Dfe )gf_) ’ ANL/CNSV-TM-8

Heat-Pump-Centered
Integrated Community Energy Systems

System Development

Dubin-Bloome Associates Final Report

R
gﬁﬁyihi

= ENERGY AND ENVIRONMENTAL

,1 A ) BAEE B SYSTEMS DIVISION

ARGONNE NATIONAL LABORATORY

INTEGRATED OPERATED FOR THE U. S. DEPARTMENT OF ENERGY
COMMUNITY UNDER CONTRACT W-31-109-ENG-38

ENERGY
SYSTEMS




DISCLAIMER

This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States
Government nor any agency Thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness, or
usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately
owned rights. Reference herein to any specific commercial product,
process, or service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any
agency thereof. The views and opinions of authors expressed herein
do not necessarily state or reflect those of the United States
Government or any agency thereof.



DISCLAIMER

Portions of this document may be illegible in
electronic image products. Images are produced
from the best available original document.



The following pages are an exact
representation of what is in the original
document folder.




The facilities of Argonne National Laboratory are owned by the United States Government. Under the
terms of a contract (W-31-109-Eng-38) among the U. S. Department of Energy, Argonne Universities
Association and The University of Chicago, the University employs the staff and operates the Laboratory in
accordance with policies and programs formulated, approved and reviewed by the Association.

MEMBERS OF ARGONNE UNIVERSITIES ASSOCIATION

The University of Arizona The University of Kansas The Ohio State University

Carnegie-Mellon University Kansas State University Ohio University

Case Western Reserve University Loyola University of Chicago  The Pennsylvania State University

The University of Chicago Marquette University Purdue University

University of Cincinnati The University of Michigan Saint Louis University

Illinois Institute of Technology Michigan State University Southern Illinois University

University of Illinois UIniversity of Minnesota The University ol Texas at Austin

Indiana University University of Missouri Washington University

The University of Iowa Northwestern University Wayne State University

Iowa State University University of Notre Dame The University of Wisconsin-Madison
NOTICE

This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the
United States nor any agency thereof, nor any of their
employees, makes any warranty, expressed or implied, or
assumes any legal liability or responsibility for any (lhird party’s
use or the resylts of such use of any information, apparatus,
product or process disclosed in this recport, o1 1epresents that its
use by such third party would not infringe privately owned
rights. Mention of commercial products, their manufacturers,
or their suppliers in this publication does not imply or connote
approval or disapproval of the product by Argonne National
Laboratary or the United States Governmeul.




ANL/CNSV-TM8 -

ARGONNE NATIONAL LABORATORY
9700 South Cass Avenue
Argonne, Illinois- 60439

HEAT-PUMP-CENTERED
INTEGRATED COMMUNITY ENERGY SYSTEMS

: System Development
Dubin-Bloome Associates Final Report#*

by

Fred S. Dubin, Amos Halfon, and Paul Herzog

DUBIN-BLOOME ASSOCIATES, P.C.
42 West 39th Street
New York, N.Y. 10018

August 1979

§ NOTICE "

Pr epared for This report was prepared as an account of work ‘
. L. . :pu.nsored by the United States Govemnment. Neither the
Energy and Environmental Systems Division Enery, oy s nor the United Stses Depriment of

. " » cir employees, nor any of thei;

Argonne National Laboratory b . o1 their employees, makes
. 8_")’. ’varrnnty. express or implied, or assumes any legal

Under Argonne Contract No. 31-109-38-4549 sty o responsibity for the accuacy, coml |
. " of any inf ion, product or

. process disclosed, that i

Argonne Project Manager: James M. Calm, P.E. ifringe privtely owned ghts, O 1

' ' e e

Work sponsored by

- U.S. DEPARTMENT OF ENERGY
Assistant Secretary for Conservation and Solar Applications
Office of Buildings and Community Systems ’
Community Systems Division
Urban Waste .and Municipal Systems Branch

*This report supersedes ANL/ICES-TM-29: Heat-Pump-Centered Integrated Community
Energy Systems, System Development, Dubin-Bloome Associates Interim Report

(IETRIBUIICK OF THIS DOCUMENY 13 UNLIETE

l



THIS PAGE
WAS INTENTIONALLY
LEFT BLANK

; 17



PREFACE

More than one-quarter of the energy consumed in the United States is
used to heat and cool buildings and to heat service water-. Approximately
83% of the energy for these 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
in fuel prices, by energy shortages, by increasing electricity "brown-outs"
in urban centers, and by the’ crippling effects of labor strikes and stoppages
in the energy supply industries. In recent years, development and acceptance
of energy conserving systems which avoid dependerice 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 prov1ded
to and utilized by a community. ICES also offer opportunities to reduce
dependence on scarce resources, protect environmental quality, reduce costs
of energy and energy-consuming services, and, perhaps most importantly,
meet enérgy 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 the 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 combination
of energy efficiencies, indigenous resource and labor supplles, economics,
and env1ronmental 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. Since heat pumps
primarily transfer energy from existing and otherwise probably unused sources,



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 effects as compared to conventional systems, reliable production
of services in contrast to the increasingly frequent utility curtailments
and interruptions, 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 objective 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 Evaluation, and Upgraded Continuation.

This  Project is sponsored by the Urban Waste and 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. 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 watér to
ice. The ice is stored in a bin and used the following esummcr for coouling.
The development of this concept is presented in Part I. The concept is then
applied to two communities, in Part II, with modifcationa te meet Lhc unique
réquirements 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 heat
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 Performance 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 407% 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 30Z of the corresponding quanti-
ties for the conventional system.

The annual average operating and administration cost for the HP-ICES
is 417% of the conventional system cost while the first cost of the HP-ICES is
4.5 times as great as the first cost for the conventional system. The return
on investment is 137% and the payback is 8 years.

These results show that the HP-ICES ean 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.

Vil






~ THIS PAGE
WAS INTENTIONALLY
LEFT BLANK



PART I TABLE OF CONTENTS

SYSTEM DESCRIPTION

1.1

System Conceptual Description

Overall Coefficient of Performance

Optimum Temperature Range for Compressor Operation
Refrigerant Investigation '

Compressor Investigation

1.5.1 Part Load Compressor Performance

Analysis of Storage Media Properties

Ice Generating Methods

Component Identification

HP-ICES Modes of Operation

" POTENTTAL APPLICATIONS

"Introduction

The Energy Balance for HP-ICES

2.2.1 Sensitivity to Climate

Community Composition

Potential Energy Inputs for Energy Requirements
Market Availability for Ice Making Equipment
System Reliability '

- Economics

System Size :
Projections of Energy Savings for the Year 2000

EXPECTED PERFORMANCE

3.1

3.2

First and Second Law Analysis

3.1.1 The First Law Energy Balance

3,1.2 Second Law Analysis

Performance of HP-ICES vs. A Conventional Systan
3.2.1 Selection of Conventional System -

3.2.2 The Performance of Ice Generating HP-ICES

3.2.3 Recapitulation of Results
3.2.4 The Annual Overall COP for the HP-ICES

EXPECTED ECONOMICS

4.1

4.2

4.3
4.4

Introduction

Analysis

4,2.1 Energy Cost for the Case Study
4.2.2 First Cost -
4.2.3 Operating Cost

4,2.4 Comparative Analysis

4.2.5 Cost Per Million Btu
Conclusion .

Refined Economic Analysis

117

12
17
21
28
36
39
41
42

.45

55

55
57
57
75
77
88
91
91
92
94

101

101
101
107
114
114
115
121
122

124

124
124
125
127

128

130
131
132
132



PART I TABLE OF CONTENTS (Cont'd)

5. EXPECTED ENVIRONMENTAL IMPACTS !

5.1 Air Pollution
Water Pollution
Noise Pollution

5
5.
5 Resource Consumption

. .
S~ wN

6. PROJECTED GROWTH

7. SYSTEM MODIFICATION

7.1 System Modification 1 :
7.2 Modification for Supplementary Heat
7.3 Modification for Supplementary Cooling

8. COMPONENT TESTING REQUIREMENTSo

. 8.1 Pre Demonstration Test
8.2 Testing Procedures

APPENDIX 1A

1A.1 Refrigerant Investigation'
1A.2 Refrigeration Compressor Performance

APPENDIX 2A

2A.1 Heating and Cooling Annual Energy Balanrp
2A.2 Market Square Complex in Washington D.C.
2A.3 Projection of Energy Saving for the Year 2000 by Use of HP- ICES

APPENDIX 4A
‘4A.  Economic Analysis Program

APPENDTX 7A

7A.1 Evaluation of the Ab111ty of Outside Air in Winter to
Produce Supplementary Ice
7A.2 Modified ACES System with Solar Radiation for Donaldson
Corporation, Minn.
.3 Diesel Engine Driven Ice Generatlng HP-ICES
A.4 CGas Engine Driven Ice Generating HP-ICES

~ o~
gl

BIBLIOGRAPHY

iv

133

133
135
135
136

138

141
141

141

142

148

148
150

155

155
163

173
174

178
189
201

209

209
213
218
221

225



1.1
1.2
1.3
1.4

1.5
1.6
1.7
1.8
1.9
1.10
1.11
1.12
1.13
1.14
2.1
2.2
2.3
2.4
2.5
2.6
2.7
2.8

2.9

2.10
2.11
2.12
2.13
3.1
3.2

3.3

PART I TLIST OF FIGURES

Ice Generating Heat Pump -- ICES-Isometric
Ice Generating Heat Pump -- ICES-Schematic
Automatic Ice Maker '

Variation of Coefficients of Performance for Heating with

" Saturated Discharge Temperature

Screw Compressor Slide Valve -- Full Load

Strew Compressor Slide Valve - Part Load

Typical Part Load Power Input Curve —-- Rotary Screw Compressor
Centrifugal Compressor - Part Load Performance

Basic Winter Mode

Second Winter Mode

Basic Summer Mode

Second Summer Mode

Third Summer Mode

Fourth Summer Mode

Annual Heating Degree Days

Annual Degree Hours

Annual Energy Balance

Boston Energy Required per Sectors - Residential, Office, Retail
Minneapolis Energy Required per Sectors

Seattle Energy Required per Sectors

Oklahoma City Enefgy Required per Sectors.

Electrical Energy Input Required to Obtain: 1. Heating and’
Cooling, 2. Heating Only, 3. Cooling Only

Energy Cost for Heating and Cooling as a Function of

ElecLrlicity Cust
Energy Cost for Cooling as a Function of Electricity Cost
Energy Cost for Heating as a Function of Electricity Cost

Percent of Population in Metropolitan Areas

.Climatic Influences in Geographic Divisions

First Law Analysis Balance for HP-ICES Summer Mode

First Law Energy Balance Ice Generation HP-ICES Winter Mode --
Based on 12000 Btu/Hr Water

First Law Energy Balance for Conventional Boiler System
Winter Mode

First Law Energy Balance for Conventional Chiller Summer Mode

Availability Analysis Ice Generation HP-ICES Based on 12,000
Btu/Hr Water Heat of Fusion Winter Mode

V.

16

35
35
37
38
49
50
51
52
53
54
66
67
70
79
80
80
81
82

83

84
85
99
100
103
104

105

106
110



3.8

7.1-7.2
1a.1
14.2
14.3
1A.4-1A.6
1A.7-1A.8
24-1
24-2
4A~1

4A-2
4A-3

7A-1
748-2

PART I LIST.OF FIGURES (Cont'd)

Availability Analysis Ice Generation HP—ICES‘Summex Mode
Availability Analysis of Conventional Boiler Winter Mode

Availability Analysis for Conventional Chiller Based on
12,000 Btu/Hr Chilled Water System Summer Mode

Heating and Cooling Obtained by Various Systems
Pressure Enthalpy Diagram

Two-Stage Compression with Water Intercooling
Two-Stage Compressioﬁ with Liquid RefrigerantA

Dunham Bush Screw Compressor Performance Chart

-Quick Selection Chart Carrier Centrifugal MPS Compressor

Housing Plan, Market Sqﬁare, Washington, D.C.
Housing Section, Market :Square, Washington

Present Value Analysis
Conventional System Boiler and Chillers

Present Value Analysis
Heat Pump System Ice Storage HP-ICES

Relative Present Value Analysis Conventional vs
Heat Pump System Ice  -Storage HP-ICES

Ice Stroage Using Outside Air

Dual Fuel (Natural Gas or 0il #2)
Engine Drive Ice Generating HP-ICES

. Annual Overall COP of Diesel Engine Gas Engine and

Electric Drive Heat Pump

Vi

111
112

113
145-146
157
157
158
168-170

. 171-172

179
180

204
205

207
211

223

224



1.1

1.2

1.3

1.4

1.5

1.6

1.7
S 2.1
2.2
2.3
2.4
2.5
2.6
2.7

2.8

 2.9
3.1
3.2
3.3

4.1

PART I LIST OF TABLES

HOT WATER TEMPERATURES
SUMMARY OF ONE STAGE COMPRESSION PERFORMANCE FOR
EVAPORATOR TEMPERATURE OF 20°F AND CONDENSER
TEMPERATURE OF 130°F

SUMMARY OF TWO STAGE COMPRESSION PERFORMANCE FOR
EVAPORATOR TEMPERATURE OF 20°F AND CONDENSER
TEMPERATURE OF 130 F

COMPARISON OF PERFORMANCE OF SCREW COMPRESSORS
(TYPE E(HP) X 2516 DUNHAM-BUSH USING R-12 AND
R-22 REFRIGERANTS '

PERFORMANCE OF MPS SIZE 40 CARRIER CENTRIFUGAL
COMPRESSOR WITH R-12 AND R-22 AT 20° F AND 35°F
SUCTION TEMPERATURES.

COMPARISON OF PERFORMANCE OF CARRIER MPS SIZE ‘40
CENTRIFUGAL COMPRESSOR VA 2516 DUNHAM-BUSH SCREW
COMPRESSOR USING REFRIGERANT - 12

STORAGE MEDIA PROPERTIES

DESIGN CONDITIONS FOR SELECTED LOCATIONS

ANNUAL ENERGY REQUIREMENTS FOR COOLING

ANNUAL ENERGY REQUIREMENTS FOR HEATING

ANNUAL ENERGY REQUIREMENTS FOR DHW

HEATING AND COOLING ANNUAL ENERGY BALANCED

SUPPLEMENTARY COOLING AND HEATING REQUIREMENT

DHW AS PERCENTAGE OF THE TOTAL HEATING REQUIREMENT

ANNUAL ENERGY REQUIREMENT FOR RESIDENTIAL AND
COMMERCIAL SECTORS

SCREW COMPRESSORS TONNAGE HOURS POWER AND COST
ICE BIN LOSSES

ENERGY INPUT (CASE STUDY WASHINGTON D.C.)
SUMMARY OF ANNUAL ENERGY INPUT

RECAPITULATION OF ECONOMICS

1wid

19

25
26
29
33
34

39
59
60
61
62
63

64

73-74

78

90
120
121
122

129



PART I LIST OF TABLES (Cont'd)

4.2 PAYBACK SENSITIVITY WITH ESCALATION RATE AND
‘ COST OF MONEY

4.3 OWNING AND OPERATING COST PER MILLION BTU

1A.1 RECAPITULATION OF PERFORMANCE OF R-12 PER
ONE TON REFRIGERATION

1A.2 SUMMARY OF TWO STAGE COMPRESSION PERFORMANCE
FOR EVAPORATOR TEMPERATURE oF 20°F AND CON-
DENSER TEMPERATURE OF 130° F

1A.3 COMPARISON OF PERFORMANCE OF SCREW COMPRES~-
SORS TYPE E(HP X 2516) DUNHAM-BUSH USING
'R-12 AND R-22 REFRIGERANTS 206°F SST AND
130°F SDT

1A.4 COMPARISON OF PERFORMANCE ,OF SCREW COMPRES-
SORS TYPE E(HP X 2516) DUNHAM-BUSH USING
R-12 AND R-22 REFRIGERANTS 35°F SST AND
105°F SDT ‘

1

1A.5 REFRIGERANTS-12 SUCTION TEMPERATURE 20°F
DISCHARGE TEMPERATURE 120°F COMPARISON OF
PERFORMANCE' OF CARRIER MPS SIZE 40 CENTRI-
FUGAL COMPRESSOR VS. 2516 ‘DUNHAM-BUSH SCREW
COMPRESSOR

1A.6 REFRIGERANT-12 SST 35°F SDT 105°F COMPARISON
OF PERFORMANCE OF CARRIER MPS SIZE 40 CENTRI-
FUGAL COMPRESSOR VS. 2516 DUNHAM-BUSH SCREW
COMPRESSOR :

1A.7 PERFORMANCE OF MPS SOZE ad“CARRIER CENTRIFU-
GAL COMPRESSOR WITH R-12 AND R-22 AT 20° AND
35°F SUCTION TEMPERATURE .

2A.1 HEATING AND COOLING ANNUAE ENERGY BALANCE

2A.2 WINTER AND SUMMER DOMESTIC HOT WATER ENERGY

' . REQUIREMENTS AND COOLING CPAPCITY OF HEAT
PUMP

2A.3 HEAT TRANSFER COEFFICIENTS FOR SELECTED LO-
CATIONS IN THE UNITED STATES

2A.4 PEAK HEATING LOAD
24.5 PEAK COOLING LOAD
2A.6 DOMESTIC HOT WATER ENERGY, REQUIREMENTS

2A.7 DETERMINATION OF SUPPLEMENTARY COMPRESSOR

WORK, SUPPLEMENTARY HEATIVG & ICE STORAGE
3IN SIZE

7JA.1 ANNUAL ENERGY REQUIREMENTS FOR HEATING DHW
AND COOLING
viil

-130

131

159

162

163

164

165

166

167

176

177

184
185
186

187

188

213



HP-ICES PROJECT

1 SYSTEM DESCRIPTION

1.1 SYSTEM CONCEPTUAL DESCRIPTION

St

The Heat Pump Integrated CommunityiEne?gy System described iﬁ this
report is désigned t0'§rovide.energy for heating and'doméstic hot water to
an entire commﬁnity in the winter time. The syspem.uses'the‘latégt'heat og
fusion of water as its low température heat sourcé. '

The ice generated by the heat pump during the winter is stored 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 iée. fowards
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 heéting cycle. Conversely,
the sﬁmmer cooling load could be consideféd éé 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 enérgy conserving arranéemeﬁt. "It ﬁot only utilizes the heat
pumps concept, generally recognized as Being highly efficient bf elgvating low
grade energy to high potential form, but also'utilizes bothfénergy transfer
- levels of the heat pump to accomplish both heating and cooling.

