hr/ engine · 

x 7 engines= 5,250 gal/year 

=$ 777 '693 

84,000 

Cost = 5,250 gal x $1/gal I ' ~ . 5' 250 = 

4. Maintenance cost for seven laborers @ $20,000 

per person 140~000 

5. Station engineer $25,000 p~r year 25,000 . 

6; Administration -6 people @ $15,000 per person 90,000 

7. Maintenance (1% of firs~t-· ~c~o_s~t~o~f~e~q_u_i~p~m~e~n~t~) ___________ =--~-5~0~,_0_0_0 

TOTAL OPERATING COST FOR 

HP-ICES SYSTEN =$1,171,943 

Details of the Energy Cost, ~iven above as part of the.O~~rating 
.. 

Cost, are as follows: 

-143-



HP-ICES PROJECT 

Details of the Energy Cost: 

The cost estimates are based on the energy consumption described. 

in Table B.3.4 and Fig. B.3.s. 

a. Annual natural gas at 100 psi:l42,480 MCF x $4/MCF 

b. Annual No. 2 fuel oil: 59,910 gal x $0.57/gallon 

c. General electric service rate G-1 

c~l Winter energy charge (Nov. -June it;clucled) 

1,757,566 kWh X 5.30171¢/khTh. 

c-2 Hinter demand 

Heat pump 

DHW pump 

Ice maker 

6 X 64 hp = 384 

1 X 4,25 hp - 125 

7 X 2.5 hp 52.5 

Total Winter Demand 561.5 X 0. 746 

1.Yinter demand charge: 

419 kW x $4. 85/k\.J'/month x · 8 months 

c-3 Summer ene~gy charge .(July-October): 

750,417.2 kW X $0.0623 

c-4 Summer demand ¢hatge 

Chilled water pumps 7 x 125 ~ 873 hp 

DHW nump 1 X 125 125 hp 

Total Summer Demand = 1000 hp 

419 kW 

=$ 569,920 

34,150 

93,181 

16,252 

46,763 

Total kW = 1000 hp x 0. 746 k\vf.hp = 746 k~.J 

Demand cost: 746 kW x $5.84/kW/llloflth x 4. months= 17,427 

TOTAL ENERr.Y COST ~OR 

CONVENTIONAL SYST81 =$ 777,693 
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~.3 DETAILS OF COST ESTIMATES FOR THE CONVENTIONAL SYSTEM IN THE PARK PLAZA PROJECT 

· The following are the details of· the cost estimates for a conventional 

system of the same heating and cooling capacity as the HP-ICES system. 

a. First Cost for the Conventional System' 

1. 4 Cleaver Brooks Boilers (55,000 MBH each), 

including installation: $362,700 for each boiler 

2. One 5000 ton chiller (Carrier Model 17DA open 

837384), inclUding motor.riser coupling base 

control and starter 

3. Two 2000 ton chillers (Carrier Model 193B886XX 

hermetic), including control and starter 

4. One 1000 ton chiller (Carrier Model i9 EB8983PP 

hermetic), including control and st.arter 

5. Five chilled water pumps (Capacity 35000 gpm, 

175 hp power) 

6. Five condenser water pumps (Capaci~y 6000 gpm, 

150 hp power) 

7. Ten cooling towers (Capacity 1000 tons each, 

60 hp power) 

8. Four pumps for heating (Capacity 1375 gpm, 

60 hp power) 

9. Primary chilled-water distribution network, with 

equivalent length of 3000 LF and 22 inch diameter 

pipe~, including insul~tion 

.10. Primary hot water distribution network,with 

equivalent length of 3000 LF and 12 inch diameter 

pipes, including insulation 
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960, QOO 

840,000 

200,000 

46,650 

65,600 

300,000 

20,000 

= 312,000 
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HP-ICES PROJECT 

11. Condenser water pip~ng with total equivalent 

length of 4000 LF and 14 ft diameter =$ 265,000 

12. Electric instailation and connection for 10,000 kW 

high and low voltage service 1,150,000 

13. Sub-Total 5,816,050 

14. Contingency 10% 581,605 

TOTAL FIRST COST FOR 

CONVENTIONAL SYSTEM =$ 6,397,655 

b. Operatin~ Cost for Conventional System 

1. Energy Cost =$ 2,564,707 

·2. Haintenance cost for seven laborers 

$20,000 per person 140,000 

3. Station engihd~r~ $25,000 per person 25,000 

4. Administration 6 people @ $15,000 90,000 

5. Maintenance (l%.of firs~t~c~o~s~t_o~f~e~q4u~1~·p~m~e~n~t~)~------------~2~0~,0~0~0 

TOTAL OPERATING COST FOR 

CONVENTIONAL SYSTEM =$ 2,839,707 
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Details of Energy·Cost for the Conv~ntional System: 

'The cost estimates are based on the.energy consumption described 

in Tables B3.10 and B3.ll. 

a. Winter Energy Cost 

Natural gas for heating: 226,269 MCF x $4/MCF 

' 
b. Natural gas for DH\-7: 108,550 HCF x $4/MCF 

=$.1,065,040 

434,200. 