This considerably increases the annqal 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=
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HP-ICES PROJECT

~which énables the transfer of cooling enérgy 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 electrica% peak demaﬂd aﬁd at the saﬁe time igp%évingcthe éleg-
trical utility's loaa facfor, enabling the existing electricéilﬁowerlcapacity

‘ of the power plant to accommodate all the existing and even growing electri-
calvenergy'demand. to

Also, the concept does not exclude #he application of diurnal storage on
tﬁe 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, w&uld be composed of private residences,li
apartments, shopping centers, offices, aﬁd educational facillties which, taken
together, could constitute a suburb of ailarge city or an independent muni-
cipality.

The multisector community compositipn 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.

_Like;ise, the HP-ICES being a centrélized system, with centralized storage
bin will require a much lower capital outlay than several decentralized systems
which would be required by tbé separate sectors of the community if HP-ICES
were not applied. |

The thermal characteristics of the community, together with the storage
systems (both seasonal and diurnal), impart considerable "thermal inertia" to
.the whole system, which results in the Igveling pf load fluctuétioné and a

. reduction in the energy demand.



HP-ICES PROJECT

The HP-ICES is influenced to a large extent by the composition of the
community. The preddminance of either the residenfial sector or the com-
mercial sector with their énnual load profiles will decide whether the HP-
ICES is applicable to the community or not.

. Communities comprising many office buildings will have an_internal cool-. -
-ing ioad in the winter. In sucﬁ caSes; the heating load may be consider;bly
reduced. If thé internal heat gain is véry large some mechanical cooling in’
the affected zones will be'neceésary and the heat pump might be able to per-
form cooling and heating simultaneously, using the internal cooling load as
a heat sorce.

.:Mwﬁgn_ﬁhe‘hgating load is réducngby_ using the internal heat gain as a
heat sorce, the heat pump will generate less‘ice. The reduced qﬁantity may
be insufficient for satisfying the summer cooling requirements, making it
mandatory to provide supplementéry cooling during the summer.

The central HP-ICES Eon;ains a modified refrigeration system.with com-
pressors, double bundle condensers, cooling toweré, chillers, icemakiqg,equip—
ment, evaporators, circulating'pumps and heating and cooling distribution sysfems.

The compressors should hav’é the lowest horsepower per ton power consump-
tion possible. They should be able to perform satisfactorily at low suction
temperaturés necessary for ice‘generatibn and at high discharge temperatures
required for generation of hot water for heating and domestic hot water.

The compressors should be{able to'operate aiso under standardiair con-
diﬁioning conditions, that is;with a higher suction temperature and a lower
discharge temperature and with'a performance which is éompetitive with that

of a conventional air conditioning chiller. The transition from one range of
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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 &isplacement of the compressor, and a high heat
capacity which will increase th; refrigerating efféct. The refrigerant should
be relatively inexpensive and a§ai1ab1e on the market. The type of the refri-
gerant to be used will be investigated separate}y.

Ice generators (evaporators) should have large heat transfer surfaces,
should be prefabricated, easy to instéll, control and maintain, and be readi-
ly available on the market.

Ice generation could be acgomplished in two ways (to be discussed later)-
either by the use of "ice makers" (where water is converted to ice by being ’
circulated by a pump and sprayed over evaporators) .or by tﬁe use of chillgd
brine carrying coils iﬁmersed in the ice bin.

. The ice storage bin should be able to accommodate all the ice which QillA
' Be'u;é&Afér 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 biﬂlis sized to accommodate only the amount of ice
fequired for the summer cooling. The excess ice will be mglted. In locations
wﬁere tﬁe héat pump winter opefation generates less ice than required for the

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

"heat pump is capable of generating.
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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 required heat to the com-
munity or, alternatively, 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 choscn, either an air or water system, will
depend on the temperature of the hot water obtainable from the double bundle
condenser.

Many interdependent factors will affect the Lemperature of the hot water -
the 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
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dependance on the composition of the community and its internal load.

In moderate climates there may be a balance between the winter heating
‘requirements and the summer cooling requireﬁents. The ice generated in winter
by the heat pump would sufficiently cover the summer cooling requirements.
However, the»existencg of a large internal load will &isturb‘the balance and
cause avdeficiency in the generated ice.

In northern 1étitudes where the winters may be severe and prolénged while
‘the summers are mild and short, the heat éumps will produce more ice than is
required for the summer. However, the existence of a large internal load will
reduce the excess 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
not sufficient to satisfy the summer cooling requirements of the community.

The existence of a large internal load maf'cause‘this deficiency to become more
severe,

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

Whenever there is an excess of ice, it is dealt with fir;t by deliberately
leaving the ice storage bin uninsulated to encourage heat leakage into the bin
and cause some melting of tbe ice. If this proves insufficient,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



HP-ICES PROJECT

only when the temperature drops Below 45°F,

Oﬁ the other hand, wherever‘fhere is a deficiency of ice produced by the
heat pump, other means must be sought to overcome the'deficiency in the avail-
able "cooling'" energy for supplying the summer cooling requirements. First, the
bin is well insulated to reduce ﬁeat gain and thus prevent the loss of ice.

‘This, however, is usually iﬁsufficient and it may be neceesary to generate
chilled'water by conventional me%ns with Heat rejection to the cooling towers.
Alternatively(and preferably), chillgd water may be generated by the heat pump
generating domestic hot water af_;he same time. ' Better yet, this could be done
at night thereby cutting down thé electrical demand if electric drive is ﬁsed.
This also implies the utilizatioﬁ of the diurnal chilled water‘storage concept
with the use of the already available ice stérage bin or paft of it.

Another way t§ overcome the‘defiéiencyvin ice is to supplement thiS‘de;
ficiency by means other than thé-heat pump,-namely to generate ice by passing
éold, 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-
ducing ice. With the uée of this method, the size of the storage bin might have

to be increased slightly.

[T T ,
P { Yo ,

The heat‘pﬁmp of the HP—ICES does not necessarily have frn he powered elec~ .

trically. It couid be powered by a thermal engine (oil or gas), or by a gas
turbine. |

Tﬂis is especially Bénefiéiél in locations where the winter électfiéal demand
is considefable. In such cases,:additional heat recovery could be emploved,
thereby reducing the size of thetheat pump. However, additional environmental

probléms might be caused, offseﬁting some of the benefits of heat recovéry.

~10-
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Thérefore, the adyaﬁtages and disadvantages of thermal engine drive should be
compared with those of electric drive.

Wich regafd to the ménagement of the HP-ICES, it could be integrzted with
_ an éxisting.thérmal utility. The local power combany wouid probably be very
inﬁérested in‘the acéeptance of the new concept which, by its versztility and
many new pbssibilities,.would enable Lhevboﬁer company to mzintain betieyr power
ard load management in the utility.

The chargé to end users could be based on a measurement of the energy
Supplied in chilled.and.hoc water,

To sgﬁ up, the HP-ICES offers é’graat variety of optionc.ail of which
tend to reduce the conéumption of energy. It is the rost sophisticaﬁed and
cfiicient energy system'to-date capable of supplying all the heating, démestic
.hot‘water, and coolirng requirements to an entire community with the lezst ex-

peaditure of input erergy.

-11-
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1.2 OVERALL COEFFICIENT OF PERFORMANCE

For the comparison of the ice generating Heat Pump Integrated Community‘
Energy System with an alterﬁativ; conventional system whereAﬁeating is accbm-
plished with fossil fuel-fired boilers and éooling witb centrifugal.chi;lers,
‘an annual overall coeffiéient of:performance should be computed for both
systems,

jhis overall COP éhould reflect the source energy utilized and should be
the ra;io of both heating and cugiing OUCPUL tn Taw sburce energy input. :

The COP for the ice genefating HP-ICES based ﬁpon compressor shaft ene?gy
input 1is : | ’

COP¢ = Q¢
. w

copy, = Qy
; o

w

cop Ovﬁrall = Qc + Qn

[

Aécounting for the thermal;efficiency of the prime mover at the power

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

a cotrrection factor of 0.31 should be applied to adjust for source energy input.

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

COP oveérall = (Qn + Q) 0.31
' W

~¢sing Qn = Qc + W, COP overall = 0.31 (1 + 2 COP)
The overall coefficient ofﬁperformance'for a conventional plant with the

same heating and cooling output’'as the HP-ICES is determined as follows:

-12-
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" COP overall =Qn + Q.
Qp + W1
- E 0.31

where Qn and Q¢ are the heating and c&oling‘outputs assumed ﬁo be equgl for
both HP-ICES and conventional syste@: ‘é is the heating plant efficiency of
the convention;l systém and W, 1is the conventional cooling plant shaft work
input.

To illustrate the point the cverall COP's for both the conventional and
HP-ICES will be calculated for Qq = 15,000 Btu/hr aud Qe = 10,000 ﬁtu/hr.
Assume E = 0.6 and thé'coefficient of performance for cocling for the con-

ventional system, COP] = 4.4.

Thus for the conventional system

COT’ overall ='Qh - Q¢
o Qe
E cor, » 0.31

1

1, .1 '
15000 + 10,000 o .

:15000 + 10,000
0.6  4.4x%0.31
For the HP-ICES
COP, = 10,000 =

115,000 - 10,000

Cop overall =.0.31 (1 + 2 COP.)
=0.21 (1 +2x2)=1.55
~which is greater than the COP overall.for the conventional system.

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

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

=13=
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the conventional system.
Thus

S - COP overall = 15000 + 10,000

15000 + 10,000
1 5 x 0.31

= 1.16

A general formula connectingfthe cqgfficients-of performance“fof cooling

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

Heating plant efficiency - =Qp=0Qc + W
T

where W is the shaft work input for the HP-ICES, the other terms having been
already defined:
For the conventional system

COP overall = Q. + W + Q¢

Qe+ W, W
R
Substituting COP, = Qc/W, and COPc = Qc/W

and simplifying ‘ : - .-

(1 + 2 (OP.) 0.31E

cop ovenail

0.31 (GOPe+1)+(COP) g
| (COP1)

éetting the two expressions for overall COP equal to each other and solving for
COP, yields

COP. = E - 0.31

0.31 + E/COP}

The assumption of a heating'plant seasonal efficiency of. 60% and a con-

. R : g -14_
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ventional céoling plantvcoefficient of performance, COP] of 4.4 (based upon
0.8KW per ton), wiil yield a COPé.of 0.65 for the HP-ICES. For these cdn-
" ditions the 6verall COP's for the two systems will be equal.

The overall COP would be

0.713

0.31 (1 + 2 x 0.65) -
and COPy (1 + ©0.65) :=41.65
Inspéction~of’manuf#cturer's dgta for fefrigefant-compressors reveals that .
a cooling COP. of 0.65 is much'loﬁer than the COPC'obtainabie within the range
of saturated discharge and suction temperatdres cbnsidered for the HP-ICES.
Therefore, the HP-ICES shouid be moreﬂéfficient than. a conventional plant
in ‘the use of sourcefenergy.' Ffom Fig. lf41the saturation discharge femperature

has to be less than 160°F if the COP for heating is not to be lower than 1.65.

-=15- .
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1.3 OPTIMUM TEMPERATURE RANGE FOR COMPRESSOR OPERATION

The saturated suction temperaturé (SST) and the .saturated discharée tem~
pepature‘(SDT) are set éé a?consequenceuég.many different agthfcen conflict-
“ing factors.

The SST is set by the ice making conditions. The 209F SST is the highest
temperature feasible for ice making.v This sets the léwe: 1imit fo? the tem-,
perature range of the compressor. In any ofher conditions, for example,

. chilled water generation in summer, the suction temperature will be higher,
thgs improving the COP.

‘The choice of the SDT is more involved. The AT employed for heating will
'ndetermine the flow rate; The flow rate will determines the pipe size. The pipe
" size, in turn, will affect . the pumping power. For a constant return tempera-
ture of, for example, 90°F, a higher A T means smaller flow and smaller pipe
sizes. On the other hand, higher temperatures.mgan lower COP's.

The saturatedAdischarge temperature of the compressor has a lower 1limit
set by the utilization temperature of fhé hot water for heating and domestic
hot water which may not go below 110°F,‘if it is to provide efficient heating.

Accounting for heat distribution losses of, say, 10%, the drop in tempera-
ture for a A T = 1109F - 90OF = 20°F wiil be 2°F permitting the minimum tem-
perature for the hot water to be 112°F. This would set the condensing tempera-
ture at 122°F.

The higher limit of the compressor saturated dischafge temperature is set
by cycle efficiehcy considerations resulting from the thermodynamic compariéon

of the overall COP of the heat pump system with the COP .of the conventional system.

=17~
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It was shown in Section 1.2, PageilS that for the ice gener;ting HP-ICES
to be efficient, the overall COP of thé heat pump should be greater than 0.713,
accounting for the source energy considera;ions. From the analysis and graph
in.Section 1.2, Page 16 the resulting.COP for heating should be'greaﬁgr than
1.65; and‘the highest corresponding saturated discharge temperature should be
less than 160°F. :

Table 1.1 shows that increasing tée outlet tempefature does not necessarily
decrease the pipe size, nor does it reauée the pﬁﬁping power.' However, in every
case the power input to the compressoriof the heat pumps is inﬁreased.

It is evident from the table thatigoing from a: 110°F to a‘IZObF water tem-’
perature raises the pover input to the compréssor by 176 b, whils the saving in
pumping power (without changing the pipe size) 1is 0.704 hp per 100 ft. of
piping.

This means that if the piping is

173 X 100 = 24,574 ft.
0.704 1 g

the saving in pumping horsepowerlwill'balance out the additional compressor
power input. Up to 25,000 ft. the coﬁpressor-power input excéedg ﬁhg savings
in pﬁﬁﬁlqg.ﬁower. éébove 25,000 ft. tﬂere is a saving in pumping power over the
coﬁpréssor power inéuﬁ.' | |

The size of the piping béing thejggme, it éppea:s th;t the 110°E Vater tem-—
beratﬁre is ﬁbté féasible than tﬁe IZdoF temperature. Comparing the‘120°F and |
130°F water ;émperatpres; lg appéars.ghat at the 130°F water tegperature, both
the pumping pdwer and the compressor ﬁower input.are greater thﬁn at the 120°Fl
water temperature. Comparing the 1206F with 140°F:water temperatufe shows a

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

-18=.
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15 puﬁping horsepower with a distribution network larger than 17,500 ft.
The condensing tempéra;ure of the ice generating‘heat pump 1is within the
- limies, 122°F <L SDT & ;509?. Naturally, a §DT of.ISOQF wodld m;gé the HP-ICES
just ccmpetitive with the conventional systeﬁ. This is from an energy-usage
point of view alone without considération'of the capitgl costs of the two systems..
fherefore, for the HP-ICES to be beneficial, the SDT shoul@»;t}l¢a§t;bg..
150°F ﬁhich would result in a hot Qater temperature of'140°F. .Et ﬁhuélaﬁgéa;s
that the two feasible limits for the hot water temperature are 110°F and 140%s.
The four candidate temperatures for the hot water, 110°F, 120°F, 1300F znc 140°F
were investigated in a brief analysis By comparing the pumping‘hofSe power of
'the hdt water for each temperatﬁre with the compressor, horse power inpu:-re-
-quired to produce and deliver 10,000,000 Btu/hr with a 90°F return water

temperature.

The data are tabulated below.

TABLE 1.1
hp to Com-~
Pipe - TFlow 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-~
(4n.) _ft/sec. °F 100 fr Min.  Pipe  COP _ ¥° ed
- 8 6.5 110 2.25 1000 0.992 .3f50 120 1123
'8 4.5 120 1.20 666 0.288  3.03 130 1296
) 5.3 130 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

-10-



HP-ICES PROJECT

It is thus obvious that thé hot water temperature has to be chosen for
each particular community‘debendent on its size, the‘length’of the dis-
tribu;ion system, and the intérfelation bgtween the pumping power and-the com-
pressor input power.

Besides, we have to consider the degredation of the s&stgm with years of
operation. | , ' ?

Considering theAabove, fo:the purpose of this ;éport.we are going to use
the mean temperature from the pééceding table, that:is'IZOOF water Whiéh will

"'set the saturated discharge temperature at 130°F. .

—~

-20-
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1.4 REFRIGERANT INVESTIGATION

Although the primary'fuhétion of a reffigerant is to remove hgat, the
choice of the_réfrigeraﬁt for a ?afticular'apﬁlicétioﬁ is déte;mined by con-
sideration of»all of iQS‘propefties; .

¥ts-flammability, toxiéity,idensity, viscosity and availability are taken
~ into account in making the choice although its refrigerating Ca?acity remg%ns
" the deciding factor. | |

The Second Law of Thermodynamics, and the Carnot Cycle
require that for aAheat engine, heat be supplied from a high temperature source
at as high a température-as pdssible_and be rejected to a low temperature sink
at a temperature as low as possible.- This-&ould increase the area of temperature-
entropy diagram and thus increasé'the work obtained from the heat engine.

For the refrigeration cycle (or the reversed cycleAﬁeatﬁengine), we are
interested in reducing the area on the temperature-entropy diagram, that is,
the worg 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 témperature.sink at a temperature as low as poésible.