.c.· Electricity usage (General Elec~ric Service Rate G-1),· 

1) Energy charge: 1158114 kHh x~$0.0530107/kWh 61~ 392 

2) Demand charge 4 72 Hl x $4. 85/kH/month x 6 months 13,73.5 

S.Umiiler Energy Gost for .Cbolirig 

3) Electric energy charge 656,908 

4') Electric energy demand for cooling 333,432 
~~~~~~~~~------------------~~~ 

TOTAL EN~RGY COST FOR 

CONVENTIONAL SYSTEM 
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4.4 · LIFE CYCLE COST A.J.~ALYSIS OF THEiPARl~ PLAZA PROJECT' 

This section summarizes the steps and the results of the comparative 

Life Cycle Cost Analysis for the Park Plaza HP~ICES system and a conventional 

system with the saine capacity .. 

Table B4.1 gi~es the details of the life cycle cost analysis of the 
l 

HP-ICES system and a conventional system with the same capacity. 

The following is a summary of the results: 

L The UP-ICES ::;:y::; Lem l::; mur~ ~n~rgy efficient: t:han the conventional 

system. In the example given here, the savings in the annual average 

energy cost savings achieved by using the HP-ICES system is about $2.4 million. 

2. The total annual average life cycle cost is also less for the 

HP-ICES system than for the conventional system by about $4.2 million. 

3. The life cycle capital cost for the HP-ICES system is about 4.5 

times as large as that for the conventional system. 

The total uperaling cosi (inclUding ~nerey cost) for the HP-ICES 

system is less than the tax savings. For the conventional system, the 

total operating cost, minus the tax savings, is about $36 million. 

4. The cost of money (i.e. the mortg?ge interest rate) ~nd the energy 

price escalation ra.te are among the mnst: :i.TTiportant factors in detcrming 

the relative economics of the two systems. 
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·s. The relative values of the life cycle cap.ital costs, energy 

costs, etc~ are the most useful paramet~rs in comparing the economics of 

the two types of systems. 

·6. ·In the example given here, the Return on Investment for the 

· HP-ICES sys.tem, as compared to the conventional· system is found to .be 

about 12~7%. The Payback Period is therefore about 8 years. 

\.; 
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TABLE B 4.1 ECONOMIC ANALYSIS PARK PLAZA, BOSTON 

HP-ICES ~ CONVENTIONAL l 

SYSTEH ....... _.L SYSTEM 

FC First Cost .$ 29;0ll,400 $ 6,397,655 

DPF Down Payment (% of First Cost) ,, 10% 10% 

.I 

MP Mortgage Period II 20 years 20 years 
li 

EP Period of Economic Analysis i, 
j: 20 years 20 years 

MIR Mq,rtgage Interest Rate (% per year) 15% 15% 

DR n; s ~.oim t Rati! 8% 8% 

IR Inflation Rate 6i. 6at to 

EC Present Energy Costs pe-r year $ 777,693 $ 2,564,707 

ER Energy Price Escalation Rate 12% 12% 

DPER Depreciation Period 20 years 20 years 

sv Overall Salvage Value 
(as fraction of First Cost) 30% 20% 

IT Effective Income Tax Rate '46% 46% 
:·.~ 

Cl' Insurance Costs (0.5%) $ 145,057 $ 31,988 

C2 Cost of M;:l:i.ntenancs, Labor~ $ 394,250· $ 275.000 
Admin is tr.;:~_tion. etc. 

PT Property Tax Rate 1% 1% 
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• I ~E· B 4 .1. ~ont:{.nJ.led , 
' LIVE CYCLE "AVERAGE ANNU.-\L 

liP-ICES CONVENTlONAL SAVINGS BY usn~G. SAVH;GS BY USE~G 
I SYSTEH SYSTEM HP-ICES SYSTEM HP-ICES SYSTEN 

···----· -· --·~ --· 

DP Initial Down Payment $ 2,901,140 $ 639,766 

HPF PWF For Hortgag~ Loan Payment 1. 569 1.569 

MP PW of Hortflage Payment over 40,955,552 9,031,605 -$31,923,947 
Life _Cycle 

Annual .Av. Mortgage Payment 2, 04 7, 778 451,580 -$1,596,198 

Ll= 
(INT)x PH of Loan Interest 

I 31,811,342 7,015,104 (FC-DP) Paid ever Life Cycle 

I PW of Life Cycle 
cc Capital Costs Before 1 43,856,692 9,671,370 

I 

I =DP+MP Tax Deduction ..... 
\J1 
!-" 
I PWF for Energy Prices 26.74 26.74 

! 
ECL PW of Life Cycle Energy 

Cost I 
68,579,937 $ 47,784,526 .i 20,795,411 

:I 
Annu:al Av. Energy Cost ·- J .. . . .. . . -. ' ... ... ' ..... 

; 
1,039,776 3,429,013 2 '389,.226 ·-

] 
IMC P~-1 of Insur. & Maint. Cost 8,410,892 4,787,706 

... 
'·' ... ., 

PT PW of Prop. Tax Payments 4,524,543 997,762 
: 

OAC PH of Tctnl Operating ;j ~ =(EC+ and Admin. Costs ~ _33. 7 30. 84 7 74,365,404 40,634,557 I 
H H1C+ (") 

PT) 
t%j 
t/) 

Annual Av. Op. & Admin. Cost . 
2 ,031:;728 '"d . 1,686,542 3,71,8,270 .. :::0 ·.o 

ssv PW of System Salvage Value 1,867,303 411' 782 
c... 
M 
(") 
1-3 

' DEP PW of Dcpredat"LOil -. $ 9,969,337 $ 2,198,459 

. I 



TABLE B 4.1, continued 
.. 

LIFE CYCLE AVERAGE ANNUAL 
HP-ICES CONVENTIONAL SAVINGf:: BY USING SAVINGS BY USING 
SYSTEM SYSTEM HP-ICES SYSTEi'l HP-ICES SYSTEM 

' . 
' . 

TLC P~.J of To 'tal Life Cy::::le $75,720,237 $83,624,994 
=(CC+ Cost Before Tax 
OAC- Deduction .. 

SSV) 

ITS P~-1 ·of Income Tax: Savings 34,i3S,302 38,446,325 . 
(inc. Depre,:..) 

= (IT) . (DEP + 0.'\.C- + LI) 

(OAC- (Op. & Admin. Cost -· Tax - 1, 004,455 35,919,080 $36,923,53S $1,846,177 
ITS) Savings) 

I NLC Net Life Cycle Cost ,_. 
VI . 

.. ·- After·· T-'lX De;:ft:rc t ion·· · $40", 98 4", 935" . "$45,178,668" . ··- $ ··4 ;·193·, 73T ... .....-.... 
N 

... 
I = TLC- ITS 

i 

::c 
I 1-,j 

• 0 I 
·H 
(') 
t'l 
(/) 

1-,j 
:;d 
0 c... 
t'l 
(') 

i t-'l 
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4. 5 COST TO THE USER AND BASIS FOR CHARGING IN THE PARK PLAZA PROJECT 

The price to be charged to each user is a v~ry complex que·stion, especially 

for a new type of system·such as the HP-ICES syste~. According to conventional 

pricing policies, it would depend on the category of the user and the volume 
' 

of energy usage. The price would also vary with time. 

1-le shall use a very simplified method, and obtain an average price for 

energy over the period of economic analysis. The cost to the user will consist 

of two parts: a first part, the demand charge, tpaf depends on the peak load for 

the user, which pays for t~life cycle average cap~tal cost of the system; and 

a second part, the energy charge, that pays for th" total operating costs. Each 

of these ~ncludes a profit margin. 

A price schedule for a user of the HP-ICES system would include different 

rates for different levels of energy usage. Also; for a commercial user, there 

would be a penalty for exceeding a predetermined p.eak load. Here, we do not 

consider such an elaborate price schedule,.but merely give the average price 
. ' 

that a user would pay for each MBTU/Hr. of peak load, and for each MBTU of 

energy used, over a period of 20 years. (Note that MBTU denotes a million BTU.) 

He also give the actual price the user pay~ each year, with an assumed 

. price escalation rate. 

The price estimates will be based on the assumption that all the energy 

produced will be used. It is assumed that the capacity of the system remains the 

same, i.e. there is no expansion. 

The results for the Park Plaza Project are as follows: 
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(a) Capital Costs 

Present Worth of Life '·'cycle Capital Costs before Tax Deduction 

$43,856,692 

Annual Average Life Cycle Capital Cost $2,192,835 

!1aximum Peak Load = 

Maximum of Peak Heating Load and Peak Cooling Load 

= 165 x lOb BTU/Hr = 165. MBTU/Hr. 

Averc~ge Cost to 0\mer for each MBTU/Hr Capacity 

= $13,290 per year per MBTUH capacity. 

In units of kilowatts, this corresponds to $45.36 per year per kW 

capacity, or $3.78 per month per kW capacity. 

This, together with a profit mar.gin, would be recovered from the 

users over the life cycle of the system, e.g. through a schedule· 

of demand charges. 

For a 40% profit margin, the demand charges to the user would be 

an average of about $1,551 per month per HBTUH capacity, (or about 

$5.29 per month per kW capacity). This is in terms of the 

Present Worth, 

If t:he demand .IJdyru!:!uL!:> were constant over the life cycle, this 

would require a dollar payment of about $1988 per month per NBTUH 
. . 

capac.ity (or about $6.78 per· month per kH capacity). This assumes 

' 
an inflation rate ·of 6% p~r year, and a diccount rate of 8~~. 
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For comparison,_ this is larger by a factor of about 4.5 than the 

capital costs for the conventional system considered here. Also 

note that in the Boston Edison Schedule used in determining the cost 

of the energy used by the HP-ICES system, the electricity demand . ·. . 

charges were $5.84 per month per kW between J4ly and .Octop~r, and 

$4.85 per month per kH between November and June. 

(b) Energy Costs 

Average Annual Operating and Administration Costs over the 

Life Cycle (in terms of present wort~) = $1,686,542 

Total Energy Usage Paid for by the Users = 383,030 11BTU 

(This consists of 186,380 lffiTU for heating, 120,670 MBTU for 

cooling, and 75,980 MBTU for hot water.) ,. 

Average Energy Cost per HBTU $4.40 per NBTU 

Adding a profit margin of 40% results in the following energy 

cost to the user: 

Average Energy Price Paid by the User over the Life Cycle 

= $6.16 per MBTU, in terms of the Present Horth. 

With the lW-ICES system, the energy price escalation rate would 

be less than the escalation rate for _conventional fuel. Assuming 

that the conventional fuel price escalates at 12%, and that the 

other parts of the operating and administration costs increase 

at the general inflation rate, the above energy price implies a 

dollar payment of $5.71 per }ffiTU (equivalent to 1.95¢/kWh) 

initially, escalating at 9.7% per year. 
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Note that the electrical energy charge of.the Boston Edison Company 

is. 6. 3¢/kHh between July arid October, . and 5. 3¢/k~.Jh between November 

and June. The natural gas price charged by Boston Gas is $4 per 

thousand cubic feet or about $5.33 per MBTU of heating energy, 

assuming an efficiency of 75%. For No. 2 Fuel Oil, the price 

quoted is $0.57/gallon which gives a cos.t of about $5.70 per· MBTU, 

assuming an efficiency of about 70% and an energy content of 

about 1.4 therms per gallon of NO. 7 Fuel Oil. ThcGc prices are 

assumed to escalate at 12% per year, on the average. 

For comparison, the same procedure applied t.o the conventional 

system results in an average energy price paid by the User over the 

Hfe cycle (in terms of the Present Worth) of about $9.71 per MBTU. 

The dollar payment yJould be $7.61 per HBTU (equivalent to 2. 60c/kHh) 

initially, escalating at 11.5% per year. 

The average !He cycle enP.rgy price paid by the user of the HP-ICES · 

system would be only about 16% of that paid by the user of the 

conventional system, for a constant volume of energy usage . 
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B. 5 INSTITUTIONAL CONSIDERATIONS PARK PLAZA, BOSTON 

A. ENVIRONHENTAL IMPACTS 

1) Pollution - Air Pollution, Water Pollution, Thermal Pollution 

In contrast to the electricity driven'. heat pumps in the Market 

Square project, the heat pumps in the Park Plaza project would be 

driven by a ~atural-g'as-fired engine. Therefore there would, be 

a· question of air pollutio.n generated at 'the site because of the 

heat pump operation. 

The mitigating factor will be that th'e HP-ICES system with a 

natural gas fired engine will use much less natural gas than a 

conventional system \.dth a natural-gas-fired furnace or boiler; 

This would decrease the'amount of air pollution generated.' 

With the· type of gas fired engine suggested for use in this, 

system, the· emissions can be kept below the allowed limits, 

esp·ecially since the air-to-natural-gas ratio is designed to be 

large (about 40 to 1), which keeps the combustion temperature 

relatively low. 

The cooling system with the ice storage blu will not create any 

air pollution or thermal pollution, and will avoid the thermal 

pollution and chemical corrosion problems that cooling towers in 

conventional systems can give rise to. 

Because the system will operate with closed loops, there will be 

little or no thermal or chemical water pollution. 

Since the storage bin contairts only waL~r or ice, leakage from it 
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would not cause any pollution problems. Care must be taken to 

: ~ . : 
drain the storage bin·only into the storm sewer and not into the 

sanitary se~ler, because of the large volume of water involved. 

2) Noise 

A preliminary study of noise problems in this project shows the 

following: 

(a) The projected increase itt traffic volume will not lead to a 

significantly worse noise environment than exists now . . , 

(b) The air conditioning system could lead to serious noise problems. 

To avoid these problems, .the system and the occupied spaces 

should be acoustically treated. 

(c) Construction noise can be serious in the initial stages of 

construction. The best way of limiting. this would be to hastPn 

the construction process;. and try to limit the noise to day 
\...,_, 

time working hours. 
··~:. 

(d) Vibration.noise arising from the traffic noise cart be a 

problem. Care should be taken·f:o ensure that the bu:i,lding 

mQchanical sy.stew::; do nor· make the problem worse. 

Overall, the noise related to the traffic should not be 

perceptibly wor.se than current nol::;e levels. 

Building mechanical equipment would be the other source of 

. ' dulse; this would include intake and.exhaust louvers, dis-

charge stacks, cooling to·wers, etc. in a conventional system. 

The absence of cooling towers in the HP-ICES system would. 

remove the main source of noise from building mechanical 

equipment. 
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3) Land Utilization 

Since this project is planned in the middle of .a city, land 

utilization is a matter of conc~rn. 

A park of the proposed size may give ·.ri,se to land problems. 

The location of the large storage bin below the park would 

require the permission of the city. Piping would have to cross 

streets and other public areas., and ~eeds to be· carefully 

planned. ; ' 

4) Retirement 

'The retirement of the system can be achieved without causing 

any maJor environmental problems, e.g. by converting the large 

storage bin into a parking lot and making use of.the equipment 

and .spaces for other applications. 
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B. POTENTIAL OWNERSHIP AND FINANCING APPROACHES FOR THE PARK PLAZA 

HP-ICES PROJECT 

The ·availabl,e alternatives··· here are the following: 