Tﬁus,'according to the'éecdnd-Law,'for‘the fefrigeration cycle and consequent-
ly for the heat pump cycle, the evaporatioﬁ temperature at which heat is ab-
lsorbed should be'as high as possible, and the condensing temperature at which
‘the.heat is rejected should be as low as possible.

As shown in.the temperature analysis (Section 1.3), the saturated suction
temperature (SST) of the system was set at 20°F and the saturated: discharge
temperature (SDT) at 130°F.

For any medium, the pressufes are proportional to the temperatures and not
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being eble»to control the temperatures any mofe, we shall look for a refri-
éerant 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 désirable properties of a refrigerant should be
an evaporating pressure as high as possiBle and a cdndensing pressure as loﬁ as
possible.

Coupled with this, a good refrigerant should have a high refrigerating

‘capacity; that is, a large latent heat at evaporator pressure, A high refri-

gerating capacity, together with a low compression ratio, would necessarily
lead to a low horsepower per ton refrigeration requirement which is the ﬁLti-
mate goal in any refrigeration or.heat pump system. | '

In’this‘study,' R-11, R-12, ri-zz, R-113, R-500, R-502 and R-717 were in-
vestigated for suction temperatures atlZObF and condensing temperatures of
130°F. Single stage compression and two stage cempressien with intercooling
between the stages were considered.,

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

if the intercooling was done with water rather than with the refrigerant, 1In

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

first stage discharge to desuperheat ehe gas. This increases the mass flow
through the second stage of compression, inereasing ehe workAoe energy input
to the éeESﬁd stage. | ' |

:Hewevef, R-12 and R-502 show an obpesite ﬁreﬁd;_namely that single stage
compression is'more efficieet. The calculations are shown in Appendix 1A aﬁd

were performed on certain assumptions like saturated suction conditions,

isentropie compression and saturated liquid in the condenser. The results are

;22-
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summarized on Pages 25-26, Tables 1.2 and 1.3.

R-11 and R;113 were discarded as possiblé'candidates because of very
large suction volumés requiring very large displacement compresép;g. Also,
both have high compression ratios and very iow evaporator preséures. ﬁbth
.are limited to centrifugal compressors and require muiti-stage compression
which is expensive. R-11 is more suited for water chilling.than‘foruicg L
<m;king. Iﬁ thé case of R-113, it was found that the assumption of saturatea
suction conditions leads to diécharge conditions in tﬁe wet region. To ob=.
tain saturated discharge conditions, a superheat of suction vapor would have
to be assumed which was contrary to the assumpgion made in this study.

R-717 has some desirabie propertieé like a large refrigeration capacity
and consequently a small rate of flow per ton; a small volume rate of flow
allowing a smaller compfessor displacemént, smaller piping, and generally a
smaller system. Cost is abouﬁ 15¢ per 1b (as opposed'to $1.00 per 1b 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 putlthe R-717 in Group 2
in the refrigerant Classification Section which classified the refrigerant by
toxicity and flammability. Group 2 refrigerants are prohibited for ﬁse in
direct systemé,‘but are allowed in indirect systems in special machinery room
(Class T), with some safety requirements. Thése requirements, however, will
make the use of R-717 ﬁore complicated.

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

set by the Code, and thereby, benefit ffom~the desirable properties of R-717,

mentioned above.

-23-
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- R=502 was eliminated as its capacity is telatively low. 1Its COP is aleo
low and its use is limited to cases of smction temperatures belew 0°F. This
limited the study to R-12, R-22 and R-500 which were singled out for further
investigation. |

All three are non-flammable and belong to Group I of ANSI 89 1-1971
Safety Code and Groups 5 and 6 of Umderwriter's Laboratories Classification
(ASHRAE Fundamentals Pg., 253). BothAclaésiEy them as the lezst toxic rafri-

gerants.

R-12, R-22 and R-560 were further studied for 35°F suction temperature
and 105°F condensing temperature, that is; for comditions encountered in
. standard air conditioning work (see page 27a).

"~ This was done in light ef the fact that in some clinztic zonec the ice
gererated duting thelwinter heat pume operation might not be suvfiicient to cover
the summer cooling requirements and some smpplementerf coeling right prove neees-
sary in the off electric peak periods during the cummcl ronthe.

In such cases, the same ice making comptesscr might be czlled upon to
operate under different conditioms than ice making. Thus, the refrigerant
chosen should be suitable for operation within.a range of 20°F to 35 F satur-

et :

'fated suction temmerature and 105°F to 130°F saturated di scharge temperature..
The calculations are summarized in Table - 1.3A on Page 27a. |

It appears that for the air conditioning range of opernt“mn R-22 has the
smallest CFM/ton but its power requirement is somewhat larger than that of R-5C0.
For the ice making range, R-12 appears to be the best choice. Ice making is the

prevailing consideration since it 15 the primary purpose of the compressor in ice

generating HP-ICES application.
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" TABLE 1.2

SUMMARY OF ONE STAGE COMPRESSION PERFORMANCE FOR EVAPORATOR'TEMPERATURE'OF'20°F‘AND‘CONDENSER'TEMPERATURE

OF '1300F

PRESSURE REFRIGERANT FLOW DIS-
RIFRI- PSIA COMPRESSOR PER TON ggﬁggE
- GERANT P, : 3 RATIO .|  COP . HP/TON [ LB/MIN® |. CEM** °F.
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
B-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

P_ = Suction Pressure

(s}

P. = Discharge Pressure

* THROUGH THE EVAPORATOR

*% AT COMPRESSOR SUCTION

103r0¥d SIDI-dH



-9z~

TADLE 1.3

SUMMARY OF TWD STAGE COMPRESSION PERFORMANCE FOR EVAPORATOR

TEMPERATURE OF 20°F AND CONDENSER TEMPERATURE OF 130°F

*% AT COMPRESSOR  SUCTION

' REFRIGERANT PLOW
: CoM-" cop 1P/TON + PER -TON .
REFRI- PRESSURE PRESSION . . N IS -
. RATIO .| LB/MIN  C CHARGE
GERANT PSIA FIRST SECOND FIRST | - SECOND TEMP,
: STAGE STACE STAGE STACE oF
INTER- INTER- TNTER= INTER-
Pg P, COOLING COOLING COOLING COOLING
WATER REF. WATER HEF. WATER REF. VATER REF.
R-11 4,35 38.67 8.9:1 | 3.85 3.80 1.23 1.2 | 3.37 3.37 3.37 28.6 | 1.14 1.26 137
- T . ]
R-12 35,74 | 195.71 | 5.5:1 | 311 3.06 1.52 1.54 4.90 4.90 4.90 5.38 2.38 2.45 138
R-22 57.73 | 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 18.45 | 12.1:1 - - - - 4,23 - - 76.14 - - -
g-500 | 41.96 | 231.90 § s.s:1 | 3.14 3.08 1.50 1.53 4.09 4.09 4.09 4.61 2.02 2.10 140
R-502 | 63.16 [ 335.54 5.0:1 | 2.49 1.82 | 1.85 1.90 6.09 6.09 6.09 . 1.65 1.74 140
R-717 | 48.21 | 330.00 e.8:1 | 3.57 3.39 1.32 1.39 0.48 0.48 0.48 2.82 1.6 | 1.26 208
% THROUGH - THE EVAPORATOR

1o3royd SadI-dil



HP-ICES PROJECT

‘The theorgtical study was usgful in narrowing down the range of possible
éhoiceslof'refrigerants,-in.explaining the prdce&@re probably féllowed By the
.manufacfurers themselves, inﬂtheir-dhoice\of refrigefantg, andﬁ;g enab};pgAany .
: reader of this repprf'to Better understand the-underlying engineering principleg

on which this report is based (see Appendix 1A).
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TABLE 1.3a

COMPARISON OF PERFORMANCE .PER TON OF REFRIGERATION

T

~ .0 s
Tg = 357F/Tj = 105°F

= 2n0O = (o]
g = 20°F/Ty = 130°F
REFRIGERANT | - FLOW | . - FLOW g
. COP HP/TON | LB/MIN.| CFM/TON | coP. | HP/TON| LB/MIN.| CFM/TON
R-12 £ 3.11 | 1,514 4.90 5.38 | -5.74 | 0.821 |- 4.11 3.46
R-22 - 3.08 | 1.53 3.49 3.27 | 5.78 | 0.816 |- 2.99 2.14
e ‘ |
R-500 3.1 | 1.52 5.09 4a.61 | 5.82 | 0.810 |- 3.42 2.95

Lo3rodd s3doi-dH
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1.5 COMPRESSOR INVESTIGATION

The performance of a Dunham-Bdéh E (HP) x 2516 screw compressor was in-
vestigated using R-12 and R-22, both at 20°F SST éﬁd 130°F SDT as well as at
35%F SST and 105°F SDT, that is, for conditions suitable both for ice making
and standérd air conditioning appl%cation respectively.

In both operating ranges, R-22 proved to be the superior of the two re-
frigerants producing a much larger tonnage (aboutv63% more) than the R-12 at
a cost of 1% to 5% increase in HP/ton power input. (see Table 1.4)

This result is in agréement wéth the refrigerant investigation in which it
was found that the CFM/ton for R—2£ is smaller than the CFM/ton'fot R-12.
Thus, a given compreésor Aisplacement will circulaté per unit time more R-22
than R-12.

Likewise,‘thg performénce of.;he same compressor at 35°F -'105°F p;oﬁed
to be be;ter for both rgfrigerants that the performénce at ZOOE_-'IZOO?.which,
of course, was expectea. The result was also obtained‘with;éﬁe-refrigerant
investigation.

Table 1.5 confirms the above tesults for centrifugal compressors.- It
éppéarsatpat R-22 is the preferred;rcfrigerané for the entire range of opera-
tion suitable for ice making and a;r conditioning. Table 1.6 éhows a com-
parison of a centrifugal and a scréw coﬁprgssor. The compa;ison was limitéd
to R—lz; asAthe only full'data aﬁa;lable reléfed to fhis refrigerant. Aléb,
withlthe data available, the disch;rge tempegature of the centrifugal com-
pressor wasllimited to 120°F and, Fhe:efore, the performance of the screw

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

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

-28-
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*TABLE 1.4
COMPARISON OF PERFORMANCE OF SCREW COMPRESSORS (TYPE E (HP) X 2516)
DUNHAM-BUSH USING R-12 AND R-22 REFRIGERANTS, __TABLES BASED ON

5.8.T. = 20°F §.0.T. = 130°F AND
$.8.T. = 35°F $.D.T. = 105°F

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

Tg = 20°F/Tp = .130°F , Tg = 35°F/Tp = 105°F

ox g [g]
omim ) o
o REFRIGERANT - POWER HEAT CoOL- REFRIGERANT " POWER " | HEar 2
j T CAPACITY ' REQUIREMENT REJECTED | ING . CAPACITY REQUIREMENT REJECTED :
’ o

TONS BTU/H | "HP | mP/TON BTU/H BTU/H | C.0.P. | TONS BTU/H HP'| HP/TON | BTU/H BTU/H c.o.
2-12 [ 275 3,300,000 | 595! 2.16 1,514,000 |-4,814,000] 2.18 | 450 5,400,000| 460 |. 1.02 | 1,171,000 | 6,571,000 4.60
R-22 |-450 . | 5,400,000 |,1025( 2.28 2,609,000 | 8,009,000{ 2.07 735 8,820,000{ 760 1.03 | 1,934,000 {10,754,000 4.56
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HP-ICES PROJECT

At a lower suction temperafure the centrifugal compressor performs slight-
ly .better, but at suction temperature of 356F, the performance of the screw
compressor is suﬁerior.

The centrifugal compressor, hoﬁever, is not suitable for high discharge
temperatures and the operation ef the same centrifugal compresser within a
range of 20°F to 35°E suction tempera;ure 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 consiaeration 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, a;thoughl
they are suitable for operation‘over a wide pressure range. Inquires made
with the manufacturers brought out the fact that reciprocating compressors
are mostly manufacfured up to s;zes of 80 tons and not more than 350 tons.

Within the range of 200 tAﬁ - 1000 ton, the helical rotary compressor or
screw‘cpmpressor has earned its'place in recent years, but above 1000 toms,
the centrifugal compressor is ueed.

In our ice making applieatinn we ahall‘use the screw eomprcasor; They
are a new generation of compressors introdueed iato the refrigeration indus;,
try in the late SO'S;Athey earned almost instant acceptance.

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

pressors. They are versatile and can be used for'all common industrial gases,
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for air, for refrigeration and air conditioning, and for heat pump applications.
They operate stably over a wide range of.eQaporating and condensing temperatures
~and are capable of oﬁefating high pressure?heads for all applications with the
.uéualﬂhigh pressure refrigerants like R—12; R-22, R-500 and R-717.

;The 0il flooded helical rotary compressors are mechanically simple with
only two major moving parts - two fotating,screws-which tqrn at conservative
speeds in an oil‘bath. The twin helical rotors compress refrigerant gas in a
purely rotary motion thus assuring a non—pﬁlsafing, uniform gas flow and even
torque with minimum noise, vibration and ﬁear. -

Compression is achieved by direct Qoiume reduction with pure rotary ﬁotion.
Variable capacity control from 100% down to 10% provides efficient part-load
-operation. The unique energy saving slideAvalve capacity control varies dis-
placement for efficient.partfload performance and offers stepless capacity
modulatiqn in infinite stages down to 10% of full load. This permits the com-
pressor to operate ét the lowest KW input during part-load operation. The
slide valve ﬁreéiselyAcontrols the aﬁount of refrigerant gas to be comptessed,
matéhing output with demand and thus significantly saving the power expeﬁditure.

Capacity can also be-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
centrifugal compressors. ThiS-alpne woula be sufficient cause to favor the use
of screw COmpressors for our particular application.

Moreover, with screw compressofs there are no speed increasing gears, no
elaborate inlet guide véne aséembliés, no crank shaft and pistons, no suction

and discharge valves, and practically no clearance volume.
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High adiabétic and volumetric,efficiencies are achieved and the
compressed gas is paftly cooled by o0il 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,'thgre is no need for costly foundations.

Two stage compression can bé accomplished without the need of interstage
desﬁperﬁeating. The iow stage compressor can discharge directly into Lhe sue-
tion of the high stage compreésoﬁ.with a common oil separator serving both
Compressors.

As for maintenance, the solid.steel screws practically never wear 6ut..The
smooth vibratiohless operation with minimum'working'parts assures efficiency of
operation, no less of capacity, performance throughout the life of the compressors,
and the ability to stand up under long hours of constant use.

Tﬁus, there is no majér mechanical maintenance to perform'during the normal
life of the machine. The estima#ed time between mainﬁenance periods is 50,000
hours. The replacement parts aré cheaper than those fof a centrifugal or re-
Pciptbgating compressor.

ie i ooy 4

From the above, the conclusion can be drawn that, for our application, we

would be inclined to use screw compressors with R-22.
_The final decision, however, will also depend on the opinion of compressor

manufacturers.
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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 35°F Suction
Refrigerant Temperature . Temperature
" R-12 : - 1480 tons : 1780 tons
R-22 2450 tomns . 3130 tons

This comparison shows that R-22 has a larger refrigeration
capacity than R-12 when both are used in the same compressor.
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TABLE 1.6

~ COMPARISON OF PERFORMANCE OF CARRIER MDS SIZE 40 CENTRIFUGAL COMPRESSOR -
VS 2516 DUNHAM~BUSH SCREW COMPRESSOR USING REFRIGERANT - 12

SUCTION TEMPERATURE = 20°F . DISCHARGE TEMPERATUKRE = 120°F AND
SUCTION TEMPERATURE = 35°F  DISCHARGE TEMPERATURE = 105°F
Tg = 20°F/Tp = 120°F Tg = 35°F/Tp = 105°F
Type of - " COF . COP
Compressor HP/Ton Cooling HP/Ton | Cooling
Centrifugal - 1.65 2.86 1.1 4,28
Screw 1.80 2.62 , 1.03 4.57
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il sl 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)

FIGURE 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. Unloading 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. In principle, en-
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 F;gure 1.7 the full and part load performance of screw compressors manu-
factured by Dupham-Bush, Sullair Corporation and Freezing Equipment Sales are
compared.

At part load and down to 50%,the Dupham-Bush compressof 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 grcater than the
corresponding power input for the Dugham-Bush compressor.

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
compressors of the other two manufacturers.

Figure 1.8 shows the performance of a York centrifugal compressor. Down to
30%, the part load power input per unit capacity is less than at full load and

less than the corresponding power input for screw compressors.

-
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PART LOAD POWER INPUT CURVE

Rotary Screw Compressor
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FIGURE 1.7
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"Sullair Corporation" - Selection Guide
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YORK CENTRIFUGAL COMPRESSOR

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

load operation.

Thus, at 75% and 50% capaeity the power input is 70% and AQZ of full load
input respectively.

Hewever, as the capacity erops to 30% or 20% the power input per ton in-

creases.

PART LOAD OPERATION
100 . P S e

boa

PERCENT POWER INPUT

CAPAGITY RATIO

detigned or partial Jead (tons)
rated capacity

Capacity ratin =

Best part ioaa efficlency Is votalnen with auonatic iniet gubae
vane positioning with imanual speed reset (A cn chart).