A., Ownership and financing by the local municipality, or an agency 

created by it. 

B.,,· .. ,• Management and financing by a private corp~ration which may be 

a utility. 

C. A combination of A and B abo~e. 

The main factors to be considered are the following: 

1) The project requires large financial resources and can 

involve a lat'g-= risk. 

2) Such a large and complex project will requir~ a high level 

of technical ability and competent.managemen~. 

3) Since the project is in the middle of a city, questions 

relating to land utilization and land ownership become very 

important. The HP-ICES project will necessarily involve 

haying pipes cross existing roads and may also involve locat-

ing the large storage bin underground under publicly owned 

law.l. 

If appt'oach A is followed, the local municipality or an agency·· 

cr~ated by ;i.t would OYm the system. The financing ¥7ould be 

done either through bonds issued by the municipality, or 

through federal funding obtained by the municip?lity, or 

through the formation of municipal joint action agencies. In 

this project also, a requirement on the financing mechanism 

would be that if the project fails financially, it·will not 

create a serious problem for the city's finances. 
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Financin~ by a private corporation would hav~ the advantage 

of gr~.ater flexibility anc;!. efficiency, and. greater ease in 

obtaining the requiredtechri.ical expertise. H_owever, most 

private corporations would not have the large financial 

re.sources required or be abJ,.e to handle the financial risk 

involved in a large, new type of system such as the HP-ICES 

sY.stern. 

In. this project also., t.he best approach to finat:tcing would 

probably involve a combination of the two app~oaches A and B, 

s.uch as m<1-nagement by a. private corporation c:lnd funding 

throu~h bc;>nds issued b:y. t;he municipality. 'l;'h:i,s should work weJ,.J 

with the original conc~.J?tion of t;he overall project as a 

privately financed u~ban renewal. project sponsored· by the 
. . 

BqstonRedevelo~ment ·.1\uthorit'y. 
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C. FIRST AND SECOND LAl-1 ANAYSIS FOR BOTH APPLICATIONS 

c~l INTRODUCTION 

This anaysis compares the availability losses and the energy losses 

for the two HP-ICES concepts and fo~ a comparative conventional system. Main 

attention was concentrated on the major components thAt gen9ratcd the heatiug 

and the cooling requirements. The inalysis is based on the same output for 

heating of 1,00,000 Btu/hr and for cooling of 12,000 Btu/hr. 

C-2 ANALYSIS 

The first system investigated:is the HP-ICES driven by a dual fuel 

engine. The standard conditions were taken as 70°F, 530°R and 14.7 psi •. The 

Lower Heating Value of the gas is 23,600 Btu/lb, with the air weight in. the 

cylinder taken as 30 ib/lb of gas. The exhaust temperature after recovering, 

is assumed to be 100°F, 75QOR, and the cumpression rr~ti.o· v1;v2 = 13.562. 

The compres$ot operrtt.;os with 120°/i0°F ~DT aud SST respectively. 

Figure C-2.1 shows the flow of energy and availability. 

The second system investigated is the electric driven Hp-ICES. This 

~ystem was considered on a raw source energy base 'vith a power plant heat rat'e 

of 11,000 Btu/kW. The her~t pump cgmprcasor iu this case works with 130o/20°F 

SDT and SST respectively to meet th~ requirement for the 120QF outl~t tcmp~r­

ature. This results in a COPH = 3.01 and COPe = 2.01. The flow of energy 

and availability is shown on Figure ·No. C-2.2. 

Tba third syst~m investigated :is the comparative conventional system 

.using a gas fired boiler with an iniet tsmperature of 160°F, outlet temperature 
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FIG. C-2-1 

ENERGY AND AVAILABILITY ANALYSIS OF HP-ICES DRIVEN BY DUAL FUEL ENGINE 
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FIG. C-:2-2 

ENERGY AND AVAILABILITY ANALYSIS OF ELECTRICALLY DRIVEN HP-ICES 
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HP-ICES PROJECT 

of 24QOF and ·boiler efficeincy of :701~. Figure No. C-2.3 shows the energy 

and availability flow of this syst~m. 

C.3 COMPARATIVE ANALYSIS FOR WINTER MODE 

TABLE C3.1 CO~W.ARATIVE &~ALYSIS FOR WINTER MODE 

Dual Fuel Engine Electri,c Driven Comparative Conven-
Driven HP-ICE~ ; HP-:-1\:ES tional Boiler 

-·--' 

...... 
Output Heat 

1,000,000 @ 120°F 1,000,000 @ 1200F 1,000,000 @ 240°F · Btu/hr 

Fuel EnP,rgy 
Input 606,367.5 Btu/hr 1,071,696.7 Btu/hr 1,428,571 Btu/hr 

First Law 
Energy Input 1,100,250 Btu/hr 1,739,470 Btu/hr 1,428,571 Btu/hr 

Fi:r.st Law 
Energy Losses 100,250 Btu/hr 739,470 Btu/hr 428,571 Btu/hr 

Availability 
Lo~ses 450,669 Btu/hr 1,024,743.2 Btu/hr 1;245,667.8 Btu/hr 

The t9ble above ~=;hows that dunl fuel engine.driven HP-ICES is the 

most energy efficient system. This system has minimum fuel energy input 

and the minimum losses :ln energy an:d availability, primarily.due to the heat 

recovery system on the engine. As a result, it is mO.s!: efficient for the 

consumer because of the lower fuel requirements and the "free" cooling 

available in the summer. 

The electrically driven HP-ICES was second most efficient system. It 

appears from the table that while this system has more first law losses than 

the conventional system, from the viewpoint of the end user, this system is· 

more efficient in fuel input and availability losses. 
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The last system considered, the conven~ional boiler, is most inefficient 

system from an energy and avail~bility point' of view. The energy availability 

of the conventional boiler could be improved a little by working with lower 

temperatures and a smaller temperature diffe~ential. This, however, causes 

more flow, more pumping horsepower and availability losses. Therefore, the 

boiler temperature and temperature differential have to be investigated to-

gethe~ with the flow rate and the pumping po~rer input to find the optimal 

condition with the minimum of availability losses. 

It seems that the heat pump performance can be improved by keeping the 

saturated discharge temperature (SDT) as low as possible. This reduces· the 

power input to the compressor and by that, the availability losses. All of 

this can be done up to the point where the temperature in the condenser will 

not satisfy the heating requirement. 110°F water temperature was found to 

be sufficient for the requirement load. It seemed that the SDT can be reduc.ed 

as far as 110°F but this will require an infinite heat exchanger that is only 

academic and not economic. As a result, the temperature is set to be minimum 

point that will be sufficient for the load and for heating exchanger performance. 

The dual fuel engine driven HP-ICES with its heat recovering system 

allows the reduction of 10°F in the SDT of the compressor and by.that, it 

improves the overall performance of the system. 

C-4 AVAILABILITY ANALYSIS OF SIMULTANEOUS HEATING AND COOLING MODE 

In j_nvestigat:ing the three system in the simultaneous heating and 

cooling mode the output is taken to be 1,000,000 Btu/hr for heating and 

1,200,000 Btuh,for cooling with the standard condition of 70°F, 5300R, anc! 

14.7 psi. 
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HP-ICES PROJECT 

The dual fuel engine. driven HP-ICES in this case generates 68.93 hp 

while the compressor condition is 35°/!20°F SST and SDT respectively. The 

hot water passes through the condenser, pic~s up about 75% of the heat and 

leaves the condenser at 112.3°F. The heat recovery system of the engine will 

increase the temperature of the water to it~ utilization temperature of 

120°F. The system utilizes the ice bin·to satisfy the 52% deficiency in 

"cooling energy' requirement that is not produced by the heat pump while 

generating the heating requirement. As a result, the energy consumption and 

the availability losses of the system are r~duced. 

flow of energy and availability in this sysrem.) 

(Figure C-4~1 shows the 

The large decrease in the available ~nergy, about 26%, occurs by 

virtue of the irreversible flow of heat to the "heating water". Another 20% 

of the loss of available energy in the engine is due to the incomplete 

combustion, dissociation, radiation, friction and passage of heat to the 
I 

lubricating oil. Only 44% of the. available energy is converted to brake work. 

This work also converts to heat in the compressor and thereby add 

to the available energy losses of the system. 

The electric driven HP-ICES is the second system considered. The system 

was evaluated with respect to raw source en~rgy based on a power plant with 

a heat rate of 11,000 Btu/kW. The heat pum~ compressor in this case works 
i 

on 130°/35°F SDT and SST respectively, to meet the requirement of 120°F 

outlet temperature for cooling; This condition Will result in a COPH = 3.89 

and COPe= 2.89. The flow of energy and availability are shown on Figure 

No. C-4.2. This system also utilizes the ice bin to convert the 38% 

deficiency in "cooling energy" that was not: generat.ed by the heat pump while 
.. 

producing the heating required. The large c;Iecrease of the available energy 

occurs in the power plant due to irr.cvcreible flow of heat to thP. c,ooling . 
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HP-ICES PROJECT 

water via the exhaust. 

The third system investigated is a comparative conventional system 

using for heating a gas fired boiler with 70% efficiency and for cooling a 

centrifugal chiller with a 4.4 ~OPe and working condition of 105°/35°F or 

SDT and SST respectively. The heating utilization temperature was increased 

to 240°F while the return is 160°F. The chilled water temperature stays the 

same as with the other systems, 420F. 

This system was also considered on raw source energy base with power 

plant heat rate of 11,000 Btu/kl-7. The heating and cooling system 't-70rk 

separately thus theener~y rejf':rtPd by the cooling cycle was not uLlllzed by the 

heating system. Figure No. C-4.3 describes the availability and.the energy 

flow and the major energy and availability losses; In the boiler the losses 

of available energy occurs due to the irreversible flow of heat to the 

"heating water" and .energy losses via the chimney. In the cooling 

system the energy losses are via the c~oling tower and in the power plant 

via the cooling water and the exhaust. The entire power generated by the power 

plant is converted to heat in the compressor and dumped into the cooling tmver • 

. . '· ~~ ' . • i 

·.~· 
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Output Heat. 
Btu/hr 

Output Cooling 
Ton 

Fossil Fuel 
Enet;gy Input 
Btu/hr 

First Law 
Energy Input 
Btu/hr 

Energy Stored 

First Law 
En~rgy Losses 

Availability 
Losses 

TABLE C-4.1 
CO}WARATIVE ANAYSIS .FOR SIMULATNEOUS HEATING AND COOLING MODE 

Percent HP-ICES Compared to Conventional 
Dual Fuel Comparative 
Engine Driven Electric Driven . Conventional Dual Fuel Engine Electric Driven 

HP-ICES HP-ICES System Driven HP-ICES HP-:-ICES 

1,000,000 1,000,000 1,000,000 100% 100% 
@ 120°F @ 120°G @ 240°F 

1,200,000 1,200;000 1,200,000 100% 100% 
100 Ton 100 Ton 100 Ton 

517,009 828,300 2,308,571 22.4% 36~~ 

1, 717,00.9. . . - ·- ~,028,300 . 3,508,571 49% oA"O'• 58-% .. .. 

632,800 457,070 - ·' - -

127,862 571,230 2,508,571 5% 23% 

-215,986 -634,733 -2;076,064 10%' 30% 
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Table C-4.1 shows that in the simultaneous heating and cooling mode 

the HP-ICES and specifically the dual'fuel·engine driven HP-ICES are more 

efficient than the conventional system. The dual fuel engine driven 

HP-ICES required only 22.4% the energy consumption while losing only 5% 

energy and 10% availability compared to the conventional system. This is 

due to the transference of energy from the cooling zone to the heating zone 

and to the ice bin to be stored for winter use. 

The electric driven HP-ICES has more losses in energy and 

availability due to the feet that there is no opportunity for heat recovery 

in the power plant as .the heat rejected is wasted through a cooling tower. 

The conventional system is inefficient £roman energy and availability 

point of view, due to the fact that all .heat rejection from the compressor 

is dumped in the cooling tower and there is no interaction between cooling 

and heating systems. It is the combination of all of these factors that 

result in the dual fuel engine driven HP-ICES having the lowest energy 

consumption, as well as the lowest losses in availability and en~rgy of all 

the systems compared. 

-17 -
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D. ANALYSES-DESCRIPTION 

Follmving is the description of the analyses for the ice gener-

ating HP-ICES which began with the evaluation of the building load profile. 

The cooling, heating and domestic hot water loads were calculated by 

hand using the degree-days method for heating and the equivalent full load 

hours method £or cooling. 

Actually, a computer community energy analysis should be developed to 

enable to consider the load diversity between the different sectors and 

buildings in the community. 

Next, the working temperatures of the heat pump were determined. The 

evaporator temperature was fixed by the ice making requirements while the 

condensing temperature was determined as ·th~ opfimum temperature that will 

satisfy the heating load and at the same time require a minimum horse power 

input. The temperatures and the peak heating load were the deciding factor- in 

the sizing of the heat pump. 

Following the selection of the equipment, the COP for heating, cooling and 

the annual overall COP were determined. 
.··,· ·"· -~ 

··<. 
Consequently, the performance of the 

heat pump was evaluated at different evaopo~ator and condenser temperatures 

to suit the different conditions of heat pump operation throughout the year 

with the main cunceru for energy conacrvation and a minimt.tm power input, 

The focal point in the determination of the applicablility of the 

HP-ICES is the annual energy balance betwee~ the heating and cooling require­

ments and the heating and cooling generated-by the heat pump. Any discrepancy 

between-the cooling required and cooling generated by the heat pump was 

balanced out by the annual storage system. · 