Other part load efficiency conditicns are: autcmatic ini 't guide

vane positioning together with zutomatic speed contras (S), o
automatic inle: guide vane positioning with constant compressor
rom (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, end
for other reasons, specified in our compressor studies, we shall use screw
compressors. o
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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 theiylmaiﬁ 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—oF) - ‘ 0.936 _ 1
Heat of Fusion (Btu/1b) A 144 K 71.1 -
Density (lb/ft3) V55.4 4 48.0 : '-'62.4
Storage Temperature Range : ‘ '
(°F) 32 35-40 100-200
Heat Storage Density : ,
(Btu/£t3) S 8000 3412 6240
Toxicity o ‘ No No No
Cost ($)/1b 0 0.05 0
Corrosion : B No No No
4Avéi1ability Plentiful . Scare Plentiful
.Apﬁlicétion Cooling Cooling . Heating

From the data given in the table it follows that water is the most suitable
medium for cooling storage because of its high heat storage density (8000 Btu/ft3)

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

suitable storage wedium for hcating applications.
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Its availability is limitlesé, itskcostAis low, it has an appreciable
specific heat, it does not requiré special vessels, it.is safe to handle, it
is easy to handle in a distribution network, andvthe technology of'its use is
readily available and familiar td engineers. The nekt storage medium, para-
ffiﬁ, has a very high cost and is not yet available in commercial quantities.
Being derived from cfude oil, its cost oprroduction'is likely to increase as{
the price of o0il goes up.

Its fusion temperature falls within the range of air conditioning cool-
ing applications, but its energy aehsity is about 2.4 times less thén that‘of
watér. It contains .about 107 by volume of air entraiﬁed in it which effec—
tivelyvreduces heat transfer.

Paraffin requires coﬁtainers_made of special material and the ﬁse of
plastic containers would have to be carefully investigatéd for the possibility
of environmental stress cracking.

Because of thé rarity of utilization, there is not as yet any proven tech-
nolugy and establiéﬁed-éngineering knowledge of its handling and utilizétioﬁ.
Althéugh 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 that at thé present time;
water is the most suitabie and effiéient‘storage medium, for both coo;ing and

.hecating applications.
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1.7 ICE GENERATING METHODS

There are two methods of ice geﬁeration. In ohe, coils éarrying chilled
brine at 159F are immersed in ghe';qg.bin and‘ice_}sifgrmedliﬁ*:hé izmedi-~
ate vicinity of the‘brine~éa:ryingApo;}s{- iﬁeréﬁéfAmethéé sugéeé;eﬁ hera
“uses an "ice maker" which is a direct eXpénsion‘evaborator over wﬁiéh water
is sprayed én_d is beiné converted into ice. . |

lfﬁe’ch;lled brine system has a veryslow efficieﬁcy because iée has a
low ﬁéat conéu;;ivity; In tbe progg#s o? ;ceAmaking; fhe icé~iayers form-
ing on:the surfacerf.the coils reduce heat transfer and thus impede further
ice formétioﬁ{" o |

This method of ice formation also requires many coils to be ingtalled in
tﬁe bin;A'Thevégiis.canndt Be.préfabficate&, 6d1y field ihstélied,‘thusfing.
creasigg'fhg ﬁost. | .- - o | o |

Moreover, this system is not suitable for large scéieiéppiiéations be-
cause of maintenance probigms involved, and, in the case of coil fractu;e,
the ice bin might hdve to be drained. This yéuld cause pollution éroblems
in thé storm drainage system.

However; the chilled brine process has one advantage in that the ice
that ié formed is solid with‘no-ai;-spaées.i,This.results in a higher energy
density in the ice.

‘A provision is madevto harvest the ice; that.is, to separate it frqm
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
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around it. This detaches the icé from the piate, and it falls intovthe ice
storage bin. If the bin is not iocated at the same.placebwhere ice is gen-
erated, a conveyor is used tb ca?ry the ice into the ice bin. |

Usually, there are two ice ﬁakers 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 ige maker method, the generation of ice
is more efficient than with the chilled brine rcarrying coils, the afore-
méﬁgionéd 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 prgfabricated, andlmodularly expanded. It could also be located
remotely from the ice bin. The system also ;aﬁses no pollution problems. |

The disadvantage of the ice maker operation is that the ice is not as
solid as with the chilled brineAﬁethod but contains air spa;es in it. In-
stead of a‘'solid block of ice, we get a mixture of ice, air and watér, wﬁich,
in fact, decreases the density éf the ice. Thié requires'a'greater volume
capacity of the bin, |

| The attached schematic (Figure 1.1, 1.3 ) conveys an idea of how ice

is generated with the "ice maker" method.
1.8  COMPONENT IDENTIFICATION

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

of the heating ahd cooling peak loads and monthly energy réquirements..
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Compressor

The compressors should be able to operate in winter time with a SST of
20°F and SDT of 130°F and with as low horse power pef ton power consumption
as possible. In summer time, if there is need for suppleﬁenfary cooling;
the.compres;ors should be able to operate under standard air conditioning

conditions and with a performance competitive with that of conventional

[P

PSS

3

chillers.

The peak heating load should be the major factor iﬁ compressor- selec-
fion and in.@etermining their total capacity since the heating'will be
generated right at the time when it is required.

The system part load performance should be anélyzed to determine whether
one, two or multiple compressorsfshould be used to cover the full and pért
load conditions. _For example, if the system operates mostly near full lgad,
one compressor is pfeférable but if part load conditioms prevail, several
smaller compressorsmight be preferablé.

For summer operation ;he compressoré'need not match the peak cooling
load, since a.diufnal chilled water storage system is utilized.

Condenser

Since the refrigeration cyecle rejects more heat in the summer time when -
the cycle operates under 35°F SST and 105°F SDT, the condenserS»shoﬁld be
sized for this condition.

Evaporators

The refrigerant preséure drop in the evaporators, suction lines and

valves should be studied to determine whether a direct expansion or recir—

culation system is used.
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Chillers

Selected according to<eompressor.performance at 35°F:SST and 105°F
" SDT. |
| Ice Makers

The ice maker‘will be selected to use the full capacity_of the conpees- E
sors for efficient ice generation,.being,'however, slightly oversized to
account for intermittentAoperationi Both plate and tube ice makers will be

considered.

- Ice Sturage Bin

The ice bin size will be based on two criteria: either the cooling re-
quirements in the sunmer for colder locanions or the ice gene:eting capaeity
" of the winter heat pump operation for warmer locationms.

. The same criteria will govern the iee’bin insnlation: in the coloef
areas the ice bin will be uninsulated,while in the varmer areas the insula-
tion will vary with the climate, | | o | |

Also, tdo reduce the size of the ice bin, the semsible heat of the chill-
ed water will be useo as a source:for the heat pump. Thus, the chilled water
wili.be first eooled, say;‘from 57°F down to 32°F and then converted to ice.

In enmmef,)nhe chilled weter,wili be used unnil iLs tempetatufe goeeiup
from 32°F to 57°F.

Distribution System

Considering the community comoosition and 1ts multi-purpose uses, it 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 énalysis in Section 1.3;.the hog water tem-
perature used will be 120°F with a AT = 30°F. I
Accordingly, an air system will be used, as the ho; water temperatgre is

too low for radiators or convectors.

Chilled Water o _ - i

. . The chilled water will comé from the ice bin and its temperéture‘will_be
mostly 32°F. After the melting of the ice, the ﬁemperature of chilled water
will be allowed to go up to 57°E. The cooling coils will have to be sized
for the highés£ 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 distributionvsysteﬁ. 110°F is the maximum
domestic water temperature attainable with_a ﬁeating 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 wili.

have to be provided.

1.9 HP-ICES MODES OF OPERATION

The nature of the HP-ICES renders it very féasible 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 5qmmer; 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 community requirements at any time. All this

accomplished with maximum efficiency attainable.

1.

'Basic Winter Mode

When only heating is required and the ice storége temperature

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

($8T1) Saturation Suction Temperature at 20°F and {5DT) Satu-
ration Discharge Temperéture at 130°F. Also, it will energize
the compressors to generate hot water at 120°F and iée for stor-
age and will let the hot water bump circulate the hot water
through the community network.

Second Winter Mode

When both heating and cooling are.réquiredland-the water storage
Lemperature in the bin is above or equal to 32°F,'the control center
will set one of the compressors at SST = 35°F and SDT = 130°F, and
the other compressors at SST - 20°F and SDT - 130°F. The system

in this case, will generate hot water to be distributed through

the community network, chiiled water with one compressor Lo ac-
commodate the cooling required, while the ;emaininglcnmpressors
%ili continue to generate ice for stb%éée.

Summer Basic Mode

When only cooling is required and the water temperature in the

storage bin is between 32°F and SOOF, the control center will
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energize the ice storage circulation 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 compressors at 35°F SST and .130°F SDT and will let
it generate the hot water requirement for the commun&ty, while
genefating chilled water. If more chilled water is reqﬁired
it will be‘supplied from the ice storage bin.

5. Summer Third Mode

When the ice storage temperaturg inéreases above 50°F and there‘
is low demand-for cooling by theAcommunity (mainly“during summer
nights), the control center will 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 l1g
above 50¢F (insufficient to satisfy the communiﬁy cooling require-
mént), the cqntrol center will set the compressor at SST = 35COF
and SDT = 105°F, letting them generate enough chilled water to
satisfy the demand with heat rejection to the cooling towers.

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

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

control center as a combination of some of the above modes.
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FIG.~1-12. . SECOND SUMMER MODE
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FIG.~ 1-13  THIRD SUMMER Mope (MiTe TimEe)
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2. POTENTIAL APPLICATIONS

2.1 INTRODUCTION
Because the system uses the heat generated by the ice making
pfocess in winter and storeé the ice for cooling in the summer, the annual
- efficiencies indicate excellent potentiai applications. Even if the loads
on the»system ére not perfectly balanced, it can still save energy since
any ice stored saves eﬁergy otherwise needed 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 gequired 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 systém to operate
in varioué.conditions)
h.' The larger the ice storage bin4V01ume the lower the relative
heat gain aﬂd the lower the cost per unit volume.
i. Multiple compressor'applicafiqﬁ aliows greater‘éfficiency'in
part load situations.
j. The control system can be ﬁade more sophisticated making
the»equipment more responsive to environmental changes and

conditions. .
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k. Large storage voiume allowsvreductién in size of equipment

1. Building structure could be utilized as stdrage.

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. Reductién in size of equipment due-to load diversity and
due to a centralized system.

o. Reduction in maintenance and labor cost.

p. Centralized HP<ICES will bring down the cost per unit
energy for the customer.

It is also important go examine where the system becomes less effecﬁive.
The following are the sﬁbrtcomfﬁéé'ﬁﬁgmggéficﬁifiés.iﬂ the use of the HP-ICES:

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

b.. Lower COP at low saturated suction temperature for ice
making. |

¢. Heating aﬁd cooling iouds profiles arc not always compatible.

d. Large storage volume required.

e. High first cost.

f. Many buildiné trades and disciplines are involqu.

g: Relatively low hot water temperature requires a laige
distribution network which incurssAa high first cost
and results in high pumping power.

h. Community distribution network will cause high'losses.

i.. The ;hilled water system will be an open system causing
additional hydraulic problems.

je Customer billing problems.

k. Expert maintenance crew required.
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2.2 THE ENERGY BALANCE FOR HP-ICES
Undoubtedly ioad balance is the most critical eleﬁent for efficent
operation. Tﬁe ideal situation would be ;q have ;hg.heat pump provide
all the heat required during the ﬁinter bx generating ex;ctlf_ehéugh
icé to cool in the summer. Extremes to eithér side negate the desirability
of the annual storage cycle. If too much heat is required, ice generated
and stored would require some sort of éuxiliary heat source for'meiting.--lf‘
‘-the cooling load is too large, then the stéred iceiwnuld often be in-
.sufficient and conventional cooling would reduce the savingsvin energy.
Essentially two conditions determine this: the climatological

conditions and the composition of the community.

2.2.1 Sensitivity to Climate

The climate's role essentially is ;hét the further north the greater
the heating load and the smaller the cooling requirements . Going south
the reverse is true. To examine this effgct, the thermal load conditions
for the Market Squére Cémplex Qere developed and then shifted to varioﬁs

points in the country.

anrkgt‘Sgpure Compiex in Washiggﬁpn; D.C.

This project, being developed by the ?ennsylvania Avenue Ré—
development Cérporation, is situated on Pgnnsylvaﬁia Avenﬁe and consists
of approximatély},BO0,000 square feet ab?ve grade and 900,000 below.

It Qas selected because of the functional diversity in the program
calling for 562 residential area, 13% retail départment storés and
offices, and about 30% of natiomnal archivés and community st@rage above
ground. The remaining 900,000 square feet below grade are devoted entireiy
to nationai afchives,
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Situated.between’7th and 9th Street, the Market Square Complex forms the
focai point of the.entire proposed-Pennsylvainé Avenue Development project.
It 1s conceived as an integrated major city project cont#ining multi-ﬁse
facilities incorporating energy conserva tion techniques énd load manage-

ment concepts. (See Appendix 24)

The following tables summarize the load as shifted to different

locatlons in the United States.
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TABLE 2.1

. DESiGN CONDITIONS FOR SELECTED LOCATIONS

HP-ICES PROJECT .

Equivéleht

600-1000

‘ A.Summer Daily Full load )
Winper. Design Temp = . Hours Heating

A : , . De5198 Temp _F Range EFLU Degree
Locations _Latitude Temp "F DB WB Summer Cooling Days
,Sﬁ- Petersburg FL 280 a2 91 80 17 1500-2700 683
New Orleans, LA 30° 35 91 80 16 l4b0-2800 1385
El Paso, TX 320 25 98 69 27 1000~-1400 2700
Oklahonma City,'OK 359 15 97 717 '23 1100-2000 3725

' Corpus Christi, TX 280 36 93 80 19, 2000-2500 914
Denver, CO 40° 3 90 64 28 400- 800 6283
Chiéago, IL - 420 1 92 76 20 500~1000 563§
Washington, DC 390 19 92 77 18 700-1200 4224

. New York, NY 40° 15 91 76 17 500-1000 4871
Boston, MA 4201 10 88 74 16 400-1200 5634
Minneapolis, MN 459 -10 89 75 22 400- 800 - 8382
Seattle, WA 480 32 79 65 19 400-1200 4424
Rapid City, SD 440 -6 94 71, 28 _800-1000 7345

‘Des Moines, IA 41°30* -3 92 77 23

6588
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TABLE 2.2

ANNUAL ENERGY REQUIREMENTS FOR COOLING

H?-ICES PROJECT

2,564,800

Equivalent

. A Full lcad . 6

Location Tons Hours (EFLH) Ton-Hours BTU x 10
St. Petersburg, FL 3442 - 2100 7,228,200 86,738
New Orleans, LA 3450 | 21¢CO 7,245,000 36,940
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
Denver, CO 2245 600 1,347,000 16,164
Chicaga, IL - 3120 750 2,340,000 28,080
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 28,195
Minneapolis, MN 3036 €00 1,821,€00 21,E5§
Seattle, WA 2233 800 1,786,400 21,437
Rapid City, SD 2725 900 2,452,500 29,430
Des Moines, IA 3206 800 30,778
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TABLE 2.3

ANNUAL ENERGY REQUIREMENTS FOR HEATING

i

. Annual
! | | o . g . Energy
] . _ . | Pe51gn o ' Peak Heating quulremgnts
Location Temperature ~F Degree-Days Load (BTUH) BTU x 10
:St. Petersburg, FL i 42 683 o _ 6,998,600 4,412
New Orleans, LA o 35 1385 . 8,845,000 8,909
E1 Paso, TX .. ~ 25 2700 - 11,481,000 17,302
Oklahoma City, OK | 15, 3725 14,213,000 23,974
Corpus Christi, ™ 36 ‘ 914 8,580,000 5,882
2 Denver, CO B | 3. , 6283 - 17,706,000 - 41,076
' Chicago, IL - . - . 1 6639 - 18,232,000 43,358
Washington, DC C19 . 4224 - 13,663,000 27,026
New York, NY 15 . 48m1 14,213,000 - 31,350
. iuiie. Boston, MA .. L 10 . 5634 . 15,672,000 36,536 -
| Minneapolis, MN . . -10 o B382 .+ 21,416,000 55,234
'Seattle,.WA 32 - 4424 9,635,000 128,417 .
Rapid City, SO | -6 | 7345 . 20,267,000- 48,279

Des Moinas, IA | -3 6588 19,423,000 43,265
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 TABLE 2.4

ANNUAL ENERGY REQUIREMENTS FOR DOMESTIC HOT WATER/MILLION BTU

HP-ICES PROJECT

(Data Developed From Appendix A-2)

Total .

Location Winter Summer
St. Petersburg, 7L 3534 4154 7,%688
. New Orleans, LA 3283 3682 6,965
El Paso, TX 4758 3182 7,940
* Oklahoma City, OK 5115 3885 ) 9,000
Corpus Christi, TX 4115 3823 7,938
Denver, €O 8285 2217 10,502
'Chicago, IL ' B002 2918 10,920
Washington, DC 5062 ,3149- | 9,21i
New York, MY 6888 4095 10,983
Boston, MA 7541 2652 10,193
Minneapolis,.MN _ 8278 2112 10,390
Seattle, WA 8294 2241 . 10,535
- Rapid City, SD 8252 1857 10,109
Des Moines, IA 7044 2422 .9,466
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TABLE 2.5

HEATING AND COOLING ANNUAL EMERGY BALANCE

Location Heating Energy Winter - g Total. Heat- Heat Pump Energy . insﬁfficienc?( 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 10 Btu x 100 With ~~Btu x 106  Btu x 106 Ice Melt-
. CoP = 3.2~ ing 6
Btu x 106." o o Btu x 10
St. Petersburg, FL 4412 '3534' 7946 5463 86,738 . 81275
New Orleans, LA 8909 4 l3283 12192 8382 . 86,940 4 78558
El Paso, TX - 17302 4758 22060 15166 49,853 34687
' Oklahoma City, OK .23974. ' ‘ 5115 : _‘29089 . . 19999 V 59,873 39874
Corpus Christi, TX . 5882 4115 9997 6873 93,204 B6331 .
Denver, CO 41076 8285 49361 - 33936 16,164 " , 17772
¢hicago, IL 43358 8002 : . 51360 35310 28,080 : 7299
Washington, DC 27026 - 6062 33038 22748 "~ 36,537 13789
New York, NY 3135¢ - 6888 . 38238 26289 .~ 27,900 T 161l
Boston, MA 4 3653¢€ 7541 44077 i 30303 28,195 = 2108
Minneapolis, MN ' 5523¢ ., - 8278 - 63512 - 43665 21,859 21806
Seattle, WA - 28417 8294 36711 - 25239 21,437 3802
Rapid City, SD 43279 8252 56895 39115 29,430 9685

~ Des Moines, 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 _ S
Insufficiency Heat Required (1) C(2)

' in ice for 6 For Ice gelting DD. ‘ DE

City Cooling-BtuX10 BtuX10 __Heating  Cooling
New York, NY 1,611 4871 3,000
Roston, MA | 2,108 5634 2,500
Seattle, WA o ' 3,802 4424 . 213
Des Moines, IA o - 3,809 6588 4,211
Chicage, IL - . 7,299 _ 6639 3,ioo
Rapid City, SD . , 9,685 7345 4,100
Washington, DC 13,789 . 4224 - 4,200
Denver, €O - 17,772 6283 4,055
Minneapolis, MN 21,806 - - 8382 2,500

E1 Paso, TX . 36,687 o 2700 8,000

Okléhoma City, OK 39,874 : ' 3725 11,200
:5ﬁéw_drlean§, @A . 78,558 o | 1385 9,500
‘Ge. Petersburg, FL 81,275 683 10,500
. Corpus Christi, TX 86,331 ' 914 12,000

1) ASHRAE‘hgndbodk & Producthiregtofy
(1976 System p 43.2 - 43.6)

2) Extrapolated from Magazine '
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Based on this table the following preliminary assessments were made:
Outside of the following ranges the applicability of the system is drastically
reduced:

Heating Degree Days - 2,000 and 8,000
Cooling Degree Hours - 2,600 and 9,000

The following maps present these zones.

o
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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 are 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. DHW 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 to
melt excess ice while the further south,the more supplementary operation of
a chiller required to 6Véfcome a éooling deficiency.

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 the New York area this would do away entirely with the deficiency
in cooling energy. For the nérthern 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 casc of Boston, the surplus of ice is small and the lack of ice

bin insulation would suffice to melt the small excess ice.

*
Duntham-Bush Screw Compressors at 35°F SST and 130°F SDT.
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Thus, New York‘and Boéton are two locations where the heating and
cooling energy requirements apbroximately bhlance out, with NewAYork
requiring a small amount Qf addifional céoling energy produced with
domestic hot water in the summer and Bostpn requiring the melting of a

small amount of ice which can be.agcompliShed with the omission of irsula-

'. tion.

The dividing line is thus 40° to 4gb latitude, or the 4871 £0‘5634
‘degree day range, with latitude below 40° and below 4871 degree day
.requiriné supplementary compressor work in the summer, while latitude abové
420 and above 5634'degreevdays, including Denver aﬁd Seattle, réquiring
supplementary heat in the winter to melttfhe excess of ice.

‘i‘As for the ice storage bin, its si;e is governed by t&o distinct
féétors depending on the latitude. Thus, for the southern iatitudes the
lice storagé bin size is governed by the ;ce generating capacity of the
heat pump winter operation, while for thé northern latitudeé the siée
is governed by the cooling energy requirements.

" The above results are'emphasized in the attached graph ( Fig 2.3).
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" The ice étorage bin volume versus latitude curve (Fig. 2.3) shows two

distinct straight lines, one éloping upwards from thé lower latitudes
up to about 400, and the other sloping downwards from about:42o latitude
down towards higher 1étitudes. |

The first.upwards sloping line reflects the fact that from the lower
lapitﬁdes Qp to about 409 the volume of heat pump generatéd'ice depends
.on'the heating requirements, and connected with it, the ice producing o
capacity of the heat puﬁp--A‘ Théseincrease with latitude. This is the
region of coolding deficiencY'where the ice volume is governed by the
heating requirements.

From 40° iatitude and up the higher latitudes the ice storage
volume is governed by the cooling energy requirements alone, as there
is too much ice produced by the heat pumpgwinter operation. This is the
region of surplus ice generationm, and the graph slopes downwards indi-
cate - that the cooling requiremen;s for summer drop as the latitude
becomes higher. |

The giaph of compressor supplementafy work slopes down from the
lower latitudes to about 409, in&icating'ﬁbat in this region there
is a deficiency in cooling which is larger at lower latitudes but
decreases towards higher latitudes. |

The last graph concerns supplementary heat and it starts from
about 40° latitude and slopes upwards towgrds the higher latitudes. This
is the region of éurplus ice generated by the winter heat pump generation
and requires the surplus ice to be‘ﬁelted 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'supplementéry ?ompres;or work and supﬁlementary heat
required were superimposed on the éraph of ice stbrége bin volume. This
was cone on phrposé as imporfant conclusions can be drawn from this suéer-
impqsition. . | | |

For the‘lbwef la;itudes;the;iée'storage-volumé liné fepreée££s the
cooling energy generated by the heat pump winter opération where the energy
1s not sufficient to cover the suﬁﬁer éooling requirements and'supplementary .
c;méres;orlwork isA-thérefore ngééssary. Thus, the suﬁ pf ;ﬁe prdinates.
of the two graphs modified by suitable propoftiopality factors represents . .
thg total cooling requirements in the summer for eacb location in th;s
region, (latiﬁu&e 28°A;l400) o

‘ On the other hard, forbthe u;per latituvdes (42° - 489) the ice
' storage volume répresén;s the sﬁﬁmé:thdiigg'fgqgiféméﬁ;s of'eéch location
in the region and reflects a Eertain améunt of hé&ting (obtéinéd by .«
qnltiplying of the ﬁooling requirehenté b& .%f%_b; done by the heat pump.
The supplementary heat required likewise reflects a certain amount of hea;- »
ing performed by the heat puﬁp (;ihilarly obtained as above). . Thus, |
the sum of ordinates of the two graphs, to a certain scale, represants |
the total heating requirements of each location in the region.

To emphasize again - in the.lower latitudes thg sum of ordinates
of ice voiﬁme and compressor work yields, to a certain side, the total
sumﬁer cooling rgquiremgnts for each location, while in the upper lati-
tudes-ﬁhe sum of the ordinates of ice volume and supplementary heat yield
the total heatiﬁg.requirements for each location. o

As for the domestic hot water energy requirements, for the southern

72 -



locations it will be produced both in summer and winter with the heat
* ‘
pump operating with a COP of 3.2 in winter and COP of 3.79 in summer.
For the northern latitudes the winter domestic hot water require-

ments will be produced by the heat pump operating with a COP of 3.2,

while in the summer, the domestic hot water will be produced'by:othe:

means.
The domestic. Lot water energy requirements represent a sizable amount

of the heating energy requirements. As far as domestic hot water is con-~
8 . . . § ey Lo S
’ M LI B

cernea the 14 ;hosen locations can be divided intoﬁé disfisct grcuﬁsﬁ

1), Latitudes 28° - 30°, degree da&s 683 - 1385; where the .
domestic hot water requirement§ either exceed or constitute a
"very large percentage of ﬁéétiﬁg.energy requirements,

2) Alatitude‘32° - 400 (withlthe.eﬁceptian of Seattle)'vdegree
days 2700'-44871jwhefé the dqm;éticAﬁot watgf_constitutas
342 tq‘46Z of tﬁe:heaﬁiug'éneréy reqﬁifemenﬁs, aﬁd

3) | latitﬁde 42°;- 480 (with the e;ception of Denver) where the
domestic hq; ﬁater;requirements cbnstitﬁ;e'19z to:28% of

the heating energy requirements.

These results are depicted in the following table:

TABLE 2.7
location A Latitude Degree Days z pf Heating
Croug 1 | | !
St. Petersburg, FL 28° 683 h - CHW exceeds heating
Corpus Christi, TX 28° 914 . | Exceeds
New Orleans, LA 30° 1385 80%

*
* Dunham~Bush Screw Compressors 200F SST, 130°F sDT
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Table 2.7 Con't

Location ' Latitude Degree Days % of ‘Heating
Group 2 ‘ |
El Paso, TX © 320 2700. 46%
Oklaﬁoma Ccity, OK 35° : 3725 :382 |
Washington, DC | 390 4224 34%
New York, NY 400 w1 35%
Seattle, WA 489 4424 37% .
Group 3
Chicago, IL 429 ‘4', 6639 o : ';261

. Boston, MA 40 sé3b 282
Rapid City, 8D | ' 440 7343 217
Des Moines, IA 429 588 2%
Minneapolis, MN 45° : 8382 10%
Denvér, co 400 6283 267
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2.3 COMMUNITY COMPOSITION -

Equal in importangg to the load balance afe the community characteris-
.tics. Different_ca?egoxieg of lénd use (i;e, residential, cpmmefcial, inf
stitutional, and iﬁdustrial)beach have different thermal characteristics
which‘affect the load on the system. The load peaké véry iﬁ t?pé (i.e.
.Aheating or cooling), tiﬁe of day, and season of-year. | -
To examine tﬂis'fadtor, simple energy requirements for heatiﬁé, ngi

and cboling were developed for three types of buildings in Boston. The

loads were derived from Boston Redevelopment Project, Park Plaza - Energy

Report June 1975 by Dubiﬁ—Mindell—Bloome.Associates and a theoretical com-
munity éf 10 million square feet was assumed. The fequirements were then
adjusted fdr the cliﬁatological'diffefences of three other cities in the

' U.S.: Minneapolis, MN., Seattle, Wa., and Oklahoma City, OK. Using the
energy required for spéce heating and doﬁestic hot water as.the‘determih—
ing factor, net:requiréments were(derive@ for each type in each location.
.Positive nuﬁbers indicate an excess of ice being generated during the win-
tér while the negative numbers iﬁdicated the insufficieqcy of ice for sum-
mer cooling requirement and therefore negd suppleméntal cohpreésbr work.
Table 2.8 summarize the findings. Figures 2+4 to-2-7'present this same
data, graphically demonstrating the relafive loads of eacﬁ type of build-
ing Frnm.OZ of the community to 100%. These graphs can also give quick
visualization of the combinatioﬁs possibie. In m&st locations the resi-
dences were on the side of the éraph 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) of residential space
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_ can be éffset by 7'million SF of office sp;ce (70%) plus 8.5 million SF of
retail spacé (85%). Thié is only one possibility of the many feasible.

If each category of land dse type is examined, ﬁhe following obser-
vations can be made: |

.1) Residential
— E Single Family, Low Rise Apértment Building, High Rise Apartﬁent
Buildlng - In all cases the résidential HVAC load would prlmarlly
be during off-peak hours. Use of domestic hot water is greater
compared to most other building t%?es. The cooling load is a
small percentage of the annual energy requirement.
— 2) Commercial
Office Building, Retail Store, Recreation
Office building and fetail store - load during normal Qorking hours,
heavy for both heating and cooling. Office biildings generally have
lsome cooling year round. Recreational essentially a non-work hours
- » load and mostly space conditioningf However, there may be other

heavy loads such as domestic hot water year round for restaurants.

REF; I qupd on observations in Au Assessment of the Potential For -
District Heating In Four Major Eastern Cities, Argonne National
Laboratory Report ANL/ICES-TM-11, prepared by Energy Systems
Research Group Inc., Aug. 1978.

" IT A Test Case For The Patential Application of District Energy
: Systems U51ng Thermal Energy Cogenerated At Existing Electric
Power Plants D.J. Santini and ALA Dayis, Argonne National
"Laboratory Report ANL/ICES-TM-13, January 1978.

TTT Performance Report For The ACES Demonstration House'August 1976
through August 1977 by Fugene C. Hise, Oak Ridge National Labora-
tory, Page 17.
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3) Institutional -

School; Museums, Church, Hﬁspital -
School - peak hour bperafion for'the most p;ft and high ventilation
rates that a;e.rééﬁiréa by codég. Annualiy‘tﬁe"cogiiég load is-
less becahsékof fewer ﬁupils in school during.tﬁe s;ﬁmér. -
Church, Museum - lesser demand; at cff-peak times especiallyAweek-
ends. _Hosbital - intensi&e.usgr similarltoqh}gp.gﬁe gés%de§§i§}
phase, theAch;récteriétic_of a éﬁmmerqialvloédl;uéér-iﬁposed Se—

- cause most hospital functions are carriéd on during.peak’déy hours.

'4)' Industrial -
A"Ligﬁt-Manuféctdring, Warehbhse, Carége -

‘In all of Cbese categories the load would progably be for space
heating and cooling. It may follow the work schedule or.be con-

tinuous such as in a refrigerated warenouse.

2.4 POTENTIAL ENERGY INPUTS FOR ENERGY REQUIREMENTS

The graphsin Figure 2.8 represent the required electrical. energy inpuc
in kWh to obtaein a certain amount of cooling and heating, of hedting zlone
and cooling alone. To obtain 100x106 Btu of cooling and heatipg

KWH = 100,000,000 = 5426
5.4 x 3413

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 energywise to be more efficient than producing the same amount of heat-

ing and cooling by conventional means.
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TABLE 2-8 \ L
FOR RESIDENTIAL AND COMMERCIAL 'SECTORS
(Btu x 10°)
] COMMERCIAL
RESIDENTIAL RETAIL QFFICE
Boston Space T
HTG 79.12 53.77 53.84
DHW 9.00 2.00 3.84
Total ‘
BTG 88.12 55.77 57.68
+ Total 10.20 70.56 48.00
Coonl _
Néet Energy Excess " Ice _ Ice
Req. + 50.38 Ice - 32.22 Defi- 8.34 Defi-
: ciency ciency
Minneapolis  Space )
HTG 117.71 SQ.UO 80.1
DHW 9.00 2.00 3.84
Total
HTG 126.71 82.00 83.64
Total - =
Cool 7.68 52.92 57.71 |
Net Energy + 79.43 ExXcess + 3.46 Excess +21.71 Excess
Req. ) Ice STt Ice - Ice
Seattle Space n a an Ry
HTG 62,13 éLffL . 42.28
DHW 9.00 2.00 3.84
Total
HTG 71.13 44.2% 46.12
Total 48.90 70.56 48.00
Cool
Net Energy o Excess . . Ice . _ Ice
Req.  38.70 Tce 40.16 Defi- 16.29 Defi-
ciency ciency
Oklahoma Space ,
City HTG 52,31 35.55 35.60
DHW 9.00 2.00 3.84
Total : a
HTG . 61.31 37.55 39.44
Total
Cocl 20.4 136.80 93.00
Net Energy Excess Ice Ice
Req. + 21.75 Ice -~ 110.98 Defi- - 65.88 Defi--
. ciency . ciency
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However, applying the HP-ICES forlheating alone (without utilizing the' .
cooling effect) coula also be enérgy séving. A compérison of the COPy for. |
heating related to the energy source with a convehtional boiler efficiency,
shows that COPy = 3.2 x 0.31 = b.992,while the boiler efficiency is
only 0.6. Cabital outlay would'have to be considered also, but the pos-
sibility of HP-ICES being more éfficient for heating alone does exist,'
especially in areas with long and cold winters where the.summer cooling
is of secondary 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 wi£h i;e generatién the COP = 2.2, much lower than the COP for
producing chil;ed waté;a under gertain cifcumstances ice generation in.the
summer might be feasible.

Conaider a locatiou like New York Uity where the sumﬁer demand is high
and it wight be efficient to generate cﬁilled water at~night and store it
diurnall§ for day use. |

If space is also expeq;ive as certainly it might be in New York,
the genération of ice at night time and s%nring'it for uce the {follewing
day would require 8'timeslless stofage space than sﬁoring chilled water;
the energy density of ice'being'considerably larger thén that of chilled
water. Thus the space and billing demand factofs could_easily outweigh the
COP factor making the HP-ICES more energy efficient 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 quick estimate of the energy fe—
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. quirements if HP-ICES is applied.

Thevgraphs (Figure No. 2#9;:2-10, 2-11) give the ﬁotential energy cost

for the energy requirements as a function of unit energy cost.-
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2.5 MARKET AVAILABILITY FOR ICE MAKING EQUIPMENT

All of the components are readily aﬁéiiableAin the U.S. The
bipipg and valves are-off—the-shelf items e;siiy érocured; The
mechanical components ;lso are readilf available. Thé heat exchangers ‘
and other ancillar?_equipment are not limited to a specifig type or
bran& but instead éan be chosen from any aéprobriate equipmen; sized arc
selected accordiang to normal eﬁgineering practice.

The ice bin essenfially must be custom made but no peculiar coi=

struction materials are called for.

There is at the prusent time a fully developed and quite sophistinute

technology of ice makiné,but it is geered primarily to the fzod frrezing
industfy.

Sorme ieading ice maker manufacturers; The Turbs Company in Texqé
and tlie European Stal Company (affiliated in the USA witﬁ the Vilters
Compcny) heve indicated tﬁat given- the démand aud the incentive they
could easiiy make the required adjustments in their manufacturing‘équip-
Lont end production methods an& go over to prod@cing ice making equipment
resuired by the HP-TICES application, | | |

For Ice Makers there are three leading menufacturers:

]

. - Turbo-lento, Texas, Plate ice Makers, -

up to 160 tons df ice per day.

Future availability - ﬁp to 250 tons of ice per da};
2. Henfy Vogt Méchiuery, Louisville, Kentuéky;

Tube Ice Makers, P-48AL, 66 tons of ice per day.