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The maximum accumulation of ice in the storage as obtained in the 

annual energy·balance determfned the ice storage bin size. 

If the "cooling" energy generated by the heat pump·exceeded the 

cooling requirements of the community, a system modification was made with an 

additional heat source for the system, as happened in the case of Park Plaza 

Boston. In this case a dual fuel engine driven heat pump with a heat recovery 

system was selected and an evaluatiqn of the engine and heat pump performance 

was made to deterwine the new improved COPH of the engine-compressor package 

as well as the cooling and the anmr.qf ,:~.verage overall COP's. 

The heat tecovered from the engine jacket water and exhaust gases 

reduced the amount of heat t·hat the heat pump had to g~nerat·e and consequently 

reduced also the amount of ice generated and the size of the ice bin. 

As the next step, the annual energy consumption was evaluated including the 

energy required for the primary auxiliaries. 

A conventional comparative system was selected which would be able to 

sati~fy the same heating and cooling requirement$ as for. the HP-ICES system 

and the annual energy con$\.lmptinn for such u uystem was l:alculated. 

To stress the outstanding benefits of the HP-ICES a comparative raw 

source energy consumption analysis was made in accordance >dth the ASHRAE 

~tandard 90-75 section 12. 

It would be advisable if a computer pt'ogram t,·erc developeu with a 

capability to dPterminQ the perfo~wance of the ice generating heat pump on a 

community scaie using an annual storage system. 

Feasibility of the HP-ICES from the energy point of view.alnne is, 

however, not sufficient for its wide acceptance and an economic feasibility 

study was performed to prove its overall desirability . 

. -T.7 6-
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The method used for evalu~ting and comparing the economics of the 

HP-ICES system and a conventional system of the same heating and cooling 

capacity uses a life cycle cost·analysis. 

and distribution system, but does not include the end-users equipment (air 

handling units) or the cos.t of land. 

The HP-ICES system requires a large amount of space for the storage~ 

In the analysis, the cost of excavating the land, constructing the 
,. 

ice bin, .etc.,was taken into account. ItWasassumed that the area of the land 

used will be about the same for the two systems, and that the large storage 

will be under the buildings and will not take up additional land area. 

Equipment prices and costs were obtained from the manufacturers arid 

contractors. 

Energy prices were calculated according to public utility services. 

The life of the equipment was assumed to be 20 years and the life of 

the distribution system and ice storage bin 40 years. The mortgage period 

and the period of the economic analyses were both assumed to be 20 years. 

The depreciation life of the overall system (for the purpose of tax deductions) 

was assumed to be 20 years. 

The salvage value of the equipment after 20 years was assumed to be 

20% of the first cost. For the ice bin in the HP-ICES system, the salvage 

value was assumed to be 40% of the initial cost of the ice bin (i.e. the cost 

of excavation and ice.bin construction). 

Insurance costs were assumed to be about 0.5% of the first cost. The 

costs of .maintenance, labor, administration, etc. ~•ere est::llnated for each 

project separately. 
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The general inflation rate was assumed to be an average of 6% per 

year. The discount rate used in evaluating the present worth of money was 

assumed to be 2% more than the inflation rate, i.e., 8% per year while the 

fuel escalation rate was assumed to be 12%. 

The effective income tax bracket for the commercial system, assuming 

ownership by a private corporation was assumed to be 46%. The tax deduc~ions 

that a businP.I=:!'; r;an make were aliO'I-1ed foX. 

The property tax was assumed to be 1% per year. 

An average price that the user would pay for each MBTU/HR. (million. 

Btu per hour) of peak load, and for each HBT,U of energy consumption over a 

period of 20 years was developed. The price considers profits and energy 

escalation rates. 

The price es~imates were based on the assumption that all the 

energy produced will be used. It was assumed that the capacity of the system 

remains the same, i.e •. there is no expansion. 

For basic accumptions see· t:h~ corresponcHng sectionct for ·example, 

assumption on load were made before the load cal~111Ations, the non1.1mpt:ion on 

economics were made before the economic section, etc. 
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APPENDIX 1. MARKET SQUARE 

. · 1. P~p Selection 

a. Heating Pump 

Peak heating load = 

Domestic hot water 

Total 

13,064,000 Btu/hr, 

3,086,000 Btu/hr 

16,150,000 Btu/hr :· 

HP-ICES PROJECT 

For primary hot ·water loop select three pumps, one for each heat pump, 4T = 30°F. 

5,500,000 Btu/hr 
500 X 30 

= 367 gpm 

Condenser pressure drop 25 ft. 

Assume ·2500 ft. equivalent pipe length (including fittings) 5 ft·per 100 ft. 

Pressure drip of 2500 

Total Pump head = 

2500 X 5 
100 

150 ft. 

= 125 ft. 

Select Aurora three pumps 3 x 4 x 14, Series 410, double· suction, 22 hp each 

68% efficiency, 1750 rpm, NPSH 8 ft. 

3000 ton x 1. 5 gpm/ton ( ..o. T = 16°F) 45qo gpm 

Select t'•o pumps to operate in parallel 2250 gpm each and one stand-by. 

Assume 2000 equival~nt linear ·-fer:-t of 

Piping: 

Static head: 

5 X 2000 
100 

Total 

= 100 ft. 

= 10 ft. 

= 110 ft. 

Select Auror8 three pump 8 x 10 x 17B , Series 410 double suction 70 hp each. 

89% efficiency, 1150 rpm, NPSH = 11 ft. 
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c. Chilled Water Pumps (to operate in summer time between chiller and bin) 

Three pumps 555 ton x 12000 Btu/hr 
160F (A T) x 500 

Chiller pressure d~op = 25 ft. 

Assume 700 ft. of equivalent pipe length 

Static head 

700 X 5 
100 

Total head 

35 ft. 

10 ft. 

70 ft. 

830 gpm 

Select Aurora three pumps 15 x 6 x 15, Sertes 410, douh 'I P ~uction, 18 hp each, 

80% efficiency, 1150 rpm, NPSH = 9 ft. 

d. Condenser Water Pump ( for summer operation with cooling towers) 

Heat rejection of·each 555 ton chiller 8,131,000 Btu/hr 

8 2131 2000 ::; 1626 gpm 
10° :x; 500 

AT;; 10°F 

Condencer pressure drop = 25 ft. 

Static head 10 ft. 

For a height of 250 ft. pressure drop = 500 X 5 25 fL 
100 

Fittings 20 ft. 

Tot::~.l pump head ·;-
; 80 ft. 

Select Aurora three pumps, ~ X 8 X llB, Series 410, double suction, 38 hp," 
: 

88% efficiency, 1750 rpm, NPSH = 15 ft. 
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.2. ..P,umping .Energy Consumption 

TABLE APP-1.1 HEATING PUMP PUMPING ENERGY 

CONSUMPTION DEMAND 
Hours of : Peak Tqta+ 

Month DD Operation KWH cost Demand Cost Cost 

January 871 727 29286 288 40 161 44·9 

February 762 637 25660 253 40 161 414 

March 626 523 21068 208 40 161 369 

April 288 241 9708 96 40 161 257 

.May 74 62 2'498 25 20 81 106 

June 0 ·o 0 0 0 0 0 

July 0 0 0 0 0 0 0 

August ·0 0 0 0 0 0 0 

September 33 28 1128 16 20 104 120 