. —88-

d



dP-ICES PZOJECT

3. Stal - Reffigeratioq Company, SQeden; affiliated in the USA
witﬁ thé.Vilters'Company; up to 350 tons of ‘ice per day.

Aé for compressors thefe'is a variety of'maﬁuféc;ufefs f;; a;i typé

‘of coars-330.5 and the most'knowﬁ aﬁongifhem are iisted beléw:

i Reriptcbéting Co#ﬁfeséors'BO—lpo hp A

Vilter Compauiy (uulti-cyiinder compressors) L Coer
. YgrkVCompanyf(multi—éylipder cpmpressors). |

i:éﬂ;iefrigeiatidn Equipmen; Corporation

v.hnacke -Grasso

2. Screw Compressoré - Direct Drive - 3550 :/min
Horsepower' Displacement
Vilzer cgmpany 100»h§-2boo hp - 55 ft3/pin to
4040 ft2/min.
.ffceziq; Eqﬁipment Sales (FES - 55 £t3/min to

3337 ft3/min.
wzeo-Refrigeration Equipment Corporation

dntlaiv Corporation ' - 445 £t3/min to
' 1710 [t /min '

v chan-Bush ¢ . - 278 ft3/gin to -
16673 ft°/min.

W
.

Tentrifugal Compressors
Carrier - Industrial Centrifugal Compressors

Series 1/MPS, 2, 3, and 4 stage compression.
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TABLE 2.9

SCREW COMPBESSORS, TONNAGE,

HORSE-TOWER AND COST

'DUNHAM -~ LUSH

FES - FREEZING EQUIPHENT SALES. INC.

- 900

222

[

O . ) k 3 . *

' Model 20°F $57T-130°F SOT | 35°F SST-165°F SDT | tModel ! 20°F SST-130°F DST | 35°F SST-105°F DST

Notor ‘ < ' Motor
Ton | UP $/Tcn | Ton | TIP $/Ton Ton | 1P $/Ton | Ton | HP $/Ton

PC x 350 - ; ) ) :
1(350)x2510 | 250 | 650 | 406 435 | 465 233 305 250 | 650 | 258 400 | 450 | 186
PC x 750 ‘ ‘ : o
W(1100) 2535 | 450 | 1100 | 291 735 | 750 | 178 575 450 | 1000 | 258 750 | 750 155
- 900 | Currently in the 1160 2500 1450

esign

Stage

1550

138

$/Ton Based Oan System Selected With Recirculacion Refrigeration System
Integrated With The Cbmpreaoor.

1J3royd sadi~dH
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2.6 SYSTEM RELIABILITY

'Since'most of the equipment has already been used in other configu-

rations, each coﬁponent taken separately is without doubt rgliable with
'énoqgh' information about i;sfperformance available from manufacturers
and past 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 stili
little known. |

An éngineering evaluation of the_ whole sttem will reduce the doubt
to a minimum but there will still remain some stéges and processeé in
_the overall system operation that will prove diffiCult go eﬁaluate theore-
- tically; "This. will require an examihation in a séa]ed-dbwh model with
the gathered information being logged for engineering evaluation.

A ‘scahaidown model will enable the exact evaluation of ché behavior
of‘ice in the biﬁ over a longer period of time, the influeﬁcé of the

‘ambieqt conditions on the ice, the distribution system and the distributipn
density of the ice, all of whicﬁ have so far been very little investigated.
2.7 ECONOMICS

Because of the large scale of an HP7ICE$ systeﬁ, financing may presént
some hurdles to potential applications. The problems facing new construc-
tion are somewhat different from those facing retrofit situatiéns. Such
a system can be incorporated moré éasily ihto planning fofaﬁew constrﬁction
because the heating systems for the commuhity'is yet to be built. However,
there still are probiems. The developing agenéy, may be unyilliné to
éﬁsume responsibility for coordinating or‘operatiﬁg a community energy'

system. Most important 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 ﬁelp
to overcome par; of this hesitancy.. Studies on distriét systems already
indicate reasonable time periods (7-10 years) for simple payback anélyses.
1f the fossil fuel supplies continue to dwindle then the rate‘of inqrease
in fuel prices will easily exceed the rate of inflation makinglthé HP-ICES
system an'evén 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.

Retrofit applicationsfa?e even more hurdles.‘ Even assu@ing universal
acceptance (a big.and tenuou; assuﬁption), installing such a system would
be quite costly, the highest beingvin urban environments where thefmal
density makes it mosﬁ effective. The cosﬁ of installing the distribution
system and the cost of land required would be significant additions to the
price of the system. One last add;tional questibn'concerns paying fof
converting individual buildings to the system. Unless reélacement of thev
prime system was already being considered, the owner would be quite reluc- .
tant to make the capital investment for such a changeover. This wéuld
.severely restrict the efficiengy of the éystem 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 Eastern
Cities, Argonne National Laboratory Report ANL/ICES—TM—ll prepared by Energy
Systems Research Group, Inc., August 1978,
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1. Thermal density-defineq as the total thermal load of the built-up
area ih a community divided by the ﬁotal acreage of the community. TIf thé
built-up ageé is more concentrated the thermal density will increase. A
high thermal density requires a smaller distribution system and vice-ygfsgf
For example, a residential area where zoning regulations limit the size of
the building over, a certain acreage, the thermal density will be low agd
the distribution system will be long and costly, all of which would make
the s&stem aneasible. However, in a community of high rise apaftment
buildings (like Fresh Meadows in New York City) the thermalvdensity would
be high, the distribﬁtion system would be short; which would make the
HP-ICES feasible.'

Thus, the.thefmal density has a significant influence on the distri-
bution.system and on the energy requirements and size of thg system. |

The distfibution system in turn beiné pért of the overall‘system
Ey its very size and length will influence the cost of the system.

2. Storage bin size requirements.

‘The sizing of the.bin may cause engineerihg problems which can be over
come by modularAexpansion of OPCiﬁum modular size. More difficult however,
are real estate probleﬁs which in new communicies can still be overcome |
by pre-design planniné (i.e., integrating the storage biﬁ with the building‘A
of the community). 'In retrofit communities and metrdpolitan areasl(like
New York City) these problems may not be éoluble precluding, thereby, the
‘possibility of installing large HP-ICES, although from the point ofiview"
of thermal density and ehefgy management such sys;emé would be very desir-
ablg.

3. Funding and Financial Feasibility-

" Once the system is established as energy efficient and energy savings
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it would encourage c#pital 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 certainly have

an encoufaging effect on prospective investors. All told, it is difficult
to predict the ultimate size of system, which can only be done on the

merite of thc three above cited wajor factrors.

2,9 PROJECTIONS OF ENERGY SAVINGS FOR THE YEAR 2000

Introduction'

Dufing the heating mode in winter times the ice generdted is essen-.
tially a by-product of the heat pump operation.' As a result, it could
be considered "ffée" energy. Witﬁ 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.reasbnaﬁle
figures of savings in refrigeration energy by the year 2000, utilizing this

system.

Methodology

This analysis is Based on data contained in an article = '"FORECAST"
which appeared in the September issue of the Electrical World‘magazine;
published by McGraw Hill, and on data obtained direcﬁly from..the National
Gas Survey, Fe&eral Power COmmissiop, Washington D.C. and the Edison.
Electrical Institute Washington, D.C. and New York.

In the cited article the numSe: of dwelling units was projected

“to the year 1995. This growth rate was then assumed to hold also for
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i

heating and air conditioning system in'thé 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 appliéd‘to the residential figures.

The projection to the year. 2000 was obtained by assumption that
'the growth fate from 1995 to 2000 is approximately the same as from the
year 1990 to 1995.

The energy usage for heating, domestic hot water and air coﬁditionﬂ
ing wéFe obtained by fuels for the year 1971 from the National Gas Survey
(FPC, Vélume 1 Chapter 8), . and were projected to the year 2000 based on
figqres developed above. ,

Using the cooling energy requirements’ 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 pneeds to satisfy the whole heating
requirement with supplemental heat melting any excess ice.

The total energy inputs required to satisfy both heating-and'cooiing
with each of the above methods (a) and (b) were then comé;;éd with the
energy duantities required to satisfy heating and cooling by the con-
ventional method, i.e. heating with boiler and cooling wiEbAelectrically

driven centrifugal chillers.

One final assumption, important to the amount of energy saved
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was that there would be no institutional and economic impediments to applying

the HP-ICES system.

SUMMARY
a. Residential Sector

The energy requirements for heating domestlc hot water b& the year 2000
for the whole of the Uqlted States are estlmated at 13 317 x 10l tu. iﬁe

correspondlng energy Fnr rool;ng ig cstimated aLk 327 x 10 Btu. From‘this

~amount of cooling the ice generating HP-ICES will produce 476 x 101?‘ tu of

heating. The remaining heating requirements if produced byian oil fired

boiler will result in a total energy expenditure for both heating.and cooling

of 3187 x 106 barrels of oil and 4,012 X'10§ barrels fof supplementallheat'

_ through thelheat pump, With the coﬁventibnal system that is an oil fired boiler -

for heating and electrically driven chillers for cooling, the tptal energy
expenditure for both heating and.cooling will be‘3268 X 106 barrels of oil.
Thus, the savings in applying the HP-ICES concept with direct boiler heat
amount to 81 miliioﬁs barreléAof oil. Takiﬁg into accﬁuﬁt tﬁé'sévings~in
electrically driven refrigération auxiliaries the total savings.amount tn 89
million barrels of oil.
b. '~ Commercial Sector

The hcating and domeséic hot water and cooling requirements are estimated

to reach by the year 2000 for the whole of the United States 7626 x 101” tu

and 804 x 10 12 Btu respectively,

The heating obtained from the cooling by the heat pump amounts to 1169 x

1012 Btu. The remainder in heating requirement if prodﬁced by 'an 0il fired

boiler, the total energy input for -both heating and cooling is 1733 X 10§
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 auxiiiaries tbe sgving amount to 223 million ?nrrelslof
oil. |

Industrial Sector

Industrial portion of energy consumption will contribute to saving
but it is difficult to compute because it is hard to estimate what per:énn
of industrial consumption can be successfully integrated with the HP-ICES
system. The suitable part of this sector would probably be light manuface~
ture that does not need a high temperature source of energy. As such it
would, therefore, not reppesent 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 10% barrels + 223 x 106 barrels = 312 x 106 barrels of oil in the
yeai 2000.

Correction factors must be applied to take into account the probabil-
ity of less than universal utilization of the HP-ICES system.

The two factors considered were the climatological 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
construpted indicating these extremes. Areas covered by only one extreme were
reduced by 50% whereas areas where both occurred were totally:éliminated from
consideration since these éystems would be cost effective only. in urban areas,
energy consumption in each zone was reduced by the number of pgpple not

residing in metropolitan arcas.
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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 2600 will be 165 million barrels of oil.
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3. EXPECTED PERFORMANCE

3.1 FIRST AND SECOND LAW.ANALYSIS

Thé ice generating HP-ICES is a neﬁ‘concept and in order to ascertain
its advantagesyand benefits, a detailed thermodynaﬁicﬂanalysis of the First
.and Second Laws was performed.

| The Fifst Law détermines the balaﬁce between'thé-enefgy inputs and
outputé for any system, stating the equi&alence of heat apd WOfk but does
not address itself to the amount of work obtainable from a certain aﬁount
of heat.

This is the domain of fhe Secbnd Law which limits the work available
from a certain amount of heat, in dependgnce on.thé available high and low
temperatures at which heat. is added and rejected respectively. Since, how-
evers the refrigeratioﬁ 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 absorptioﬁ 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 greatest heat loss . and tb compare them with the cor-
responding losses of a conventional system with the saﬁe outpgt;

The Second Law anélysisAwas performed to point outjthe availability

losses of the various components of both eystems.

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 output for

both HP-ICES and conventional systems:

10

10.

11.

12.

13.

Winter -~ 16,290 Btu/hr (based on 12,000 Btu/hr of héat '
absorptién from 32°F water which Qas coﬁverted to ice).
éummer'- 12,000 Btu/hr suﬁplied to the user.

Heat pump operation at COP = 3.2 (D-B screw compressars).
The conventional chiller operating at COP = 4.4 (Carrier).
Distribution pipiﬁg - 10,000 Ft.

Friction losses - 5 Ft. per 100 Ft.

Pump.efficiency 0.7

Hot water temperature differential of HP-ICES and boiler-
is 30°F.

Pressure drop for the air distribution system 2" WG.

Fan efficiency 0.6,

Condenser pump iﬁ conventional system working on a 80 Ft.
head and 0.7 efficiency. |
Condenser water temperatures 85°F - 95°F

For thé convéntiéhal systeﬁ, chilled water :emper;turés—

42°F - 58°F and for the H¢-ICES 32°F - 58°F.

Findings and Conclq510n§

The main heating losses occur at the major components of the system,

like at the heat pump for the HP-ICES, at the boiler and chiller for the

- conventional system.

- -102-



-£0T-

SUMMER MODE

id,safl. 08 BTU/uR

PUMP w486 BTu/u

ICe

BIN
STORAGE

13,718 BYOJHR

CFIG. -3~ FIRST LAW ANALYSIS BALANCE FOR HP-ICES -

ws743 eru/t o

DISTRIBULY.

HEAT GAIN= 823 81U/t \

\ P
32°F
WATER

loo 1b/Ng

¥

SYSTEM

L

uNIT

\

\ I

HEAT GAIN=

\rns atTu/i\

\

12,743 enfu| THERMAL

12,000 Bfi

USER

\
\

1 HEAT GAINEW =
11 79> sro/m

\

NB

HEAT AAINE12,000
\ BTU/H

\

N

I | v v
l 1 \ - \ \
32°F 58°F 327F 22°F 24°F 78°k 58%
1ICe jcnieep WATER WATER WATER. RETUEN ARz SUF’F’L)’ A
oo’ Ib /Hg wirer Rewrr  |icotlb/iR s24a bR 529 l/ne - zsoolbfug 2500 1b/he.
529 lb/kR , .

123rodd sadI-ad



-%01-

Fla.- 3-2 FIRST LAW ENERGY BALANCE

ICE GENERATION HP-ICES

WINTER MODE ~BASED ON 12000 BTU/HR WATER WEAT oF FUSION

COMPRESS. \NPUT

5454 BTU/H

12,000 BYU/ne

PUMP INPUT

HEAY

PUMP
YUNIT

WESS4 6TU/H |}

17,4549 BTU/RE

FAN INPULUT

PISTRIBUT.

SYSTEM

\

| e

KAP\ATION LISSES \ STORAG,

NEGLECTED

\

\wssunoa BTU/M

\

Wx |oo9q l

16,292 g

\\ |
\

\

THERMAL
UNIT

LossS= 1009 BT/

K290 &w/nJ

USER

\

\
\

wss:\u&w sut’éq
= \16290 B

\

\

i | \
| \ \ \ \ -
l | \ \ : \ N\
32°F wateg] | q0F >2°F 1ce 120° ne°r 10" F 90°F
e3> \b/ug HoT wWATER 233 |b/HE HOT WATER HoT WATER EETUEN AR SUPPY AIR
5e1.2 lb/ug 581.8 |b /g sa1.6 b/ie | {33133 1b/R|  [3393> bR

103royd sd0I1-dH



-S01-

AG.-3-3 FIRST LAW ENERGY BALANCE FoR cO

WINTER MmoDeE

BUERNER wnpP

NEGLECTED

29, 090 BTU/HE

PUMP INPUT

BOILER

19,454 &Tv/He

FAN INPUT

LO3S5= 8727 BTU/M

w=554 BTUIH'I w=loo94 Bru/n

PiISTRIBULT. ]éIZqo.w/“ THERMAL

SYSTEM

UNIT

NVENTIONAL BOILER SYSTEM

16,290
16,29 s/ USER

/

/
/

LoSsS=1708 5T7//H

/

LOSS=W= 1009 BTU/H

|
|
|

l L05S =1£290 BTUM

"T

I

~

l | 1 / 1 [
MATURBAL GAS| |42°F 120 [_\5": 10 % qo°F‘
29040 W/ HOT WATER HoT WATER HOoT WATER FETURN AR SUPPLY AR
2a.09 cwfrr| |581.8 lb/ae 56).8 \/HE 5818 lb/he 33933 \b A 33433 Ib/ug

10Arodd S3dI-dH



-901-

FIG-3-4 FIRST Law ENERGY RALANCE O CONVEN TIONMAL CHILLER
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Conventional HP-ICES
Winter Losses © 8,727 Btu/hr : Neglected
Summer Losses 17,500 Btu/hr 823 Btu/hr 4
rejected to ice bin losses

cooling tower:

Annual 26,227 Btu/hr - 823 Btu/hr

The overall annual cop

HP-ICES 1.063

Conventional 0.572
.écéounting for all the inputs and outputs and related to source energy.

(See attached Diagrams). It follows that the HP-ICES is approximately

.twice as efficient as the conventional system (See Fig. 3.1 and 3.4).

‘3.l.2 Second Law Analysis

The Second Law analysis gives a quantitativé_aécounf of what happens
to available energy in a thermod&naﬁic éycle and directs attention to
significant losses.

fhe'energy balance on the basis of the First LaQ and the general en-
‘ergy equation account for all energy quantitiessbut it does not reveal
those transformation; where the greatest losses of available energy occur.

Since the conservation of availaBle energy is desired, a knowledge
of the most éerious losées is helpful and sometimes leads to ideas for
measures of conservation.

Energy is available in the thermgdynamic sense whern it can be con-
§erted completely into méchénical work. The availability of any form

" of energy is the measure of the possibility of trénsforming that form
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of energy into mechanical work.
Availability is defined by the equation:

= -(AH; _-T AS; )

where the availability ﬁeasures the work extfactable from an epérgy
stream 1in a steady flow process. It is the maximum amount of shaft
work that.can‘bc cxtractcdﬁfrom a unit mass Qf matter as it flows into
equilibrium with the atmosphere.
$ is always measured with respect to a rest state that in our usage
will be 70°F and one atmosphere.
Tavis therefore 530°R
ﬁi—a is the enthalpy change of a unit mass of a material Cravers-
ing the apparatus relative to a rest state.
Si—a is thg entropy -change of unit mass of material traveréing
the apparatus relative to a:rest state.
If a material moves through a flow process from an initial state
(1) to a final state (2) tﬁat is not. the atmospheric rest étaté,“then‘
the ¢hange in availability | |
A by = 9.0
A 9.2
AY

(Hz— Hl) - Ta(82 - Sl) or

]

H - T_AS
a

Analiéiél'

This analysis will compute the losses in aﬁailability of the ice gen-
erating HP-ICES in winter and summer modes of operation and will find the
availability 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 extracted
from the water.