October 217 181 7291 103 40 207 310 

November 5.19 434 17483 172 40 161 333 

December 834 697 28078 277 40 161 438 

Total 4224 3530 I 142200 $14.38 $1358 $2' 796 

Heating FL Hours = Heating Requirement = 
Heating Load 

27000 X 106 
13 X 106 

= 2077 FLH 

Assume pumps operate during 2077 x 1.7 = 3530 hours. 

NOTE: The pumps were sized to accommodate the heating and DHW Load 
i.e. for 22 ~P each. Since, however, DHW will be Galculated 
separately, reduce the pumping power in ratio: 

13000000 X 22 X 3 
16,000,000 

= 54 hp 

Thus, the pumping power consumption 

= 3530 hours x 54 x 0.746 142,200 KWH 

r~~ 'kWh (or the operating hours) were distributed by month in the same ratios 
as the .d~egrcc dayc. 



TABLE APP. 1.2 

C 0 N 

Month 7. KWH 

January 0 

February 0 
-----·--· 

March 0 
---

April 8 

May 12 
·r----

June 18 

July 18 
r----

August 18 

September 18 

October 8 
1----

November 0 

December 0 

Annual 

BIN TO PR[MARY CIRCUIT 
Pl.i'MP ENERGY CONSUHPTION 

S U M P T I 0 N DEMAND 
Actual Peak 

KWH Cost $ %Klv Klv 

I 0 0 0 

0 0 0 

0 0 0 _. 

14080 139 50 55 ... 

21120 208 100 110 
' 

31680 449 100 110 

31680 449 100 no:. 

31680 449 100 110 

31680 449 100 110 

14080 199 50 55 

0 0 0 

0 0 0 

I 176000 I $2342 

Equivaletl.t Full Load Hours Cooling 939·-

HP~ICES P,ROJECT 

Total 
Cost$ Cost$ 

I 0 0 

I 0 0 I 

0 0 

I 221 360 
.. - ..., .. .,,~ .. _, __ 

442. 650 

l 570 1,019 
I 
i 

570 1,019 j 
·- ... --····' ·~·-~· 

570 1,019 

570 1,019 

285 484 

0 0 

0 0 

I $3228 $5,570 

AssumEk Pumps operate 939 x 1.7 = 1596 (say 1600 hours) 

Tw~ pumps 70 hp each = 52.2 (say 55 KW) 

Annual KWH = 110 x 1600 - 176000 KWH 
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TABLE APP. 1.3 CHILLER TO BIN PUMPING POWER 
(With DHW Gerterat:ion and Heat 
Rejection to Coo.ling Tower) 

i 
Domestic Hot Cooling Tower 
Water Generation Operation 

.. 

F.ours of* ; 
Operation ! Hou~s,** I I Total 

Month Klffi 

-January I 
I 

February 

March I 
April 

Hay 158 2212 

June 87 1218 

July 89 1246 

August 71 994 

September 95 1330 

October I 268 3752 

....... November 

December 

Total 10752 
Annual 

*With one pump operating 

Hours = Cooling Requirement 
Cooling Capadty 

KWH KWH 

.. 

i 

: I ; 

' 

l 2212 

I 1218 

I I 1246 I i I 
I 240 I 10,080 I 11074 I ! I 
i I 
I 316 13272 I 14602 
I 

i 
86 361~ I 7364 

; 

I 

' 
26964 37,716 

= For May 901 x 106 Btu 
475 ton x 12000 Btu/hr/ton 

= 158 hours; 18 hp = 14 ~1N 

**With three pumps operating 

= For August 4810 x 106 Btu 

Cost 
$ 

22 

17 

18 

157 

207 

104 

$525 

Hours = Cooling Requirement 
Cooling Capacity 3 x ~55 ton x 12006 Btu/hr/ton 

= 240 hour~ ; 3 x 14 = 42 KW 

-18-'?-
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TABLE APP 1.4 DOMESTIC HOT WATER PUMPING ENERGY 

Month 

January 

:February 

HAl."di 

April 

May 

June 

July 

August 

September 

·October 

NovemhP:r 
-----

_DecernhP.r. 

Annual 

Compressor 
Energy Heat. Hours* 

Requirement Rejection ·I of Pump 
Btu;:x 106 Btu/hr I Operation 

1010 6,0~9,000 166 

919 6,069,000 151 

' 881 6,069,000 ; 145 

804 6,06~,000 : 132 

738 I 7 ,672,000· I 96 

666 7,672,000 76 

686 7,672,000 79 

.544 7,672,000 62 

515 7,672,000 59 

673 I 7,672,000 77 

817 6,069,000 134 
I •... ,. .-.-. ... -... 

958 6,069,000 
'' 

157 

9211 I I 

* Energy Requirement 
He;;~t RP.j I;!Ction of one. Hca·t Pump 

For January 
I 

1010 ~ 106 Btu 
6,069~000 BtlJ/hr 

Pumping*-~< Energy 
Demand Consumptioj Cost Total 

KW KWH ... S Cost 

I I 
.. 

17 2822 28 96 I 

I . 
I I 17 2567 25 i 93 

----·----
17 2465 24 92 

17 2244 I 22 90 

17 1632 16 84 

17 1292 18 106 

17 1343 19 I 107 

17 1054 .. 15 103 

17 1003 I 14 102 
... . ·:·-· ·- f --19 

-

17 1309 .. · I 107 

17 2278 i 22 YO 
·- --·· I 
17 ' 2669 . .. I 26 94 ' ~- I 

22678· ·- 1$248 1$1,164 

' 
i 

-------- _ .......... _ .. ~-

., 166 hours 

**Assume one heating pump 22 hp = 0.746 x 22 = 17 kW 
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TABLE APP 1. 5 PUMPING POWER FOR CONDENSER WATER PIJNPS 
AND COOLING TOWER FANS ·(KWH) 

Hours of .. . .. 
Month. Operation* Ptimps (_85KW) ... ··Tower (56KW) Total Cost$ 

August 240 20,400 ; 13,440 33,840 480 
.. 

September 316 26,860 :17,696 44,556 631 

October .. 86 7,310 4,816· 12,126. 172 

Total 54,570 • 35,952 90,522 $1,283 

*Same as for chiller to bin pumps. 
Pumps 3 x 38 114 hp = 85 KW 
Fans 3 cells at 555 tons, 25 hp each 75 hp 56 KW 

\ 
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i 

Appendix 2 

·t·.· 

1. Pump Selections 

a. Heating Pumps 

Heating delivered 

Hot water gpm 

H~ad from schematic 150 ft. 

Hours of operation, (see table below) 

6 , 27,.26x~O 

27.26xl06 

500x30 

1817 gpm 

TABLE· APP 2.1 
Number of Hours of Temperatures Below 57°F 

! 

Btu/H8 

• • •• f 

N F !Month D T M A M T T ' A s 0 
i 

Number 
61111 of Hours 691 742 744 672 735 217 147 57 115 209 

We. deduct the hours in July arid August and come up with 
4329 hours. 

Ref. Engineering Heather Data. 
AFM- 88-8 Chapter 6 June, 1967. 

b. Domestic Hot Water 

GPN 35;800,000 
30x500 

2387 

,.· 

25ft. pressure drop in.condenser 

25 ft. pressure drop in heat exchanger 

100 ft. piping and fitting· 

Total 150 ft. 

No. of hours of operation 

monthly load 
peak load 

6245xl06 

35.8xl06 

-174.8. hours per month 

-191--
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/ 

c. Chilled Water Pumps 

GPM 1755 X 12,000. 2632 
500x(56-40) 

Head 150 ft. 

Hours distribution of percentage 

d. Condenser Water Pumps 

CPM 26.0xlU6 5200 
10x500 

Head 80 ft. 

e. Cooling Tower Fans 

1755 Ton - 110 HP 

'' . ' ' 

, . . , 
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TOTAL ENERGY SYSTEMS ___ __, ______ ·-- -· .... -"---_;... _______ _ 
~r:AT BALANCE-38DD8Va DUAL FUEL 

~ ·-· . -- --· --- ---
T~;n;:~. °F. 

.. 
Heat in BTU/Bhp/H·r. · 

"'0 
1- - •l 

.... 
..... 

... ...1"\, 

.... - . . - - _o 
Q ·.;. Cl i5 c:: ll ~ i5 - ca.::; Ill-· Ill 

"'0 'J -:: .... Ill - = .... ::I .:l :l-
....... :...:=.~ "' 

(J"'O :..)(. =Ill Ill 
10 "' 

r.:l c:: • u --'.J 
,., ., 

= 
c. o- :1 .. -· Ill .. o·- .J:l ..:c. .:::~ -o .a - .::: .:l 1':1 "'"' Ill 0 o·~ t:l c:: -c. ,... ... _ :l :l >( <11 )( 1':1 ) . 

(,) I .... ."J u3: ...1 D.. c.: ::::>3: U> ...1 ""' t.1 Lo.l...l C:::J t-.: 

4&5 720 160 165 170 25 2546 2800 1930 4313 100 219 12000 
50 ·' 2546 17]0 1140 2555 50 99 8100 
75 2546 1440 960 2155 33 66 7200 

100 2546 1350 900 2020 25 59 6900 

I 110 2546 1350 
I 

900 2.020 23 61 6900 
- --- ·- _:.... ... ·-

o-.12 · 720 I 160 

I 
165 170 25 2546 2770 1850 3990 100 164 11400 

. !I 

.50 2546 1710 1140 2460 50 94 aooo 
,_,:... 75 2546 1440 960 2070 33 51 7100 

100 2546 1350 900 1935 25 44 6800 
110 2546 1350 900 1935 23 44 6800 

- ·--- ---- I 

I I 
. 4 s. 3 3CO 200 . 165 170 25 2546 3480 2340 5110 108 116 13700 

50 2546 2130 1440 3100 54 130 9400 

I l 75 2546 1715 1155 2520 36 128 8100 

I I 100 2546 15?0 1050 2295 27 122 7600 

i 110 2546 1560 1050 2295 23 126 7600 
--. - - - i _ ... ·-·--·-· 

"6-12 i JOO :'00 I 165 170 25 2546 3290 2200 4700 108 56 12900 I 
I 

·I I I 50 2546 2130 1440 3080 54 50 . 9300 

I I 

I i 75 2546 1715 1155 2490 36 58 8000 . I I I 100 2546 1560 1050 2250 27 67 7500 