Basic Assumptions

1. Heat pumps operating conaitions:' SST‘— ZOOF, SDT - 130°F

cop

3.2 (Ref. Dunham—Bush Screw Compressor Model E(HP) x 2516

2. T 70°F = 530°Rr

a

3. Piping disfribution system 10,000 Ft.

4. Friction pressureldrop“S'Ft. per 100 Fﬁ,
5. Piping heat loss 2°F ovér 10,000 Ft.

6. Pump efficiency 0.7 |

7. Water temperature drop z;Tw = (120 - 90) = 30°F

O

. 8. Air temperature differencelsTé = (90 - 70) = 20
9. Pressure drop in air distribution system = 2" WG

10. Fan efficiency 0.6

Availability Calculations

Ag - -[AH - 189

where AH and /A S refer to constant pressure conditionms.

For water AH = CAT, AS = Cx1n T, for one 1b.
=
i

_A¢=— [lX(Ta-Ti)—Talngxﬁ,

T
1

For air at constant pressure

As =C,1n T,

T,
1
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FIG-2~5 = AVAILABILITY ANALYSIS ICE GENERATION HP- ICES
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FIG -3-7 A\/A\\_AB-\L\Ty.:”'ANALysls OF CONVENTIONAL BOILER
WINTER MODE

HOoT WATEE ZETURN___.
AQo°F )
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GAS £ AR >
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Flow rate equal to that for heat pump - 581.3 1b/hr
Qeo®F = - [L(537 - 550) - 537 [1n 237][x 581.3 = 90.02 Bru/hr
0w _ _ 5377 . \
gﬁlfO-F - - [}(537 580) - 537 [}n S3q) [x 58:-3 = 950.4 Btu/hg
g{Fuel inlet * = (581.3x30) x 953.77 = 27745.2

1000x0.6 .
EEF. FROM: M. V. SUSSMAN AVATLABILITY ANALYSIS
Page number 61
Wa take the évailabilityrof fuel air mixture at inlet to Burner as

= 189,951 cal./gm.-mole CHy

which is equivalent to 21,388.33 Btu/lb or 953.77 Btu/ft3
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H=C_AT
p

At

- .
- 10.24(T_ - T,) - T. x 0.24 In T
a i a a

L T
For ice

A4 = - q(T - 492) + 144 - 530 x|(~1n T,) + (w146} x &
' a ( 7577 (492)

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 maJofvcomponents of both systems namely 12,000 Btu/
hr for cooling and 17, 454 Btu/hr. for heating.

The following results were obtained:

Conventional HP-ICES
Winter Losses = -26,884.82 Btu/hr g = -5563.51 Btu/hr
Summer Losses @ = - 1,723.52 Btu/hr @'= +1773.24 Btu/hr

Annual Losses Y= -28,B08.34 Btu/hr @ '-3790.27 Btu/hr

The conclusion can be dradn that considering only the major components
of the system, the losses in availability for the conventional system-are
LR y . . ’ . :

7.5 times as‘:great as those for the HP-ICES (SeekFig. 3.5 to 3.8).

3.2 PERFORMANCE OF HP-ICES VS. A CONVENTIONAL
SYSTEM (CASE STUDY)

3.2.1 Seléction of a Conventional System-(Washington, D.C.) : o

a. Equipﬁent Selection

Heating: Two 10,000 MBH No. 2 oil fired boilers to cover

heating peak load of 13.063 x 106 Btu/hr. One
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3,000 MBH No. 2 oil fired boiler to cover domestic

6 BCulgr.

hot water requiremeat of 2.95 x 10
Cooling: Four 800 ton electriéally driven centrifugal com-
”p;ess°gs and'chillers to cover cooling load of 3200

‘ton. Four 800 tgqlcoqling towers.

b. Energy:Anélz§ié_

Energy'Requi:ements:

Gl Ay

Heating and DHW 27,026 x 10° + 9,211 x 10°

= 3,6237 x 1010'Btu year

Cooling = 3,045,000 Ton-hr/year

Annual.Energy Consumption

36,237 x 10%°

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 1KW/ Ton
= 3,045,000 kWh (the cost of operation of chilled water pumps is not
considered since their use applieé to all the schemes).

Thus, annual energy input

| h ivHeating . = .370,060'gallons of No. 2 oil
~ Cooling - 3,045,000 kih .

*Based on 0.81 KW/Ton for Carrier Hermatic Centrifugal Chillers, 19EA and

0.2 KW/Ton for condenser water pumps and cooling tower fans.

3.2.2 The Performance of Ice Generéting HP-ICES -
(Washington, D. C.) '

a. Energy Analysis
Winter Energy Requirements:

The annual energy requirements for heating were seen to be

. .
(See Page 187)
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2.7026 x 10'0 Btu per year and for DHW 0.9211 x 1010 Bt

u
'per year. -

Assuming five heating months and seven éooling 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:

10 1

2.7026 x.10°0 + 0.6062 x 1070 = 3.3088 x 1010 Btu/year

Summer Energy Requirements

Summer Cooling Load = 3,200 Ton
Summer energy requirements with 950 equivalent full load
hours assumed:

3,045 % 106

I

Retrigeration Ton-hours

0.3149 x 10™° Bry -

DHW

"Céoling" Energz,Availablé From Heat Pump

Uéing a heat pump with 20°F compressor suction temperature at
130°F compressor ‘discharge temperature a. COP of 3.2* 1s ub=
:géé{ned. This meéng that for.evéry Béu enéfg§ inpﬁt, we take
from the heat source 2.2 Btu and deliver on~heating'3;2 Btu.
Thnﬁ>the "cooling" energy available from heat pump nperation
. satisfying the winter heating and DﬁW feqﬁirement is®

6

3.3088 x 10°0 2.2 x 1/12,000 = 1.896 x 10° Ton-hours

3.2

which is

* .
Dunham-Bush Screw Compressors
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1.896 x 106 x 100 = 62.2% of summer cooling requirements.
3.05 x 100 : ‘

Refrigefation Energy Generatéd in the Summer from DHW

There is a deficieﬁcy in "cooling" energy of (3.045 - 1.896) x

6

100 = 1.149 x>lO6ITon Hours.

During the summer we can generate DHW using the heat pump and

thereby generate ice. The DHW requirement for summer was seen

0

to be 0.3149 x 10l Btu. Therefore, the quantity of cooling"

energy that can be produced is:

6

3149 x 107 x 2.2 = 2165 x 106 Btu

3.2

However, if in generating DHW in the summer Qe produce chillgd
water ihstead of ice we can operate the compressor at 35°F
saturation suction temperature (iﬁstéad of 20°F as for ice)
and 130°F saturation discharge temperature and thereby obtainv

. %
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 1010 2318 x 10° Btu

3.79
. ® 0

]

or 0.2318 x 10"
12,000

1.9317 x 105 Ton-hours

Thus the total energy available for gooling is
(1.896 + 0.1932) x 106 Ton-hours per year

‘= 2.0892 x 10° Ton-hours per year
* C ’ . G :
Dunham—~Bush Screw Compressors for 35°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 inuthe winter prodﬁceé ice afte: the chilled
water has Been cooled sensigly fr;m 57°F to 32°F. Thus the

ice generated is

1.896 x 106 Ton-hours x 12,000 Btu/Ton-hours
169 Btu/lb. o

= 1.3463 x 10° 1bs. of ice.
With an assumed density of ice of 50 1b./cu. ft. the volume of -

the ice bin is

1.3463 x 105 = 2.692 x 10° cubic feet
50 '
This yields 2.692 x lO6 = 1.42 cubic feet of ice storage
1.896 x 100 : ’ S

per ton-hour. Comparing with chillcd water storage with a 15°

'temperature difference

62.4 x 15 = 0.078 ton-hours per.cu. ft.
12,000
or 1 = 12.8 cu. ft. per ton-hour
0.078

E el R ' . .- o .o .
R " 1 Thus for the same refrigeration energy capacity the ice needs

12.8 % 9.0l less storage volume than chilled
1.42 .

.water with .a 15”F temperature difference.

f. 'Ice Bin Storage Loss
Since the surface to volume ratio is more favorable for large

tanks than for small ones, both the cost and losses ﬁer 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 the bin as separate problems since each

obeys a different set of fules.

AAssuming a height of the ice bin as 20 feet, the dimensions

-of the bin are:

[%.692 X 106 ] = . 367 fest square
20 S -

.This yields a top and base area of 135,000 square feet each

and an area of 30,000 square feet for the side walls. The

bin will be insulated with 4 inch poly-urethane on the top

(R-36.4) and with 2 inch poly-urethane (R-18.2 an,the sides

and bottom).

The losses were calculated by months and tabulated in Table
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June
A*Juiy
August
'September
Octobér
November
Decembér
Jaﬁuary
February
Maréh‘
Aprill-~

May

HP-TCES PROJECT

TABLE 3.1 ICE BIN LOSSES
LOSSES IN BTU X 10~

Top ' Sides Bottom : Total

0.99 0.263 0.90° 2.153

1.02 . 0.348 Lot - 2.378

0.911 0.204 1.08 2.285
0.697 ~0.393 - 105 2.140
0.511 ©0.393 1.00 1.904
0.33  © 0.311 0.66  1.301

0.23 ~0.250 0.87 1.35

0.23 0.178 0.008 0.416

0.307 . 0.121 . 0.67 ' 1.098
0.33 " 0.120 ‘ 0.73 | 1.18

0.70 | 6.142 o 0.74 - 1.582

0.912 .~ 0.210 0.832 1.59
19.741

Thus, the total annual losses amount to:

which is:

19,741 x 10° = 165,000 ton hours .

12,000
165,000  x 100 = 9% of total "cooling" energy
1.896 x 106' - generated. ‘ :

Net Available:"Codling"'Engrgy< ‘

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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Annual Energy Consumption

E Winter electrical energy input is:

3.3092 x 10

10

3.2 x 3413

Summer DHW Generation

0.3149 x 10

10

3.79x 3413

3,030,000 kwh

243,500 kWh

HP-ICES PROJECT

Summer electrical energy input to make dp the deficiency

in "cooling" energy of 1,121,000 ton-hours using 1 kWh/Ton-hour

= 1,121,000 kWh

Subtotal for summer

Total for year

3.2.3 . Recapitulation of Results

" Table 3.2 Energy Input

1,364,500 kWwh

4,394,500 kWh

in heat%ng
1oad .

WINTER SUMME R
Heating DHW Cooling DHW
Conventional 370,000 Included | 3,045,000 kih |  Included
gallons in the * : in the
of No. 2 heating heating
oil load load
HHP-ICES 3,030,000 kWh ‘Included 1,121,000 kwh 243,500 kWH

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

51,800 x 106 Btu

Winter 370,000 gallons x 140,000 Btu/gal.

33,495 x 10° Btu
85,295 x 10° Btu

Summer 3,045,000 kWwh x 11,000 Btu/kWh
Total

HP-ICES

33,330 x 106‘ Btu

15,010 x 10° Bru
48,340 x 10° " Beu

Winter 3,030,000 x 11,000

Summer 1,364,500 x 11,000

Total
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

KWH GALLONS BTU
Conventional System ° 3,045,000 A 370,000 85,295‘x i06
HP-ICES ' 4,394,500 - 48,340 x 106

3.2.4 The Annual Overall COP For The HP-ICES

The COP of this systém is very favorable. Both the heating capacity
and the cooling cépacity are being utilized in the annual cycle system and
the annual COP is calculated as follows:

Annual COP = heat of rejectibn + heat of absérption
(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 COP is 4.25 and with the new high

efficiency compressors the COP is again.approximately 5.
Thus the Heating and the domestic hot water requirements are
©2.703 x 1019 Bru + 0.9211 x 10%0 Beu
L 10 '
= 3,6241 x 10"~ Btu per year

Coqlihg produced is 3.045 x'lO6 ton-hours per year

= 3.045 x 10° x 12,000 = 3.654 x 10'° Beu per year

7.2781 x 1010

Total heéting and .cooling

Annual kWh input is 4,394,500 kWh.per year

R 4,394,500 x 3413 = 1.500 x 100 Btu per year
Annual overall COP = 7.2781 x 100  _ .
R '1.500 x 10 '

Related to source energy the COP = 4.85 x 0.31 = 1.50

°123f
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4. EXPECTED ECONOMICS -

, 4.1 INTRODUCTION

To analyse thé expected economic‘feasibilipf of the HP-ICES, the con-.
cept was épplied to the Market Square Projeét and compared with a conven-
tional system.

The energy consumption figures uséd were those arriVed_at in the 8ection .
on Expected Performances.

The Conventional System is‘é central system seclected for pomparison'cap-
éble of supplying the same heating, dohesfic hﬁt water and cooling reﬁuire-
ﬁents as the HP-ICES. | | |

Although the methods of generation o£ heating and cooling afe'different
for the two systems, the distribution systems were assumed to be the samé..
4.2 ANALYSIS‘

The first costs include the generation equipment and distribution-
systems, but do not include the end users 'equipmenlt (air handling units).
| Life'of equipmentAwgs considered 20 yeéars, life of the distribution'syé—
tem and ice bin 40 years, cost of money‘lb%, escalatiﬁn of operation cost 12%.

The cost per ﬁillion BTu was calculated by dividing the ;nnual owningA
and.oéerating cost by'thé énergy produced (both hearing and cooling) per
yéar. This wasAdone for both the'convenﬁionalland ﬁPfICES. The prdcedure
was repeatéd for 5, 10, 15 and 20 years. The régults:éhow that with time
the cost per millidn‘BTu fav&rs the HP-iCES.G%f;é”e;délafion rate was varied
between 129 and 182, and the interest ratc was varied between 10% and 18%.

For each combination the pay-back period was obtained.
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4.2.1 Energy Cost (See‘Section“3,2 for energy quantities) (Case Study)

Conventional System

a)

b):

Winter
370,000 gallons oleo, 2 0il at $0.45/gallon yieldé'gostjof
$166;500.

Heating and DHW distribution energy 172,500 kWh

 Energy cost $0.02158/kWh x 172,500 = $ 3,725
lbémand'chargé ZO'KW x $3.15/KW x 7 mo. = 440
Subtotal = $ 4,165
“Total cost ‘winter =  $166,500 + $4,165
= .$170,665

.. Summer

C;oling

Energy charge $0,0226l/kWh‘x 3,045,000 kWh =" $68,847
. Demand chargé 3200 Kw_x‘$5,25/Kw'x 5 mo. = $84,000

Subtotal $152,847

‘Chilled .water distribution system 533,000 kWh

Energy charge $0.02261/kWh x 533,000 kWh = $ 12,050
Demand charge 165 KW + $5.25/KW x 5 mo. = 5 4,330
z Subtotal = § 16,380

[

Domestic hot water 66,500 kWh

Energy charge $0.02261/kih x 66,500 kith = § 1,505

- Demand chafgéiZO'Kﬁ'x $5.25/KW #‘S-mo, = $° 525

C | Subtotal = $ 2,030
Totallgast for\sqmmer -
~ 152,847 + $16,380. + $2,030 = $171,257
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'¢) 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/kéh ' = $65,387°

Demand 3 x 875 HP x 0.746KW/HP x $3.15 x7 = $43,179
Subtotai mo; $108,566

Ice Maker Pump (1 KW) S,OQO kWh x $0.02158 = § 108

Heatiné an& DHW Distribution Energy = $§4,165

(asAfor conventional system)
Totél for Winter $108,566 + $108 -+ $4,165 = $112,839
b)  Summer
Energy 1,364, 500 kih x $0. 02261/kWh = $30,851
Demand 3 x 670 4P x 0.746 KW/HP x $5.25/KW x 1.5 = $11,808
Subtotal = = $42,659

Chilled Water Distribution Systém’ $16,380 (as for conventional).