I I 
110 2545 1560 1050 2250 23 71 7500 I ! ! .. - -------- --·--

I 4~5 I 720 l 160 i 250 185 25 2546 1755 2630 4580 62 427 12000 I 

I I 50 2546 1040 1560 2710 50 194 8100 
' j 75 2546 875 1315 2280 33 151 7200 
I 100 2546 820 1230 2140 25 139 .-6900 
I 
I 

' 
110 2546 8-?0 1230 2140 23 141 . 6900 

I .. I ---
720- Tl6o 6-12 250 185 25 2546 1680 2520 4300 62 292 11400 

I 50 2546 1040 1560 2680 50 124 '8000 

I I':J 2':J46 875 1315 2240 33 91 7100 

I 100 2546 820 1230 2100 25 79 6800 
I 

I 110 2546 820 1230 I 2100 23 8i 6800 

40.5 900 200 250 185 25 2546 2300 2970 5410 108 365 13700 
50 2546 1410 1820 3310 54 260 9400 .. 
75 254.6 1130 146(.) 2650 36 263 8100 

100 2546 1030 1330 . 2420 27 247 ·7600 
l10 2546 1030 1330 2420 23 251 7600 

--- '--

6-12 900· 200 250 185 25 . 2546 2180 2810 5050. 108 206 12900 
50 2546 1410 1820 3270 54 200 9300 
75 2546 1130 1460 2640 36 188 8000 

100 2546 1030 1330" 2390 27 177 7500 
110 2546 1030 1330 2390 23 181 7500 
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EXHAUST GAS TA3LO:: 7 

-- -- -
EXHAUST TEMP. o~. 

ENGINE TEMP. °F. Blower Exhaust t.NGINE LO,..o.> 
Model Cyl. RPM Oil Water CFM lb./Hr. 1.0 0.75 0.50 0.25 

3808~ 4 720 170-185 169 2,450 11.250 I 
38008~ 5 3,100 14,230 Model 3808'AI 

6 3,500 16,060 620 520 I 420 330 
. 8 ·4,550 20,880 

9 5,130 23,550 Model 38008~ 
10 5,700 26,160 620 FtO 550 450 
~2 7,500 34.420 -3!308118 4 900 170-185 165 3,060 14,050 650 540 440 340 

3GOD8'til 5 3,875 17,790 
6 4,800 22,030 
8 6,160 28,270 
9 7,000 32,130 Model 38009'AI 

10 7,675 35,230 

~2 9,375 43.030 650 630 571) 450 
4 720 185 250 2,450 11,250 
3 3,100 14,230 640 540 440 350 
.; 3,500 16,060 
J 4,550 20,880 Model 38008'AI 

!) 5,130 23,550 

I 10 5,700 26,160 640 630 570 470 
12 7,500 34.4?.0 

4 900- 185 250 3,060 14,lJ:JU 

I 5 ·3,875 17,790 670 560 460 350 
6 4,800 22,030 
3 6,160 28,270 Model 38D08~ 
9 7,000 32,130 

~ 

10 7,675 35.230 570 650 I 590 480 
12 9,375 43,030 ·--·-

~c.JS8~-8 4 720 17(}-135 165 2,050 9Al0 600 590 570 4;0 
5 2,560 11,750 : 
I; 3,070 1-:,100 ! a 4,100 1S,S20 
') 4,610 21,160 

,. 
10 5,120 23,500 I 12 6,140 28,180 i - . -~--~ ........................ -.......... -.... ·-

..;.JDSJY.i 4 900 170-185 165 2,560 ll. 750 i -530 610 . 53() i 450 
G 3,200 1-+,690 
0 3,1340 17,GJO 
3 5,130 23.550 
:} 5,760 26.440 

10 6,400 29,390 
12 7,680 35.250 

33TD8~:a-lnt. 31ower I 6 720 170-185 165 4,400 20,200 

I 
680 680 

680 I 620 
4/4 Blower 9 6,600 30,300 700 670 550. 400 
Int. Blower 12 8.800 40.400 680 680 680 620 

38TOS'Is-lnt. Blower 6 900 170-185 155 5,500 25,250 I 700 700 700 640 
4/4 61ower 9 8,250 37,870 730 730 600 430 
Int. ~lower 12 11,000 so.~,oo 700 /00 700 61\1) 

Jo-IDJ78·-Int. 6!ower 6 720 iss 250 4,400 20.200 700 700 

I 
7::'0 

I 
640 

4/4 Blower 9 6,600 ::m.3ou 12U 690 570 420 
Int. Blower 12 8,800 40.400 700 700 700 640 

3iiTCS'ri!-lnt. Bl:lwer 6 900 185 250 5.500 25,250 

l 
720 720 720 660 

4/4 Blower 9 8,250 37,870 750 750 620 450 
Int. I:UoW~f 12 11,000 50.500 720 720 720 650 

38T008'l8-2/3 Blow. 6 

I 
720 170-185 165 4,400 20,200 750 770 770 700 

4/4 Blow. 9 6,600 I .:S0,300 700 690 6'50 600 
2i3 Blow. 12 8,800 40,400 750 770 770 700 

38TD081k -2/3 Blow. 6 

I 
900 170-185 165 5,500 25.250 760 780 780 720 

4/4 Blow. 9 8,250 37,870 730 720 690 630 
2/3 Blow. 12 11 .coo 50.~00 760 780 780 720 

38TOD8Ya-2/3 Blow. 6 720 185 250 4;400 20.200 770 790 790 720 
4/t.. Blow. 9 6,600 30.300 720 710 680 620 
2/3 Blow. 12 8.800 <!0.<:00 770 790 790 720 . 

38T008Ya-2/3 Blow. 6 900 185 250 5.500 25.250 780 800 BOO 740 
4/4 Slow. 9 ... 8,250 37,870 750 740 710 660 
2/3 Blow. 12 11,000 50.500 780 soo 800 740 
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TOTAL ENERGY SYSTEMS 

ENGINE PUMP DELIVERY TADLE 8 

<::PM 
Engine Rated F"ump Delivery 

Model Cyi. RPIYI Soft Water Lube Oil 

3808Ys 4 - 720 215 200 
380081/8 5 729 265 200 
380S8Ys 6 720 320 200 

& 8 720 430 250 
.. 38T081fs 9 720 480 (1) 250 

38T0081/8 10 720 530 300 
(6, 9 & 12 Cyl. only) 12 720 640 I (2) 360 

4 900 270 250 
5 90.0 330 250 
6 900 400 25q 

38D8Ys . 8 900 540 310 
9 900 600 (3) 310 

10 900 680 375 

I 12 90,0 800 (4) 450 

Maximum ·temperature differential through engine­
Water- 10° All engines. 

(1) 300 on 33TD8V8 & 38TD081A3 
(2) (00 en 38TD81/ 8 & 38TD08 1A3 

. (3) 375 on 33TD81/s &. 38TD031,3 
(4) 500 on 38TD8~1! & 38TDD81/ 3 

Oil - 30° All engines. 

r------------------------- ------. 
Auxiliary systems are required by all engines. The following pages show 
diagr2ms of the various systems as applied to Fairbanks Morse engines. 
The systems covered are jacket coolant, fuel oil, lubricating oil, air cooler, 
air and gas fue!. 

~----------~------ -----------------------
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APPENDIX 3 - ECONOMIC ANALYSIS PROGRA}! 

METHOD USED IN THE LIFE CYCLE COST ANALYSIS 

The basic formula used is. the follmving: 

If a cost inflates at a rate ~· and the discount rate is i• then the 

total Present Worth (P.W.) of payments of o.ne dollar every year over a life 

cycle of n years is- given. by the Present Worth Factor (PWF): 

PWF(n,r,d) 
·• (d-r) 

1 
[

1 _ (Hr\n l 
l+d/ J , for r {d.' ·:.' ; ' 

or 

n , for r d 
(l+d)n 

For energy costs, the inflation rate is the fuel price escalation rate. 

For other costs, it is taken as the general inflation rate. 

For mortgage payments, the details are as. follows. For an amount of 

1 dollar borrowed for Y years· at an interest rate of i with a discount rate i, 

the Present Horth of Y annual payments is Fhe following: 

HPF Present Worth Factor For Total Mortgc;tge Payments 

[1 +. (l!d)~ J i 
d 11 1 l 

(l+i)Y I 
1.... .J 

Of this, the Present Worth of the loan interest payment as a fraction. 

of the loan principal amounts to the following: 
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INT (PW of Total Mortgage Loan Interest)/Loan Principal 

[1 
1 l 

i (1 +d) y J 
d i 1 1 ' 

' (1 + i) YJ ' L 

(l~yi 
( 

1 [1 t (el-i) 1 + d 1 . -
i 

~ MPF- P.vLF.(Y,i,d) r 
L 

1 

The Present Worth of the ca?,ital cost over the life cycle is the 

following: 

P. W. of Capital Cost Before 
} =. · DP + (FC - DP) (Iv.IPF). 

·rncome Tax Deduction 

In evaluating the Present Worth of the Insurance costs, the Maintenance 
' .. ; . ; 

Costs~ :and the Property Tax, the inflation rate assumed is the general inflation 

rate. 

The depreciation is calculated using ~ straight-line deprecia~ion 

method~ over the assumed depreciation lifetime. 
;.: 

. J 
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The net life cycle cost is given by the followirig 

[Capital Cost + Energy Cost + Insurance & Maintenance Cost + 

.Property Tax]·- Salvage Value 

- Income Tax Savings. 

In the above, the Income Tax Savings are given by the following 

expression for a private corpor~tion: 

Income Tax Savings ·, 

(Income Tax Rate) [Depreciation ~ Energy Cost + Loan Interest 

+'Insurance & Haintenance Cost+ Property Tax] 

The Return on Investment is the value of the discount rate at \-lhich the 

life cycle savings become zero. The discounted Payback Period is defined as 

the reciprocal of the Return on Investment. 

l. 

J 

I 
I 
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