Domestic Hot Water $ 2,030 (as for conventional)
Total for Summer $42,659 + $16,380 + $2,030

= $61,069

"¢) Total Winter and Summer .= $112,839 + $61,069
= $173,908 |

say $174,000

‘=126~



HP-ICES PROJECT

4.2.2 First Cost , {(Case Study)

Conventional System

a. Four'800 ton centpifﬁgal COmPressors C = .$48Q,000
b. Four ééoiiug’:bwers"“ - . ;'v_ = I$}gp,000
c. Two lO;OCQ“ﬂBH béilers' . ,' | = Siéb,dod'
d. Ome 3,000 MBH boiler - | = 5 30,000
e. Two chilled water pumpsv‘ ; V‘ :-:f e $ ﬂ“$ }6,000
f. Two hot water pumps o ' - = $ '6,000
g. Chilled water distributicn svsgem o = $800,000

(based on 20,000 linear feot of 6"
diamegeL plpe)

h. Hot‘water distribution system - $400,000

(based on 20,000 linear feet of 3"
- di;metgr pipe)

s , ‘ Total = §1,972,000
'ﬁ Controls and other = $ 28,000
- , | j $2,000,000

HP-ICES
a. Ice Bin Excavation " § 60,000
(120 000 cu. yds. @ $50/cu yd ) ‘ - <.
b. Ice Bin Constructlon $l350,000
\ (2,700,000 cu. ft. @ $0.50/cu.ft . :
incremental cost; ice hin is |
part of the underground struc-
ture)
Ice Bin Subtotal $1,410,000
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Three Dunham-Bush screw compressors including

" condensers, chillers, oil separators and fluzd

accumulators (450 ton at 20° F SST and 130°F
(SDT)

Six ice makers with a total capacity of
1,200 tons

Cooling towers with condenser pumps
Two chilled water pumps
Two hot wéter pumps

Chilled water distribution system
(as fer conventional) -

Hot water distribution system
(as for conventional)

Subtotal
(equipment and distribution system)

Total

Operating Cost (Case Study)

Conventional System

a. Energy cost
b. Maintenance (1% of first cost of
equlpment)
c. Llabor, 8 stationary engineers at $20,000 p.a.
d. Administrarion f peaple §@ 15,000 p.a.
" Total
EP-ICES
a. Edergy cost
b. Malntenance (1% of equipment) -
c. Labor, 8 stationary engineers
d. Administration 6 people
Total
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['}

$ 300,000

780,000
160,oqo‘
16,000 |
6,000

800,000

400,000

$2,402,000

$3,812,000

$342,000

8,000

160,000

90,000
$600,000

$174,0060
12,000

160,000

90,000'
$436,000
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TABLE 4-1 - RECAPITULATION

Conventional System. : HP—ICES
First Cost - . ~ -$2,000,000 [ $3,812,000
Energy Cost. .. = |  $ 342,000 | $ 174,000
Qperation:Cost”-v o 1 $"600,000 $ --436,000
Present Worth =~ . - . $14,927,000 ~ $13,076,000
(with 127 escalation . ' Pl e
over 20 years; 10% ' o e r
rate of interest) : :

4.2.4 Comparative Analysis
a. Incremental investment of HP-iCES

relative to conventional ©$3,812,000

~ $2,000,000

$1,812,000
b. Savings in operating cost by using J
: HP-ICES relative to conventional $ 600,000
—_ 436,000
$ 164,000
c;; Simple Pay-back , : o= $1,817,000
' $ 164,000
= 11 Years.

d. Discounted "pay;bacé" based on 123
escalaticn of enefgy cost and 10Z cost
of monmey is 11 years.

e. The rate éf return over a life'pycle of
20 years with lzz:éécaiatiOn of energy

"‘cos; is 18Z.
«129~



TABLE 4-2°

HP-ICES PROJECT

Pay-back sensitivity with esculation rate and cost of money.

‘Cost of money . ,
Escalation 10% 147 167 . 187
12% 11% 143 16% 20
147 10% 124 1415 16%
167 9 11 12 143
18% 9 10% C11% 12%
4.2.5 Cost per Million BTU
a. Conventipnal System
Operating cost '$ 600,000
Amoritization of equipment |
(10%, 20 years CRF = 0.11746) = § 94,000

Amoritizatiun ol distribiucion system.

(10%, 40 years, CRF = 0.10226)

Annual owning & operating cost

Heating
Cooling

DHW

Eueiygy redquirements per year

27,000x10% BTU

37,000x106. BTU

9,000x10% BTU

73,000x10® BTU

The cost per million BTU
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b. HP-ICES
Operating cost . _ : = $ 436,000
(o]

Amoritization of equipment , = § 141,000
Amoritization of distribution system

and ice bin A E . = $ 267.000

Annual owning & operating cost - = $§ 844,000
The cost per million BTU = ' : : , . A
' ' ' 0 bey Ry RN
= $§ 844,000
73,000 = $11.6 / 10° BTU

Table 4-3 Owning and Operatingfcbst per Million BTU

‘Conventional System | EP-ICES
| Ccst per Cost per Difference

A 106 BTU 106 BTU in cost peq
Year A0 & CC | Dollars A0 & OC | Dollars | 10° BTU
l-st 817,000 11.2 g£4,C00 11.6 -0.4
5-th 1,274;&00 17.43 1,146,380 ; 15,70 | 1.75
10-th ' .2,080,500 28.56 1,762,ISQ 24.10 | 4.40
15-ch 3,501,140 | 4g.00 | 2,754,474 | 38.20 ' 9.80
20—thv 6,004,800 | 82.25 4,6#3;800 63.20 ] 19.05 ]
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4.3 Conclusions

The economic analysis shows that the HP-ICES has a smallgr'operating cést
than the conven;ional system.by $164,000 and a smaller energy cost by $168,000,
Its first cost is by 1,812,006 greater than the first cost of the conventiondl
system. The simple pay-back is 1l years and.the pay-back as a function of
both escalation rate and éost of money is tabulated in Table 4.2. The tabu-
lated results show that the discounted pay-back with conéideration of the
escalation rate is not far off from the simple bay-béck and centers around
11-12 years.

The owniué and vperating cost per million BIU tavérs the conventional
system in the first year; but as:tﬁe years go on, the escalation (12%) in-.
creases the cost for bothvsystems, but'the raté of increase is .greater for
the conventional system than it is for the HP-ICES, thus making the owning
and operating cost per million BTU cheaper for the HP-ICES than for the
conventional system,

| The rate of return was caléulgted for 127 escalation over a period 6f~

20 years and it amounto to 18%.

4.4 Refined Economic¢ Analysis

Section A-4; Expected Economiés for .the Market Square project and
Section B-4, the expectéd economics for the Park Plaza project illustrafe a
‘different approach to economic apalysis ﬁhich~considers-also taxes, iﬁsﬁrance
and diffefentuescalation rateé for maintenance, 1abor_and energy costs;ﬂ

This results in different paybacks (6.7 years for the Market Square
project and 8 years for the Park Plaza projéct). |

The coét for Lhe users as based on the new analysis averages $4.56/kw
demand and 2.9¢/ka energy.for the Market Square.project and $6.78/kwbdemand .

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 qen;eped commuriity storage system does.not cause any
direct or localized air.pollufion, The nature of the systgm ~ two closed
loops for heating.and‘cooling - p;ecludes ;ny intéractipn with the envi-
ronmént.'_

5.1.1 Heating Cycle

~Conventional systéms (i.e. coél, oii orvéas-fired), in contrast, re-
quire the use of a boilgr which, in turn, can cause airnpollution.
Emissions from these conventional systeﬁs éan range froﬁ carbon mon-
oxide to sulfur dioxide ;oﬁnitrous oxide to particulates.

‘A heat pump can cause indireqfly some éir pollution problems due to :

4 ' : r

its electricity requirements. The pollution would stem from the power
station generating this electricity. The pollution, héwéver, would be
confined to the immediate vicinity of Fhe power station which would

probably be equipped with sophisticated controls and means to combat

- Lthe pollution. (See Scetion 5.1 for the overall effect),

5.1,2 Cooling Cycle
A conveﬁtional cooiing system requires fhekuse of a cooling tower
which can create thermal‘pollution problems‘and éhemicél corrosion of
‘the sufroundings} The cooling cygie éf'tﬁe HP-ICES system is a by-
product of the heating cycle; thus thére exists no "cooling genera-
tion" in the system for sﬁmmer 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 Péak Load and tﬁe Overall Effect

The overall effect of a HP—ICES.éyStem is a reduction in air pollu-
tion since the totél 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
line for this seagonal demand is generally less efficient and more bOl-
puting (i.e. combus;ion turbines) than the base load equipment. The
seasonal storage of the HP-ICES reduces’thé'peak load in that there is
no "cooling generation" necessary in the summer. Thus, less pollution
is generéted from the .power station. The HP—ICES system also indirect-
ly reduces other forms ofiair pollution; thé power station's fuel re-
quiremenﬁs are 1owefed éné, in turn, less air pollution is generated by

a reduction in transportation needs.

5.1.4 Reffigera’nt Leakage
The flat plate ice maker used in phe HP-ICES systém is easily main-
tained. Furthermore, it is designed so that leaks afe eaéily detected.
Due to'éhe centraiization.and'communicy-orientatinn nf the system, it
is probable that tﬁe entire system will be ﬁaintained better than a

large number of swall, Individualized systems.
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5.2.1

3.3

‘ © HP-ICES PROJECT

WATER POLLUTION

NormaiAQperation

Due to the closed loops, there also exists no thermal or chemiczl
water pollution in a HP-ICES system.,  If a conventionalAsyscem re-
quires the use cf a river or other waterway for operaticn, the tem-

perature of the water will'be increased (depedding on the flow of the

'rivé; and other factors). The resultant thermal pollution may be

harmful to the habitat of the waterway. In the sumrer time less

. energy>is produced at the power planﬁ. Therefore, less heat "is re-

jected into rivers,lakes o;ij_Ebeiggél}pg.toyers.and therefore the
thermal pollution is not severe.

Leaks from-;he storage bin also would cause no pollution problems{
as the bin contains only water. If arainage would become necessary,
the water would flow into the local storm system.

The lack of any adverse effects from ouf.HPQICES system céﬁ'be con-
trasted to the probléms asséciated wifh ﬁhe coil bin KP-ICES system.

The‘coil bin system utilizes a coil contaigiﬁg brinevin.the storage

bin. If drainage would become necessary with this s?étem, the brine

" fluid could cause pollution problems when it is drained into the storm

system.

NOISE POLLUTION

:Sc:ew compressors used in the HP~ICES system operzte with much less noise

‘than centrifugal comprassors used in conventional systems which often cause
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damage to hearing unless drastically controlled. Thus, we do not foresee

any noise pollution problems with ;He HP-ICES system.',

5.4 RESOURCE CONSUMPTION

5.4.1 Land Utilization

The storage bin for the HP-ICES system’ is undefgrouﬁd. It can be
located underneath or beside the building. lIf located beside the build-
.ing, a gardéh,'park, or eyén parking lot, for examples, may be placed
above it.

For the basic.system, no cooling tower is required. If the system is
altered to include a.coolihgltower, the tower would be considerably small-
ef than those used for:conventional systems.

The tdtal space requirements for the HP=ICES eyotcm (inciuding the e=
chanical room, the storage bin, and the ice ﬁaker) are less than those
required for a conventional syétem (with boilerg, chillers, cooling
towers, etc.).

5.4.2 Distribution of Piping Network

R Thg;piping netwqu iS'nécessarily underground. If the HP—ICES system
is used for a new, undeveloped area, the network -can be easily inte-
grated with the community'design; |
.-APfoblems may arise if fhe system is to bé used in é previously de-
Qélqéed area. If there exists no central system for both hot and chill-

. ed wgter'in these areas, it would be necessary‘to open the streets for

installation. Thus, institutional problems (such as-transpbftation,
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inconvenience, etc.) would‘ariséiaé Qith iﬁstallatidn of-any'centra—
lized system. These problems are especially‘aggravated'in urban areas.
When a centralizeq system for both hot and chilled wétér_already exist
iq a given areé, fhe HP-ICES system-can be used with no alterations to
the piping ﬂetwork.

5.4.3 Construction

No special materials are necessary to construct a HP—ICES systém.
All materials aré séandard building items available tod;y oﬁ the market.
5.4.4 Retirement
There are no enyironmental problems associated with retirement 6f the
system. The storage'bin, for example, can easily be tr;nsformed intg an !
underground parking structure and the mechanical room can be used for

another- system.

~-137-



HP-ICES PROJECT

6. - PROJECTED GROWTH

Unlike other sYstems;~the HP-ICES aoes 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 depehdent on outside factors; Becauée
of its many possible confiéﬁrations, the HP-ICES system is
quite flexible in its approach to growth. As a result, there
‘are many factors which would affect this procese. The analysis.
spécifies some possible modes of expansioh and then goes on
to review the impéct of‘these variables on thé 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 storage hin
and the addition of space for new mechanical rooms,

The éésence ot this tebhnique is that for every load that
is added into the 1loop, unitslof mechanical systems and starage
are also added on. This could be done by adding equipment
aﬁjihe cenfgal.plant or adding subcidiary stations at the per—
iphiery of the loops.. Cent:al planning would help by insuring
that the design of Fhe system 6r;ginally would take iqto ¢on—'
sidéiéti&h the projectea gfowth that the system would haveAto
accomodéﬁe.' The limitations most clearly are that of the dis-
tribution system piping. Whenéver possible the distribution
systems should'bé viewed beforehand with a view of the pro-

jected growth of the community for a period not exceeding the,
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expected. life of the distribution'system;
'The ekteﬁsion of the.distribution'system in relation to
the extension of ﬁhe community size and its building denéity
may present a difficult problem when insfitutional limitaﬁioné-
to the built—up density exist. Also, a distribution system
extension may require the éooperation of private prqperty
owners which may,invoive a large capital expenditure. Thgsg
two factofs may contribute towards.making the extension of the
diétribution syétem unecondmical.
| Dependiﬂg on the rise of growth of new communities, relation
to the éxisting communiﬁies and also depending on the locétion
of new communities with respect.to existing, the expansion of the
- system could also be dbtained by expanding the equipment of the
existing 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 easiest to maintain efficient use of all parts Sf the
sysfem within their design parameters. However, this method calls
Ifor strong central planning which would be capable of éignificant
investment of funds in a system which would have to be under-
utilized until the design density is achieved or be capable of
instantaﬁeéué development ta that dénsity. Lower density levels
Awould probably‘be easier to arrive at using this technique, eVeni
though high density per unit of distribution is still the most
efficient use. :In its oréanizational arrangements .the ICES system

by nature lends itself to a central authority structure. As such,

_139_



HP-ICES PROJECT

central planning and the coordination with other community ser-
vices are an advantage to grbwth becoming more of a necessity

the mére significant increases. Concomitant with tﬁis are pro-.
blems of responsiveness ana flexibility as the economies of

scale approach limits to the rate of return. The key here is
what sort of organization éperates the system., It may be orgénized
as a‘utility, either in the form of a private company oOr 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 oppbsed to technical
criteria in such decision making. Another consideration is
whether the system is part of a new construction or retrofif in
an existing community. Neﬁ construction would be in a more .
speculative envirqnment and probably more fiscally conservative.
On the other hand( it éhouid be more decisive and planned be-
cause the decision making process is more céntralized. Retrofit,
“however, because it is in an existing community would almost
always be with the involvement of the political or governméntal
entity. As such, the degisinné would tend to lean townrds poli-
tical influences. The growth of the community does nof present
iﬁsﬁrﬁoﬁntable problems for an ICES system. Thére is enough
flexibiiity and variety iﬁ configuration to allow for mést con-
tingencies. The engineefing ?ossibilities afé ndt‘ghat'diffi—

cult, certainly not as the poiitical'influenCes will be.
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7.  SYSTEM MODIFICATION

7.1 . SYSTEM MODIFICATION

The modification of the system should conform to local qlimétic condi-

tions which primarily determine the heating and cooling loads.

7.2 _MODIFICATION FOR SUPPLEMENTARY HEAT

In the northern areas where the ice generated exéeéds the summer cooling
requipements'dr if the ice generated iﬁ quantities just sufficiéﬁt to cover
fthe summer cooling»reqﬁirements would resulf in a deficiency in heatingy
suppiementafy heat haé to be suppliéd,either by melting the icé or ;upﬁlied
directly to heat the building, | |

“There‘are many means to remedy this coﬁdition, 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;fsouth, and
wesl walls of a building and can collect solar energy which, when elevated
. by the heat pump to the reduired heating temperature, can supplement the de-

ficiency in heating requirements. In Minneapolis, for example, such solar -

radiators can collect about 186,400 Btu/square feet per season, These
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-collectors operating at low teﬁberatufes (sometimes even lower than the am-
bient temperatures) are sufficient for'tﬁe purpose of icemelting and do not
requre any insulation or encasing.

Moreover, these collectors can also collect thermai energy by convec-
tion and conduction. |

This modification of the Hf-ICES system to accémmodate the‘radiators
is reiatively simple and inexpensive. Also, thé radiators' s&stem can be @
integrated in the overéll construction of the building as a shading device
theféby reducing the solar hea£ géin in the suﬁmer.

| 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 condeﬁser
“acting as an evaporator and only below that teﬁperatﬁre will ice generation
begin. In such cases, the ice generated will be sufficient for the summer
cooling fequirementsf Such a system could prove,.however, slightlf %ore
complicated and require some m&dification in the system-like controls. to
prevent freezing problems on ;hé surface qf the coils. The use of the ;bove

modification has to be investigated in light of the local considerations: 7. .

7.3 MODIFICATION FOR SUPPLEMENTARY COOLING
In the southern areas the ice generated during the winter as a by

product - of heating and DHW i3 not sufficient to cover all the summer coul=

¢

ing requirements. The deficiency in cooling ‘emergy could be made up

by freezing water or any other phase change material (with freezing tempera-
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ture suitable for air conditioning operation) by cifculatiné cold brine
through it. The brine itself ‘is cooled.by outside winter (colq) air.

A brine cirquif includes a.circulating pump and two coils: one lo-
céFed outside across which cold air is blown,.the 6ther located in |
water. Whengvei the air is 25°F or below it éools thé brinevwhich in turn
cools the wafer,thus generating ice.

However; if the above method cannot be used because of relatively high
wiﬁtef tempe?atures, chilledlwater must be generated in the summer at off
peak petiods and the ice bin storage couid serve as diurnal chillea water
st&rage._ This-would considerably reduce the summer electric peak deﬁand
- which is in keeping with our main purpose of cutting such a,aemand.

The diesel and gas engines could also be used in southern areas, es-
pecially if the billing demand charge is high. 1In such cases, the domestic
:hot watgr could be generated with the heét recovered from the engines.

Where space is scarce, ice could be generated at night and stored for
_use dufiﬁg,the day.

Two examples presented in Appendix;7A were taken from oﬁr other de-
sign projects to show the possiﬁle modifications of HP-ICES.

Theffirst one will show the use of 9utside air to produce the supple-
mentafy ice to do away with the deficiency in cooling.

The second project will show tﬁe utiliéation of HP-ICES system with
solar radiators suppleménting’the deficiency in heating reduirements.

In cold climates aAdieéel'or gas engine could be used for the heat pump

drive‘increasing considerably the heating and the overall COP's due to the

él43-



-

HP-ICES PROJECT

considerable amount of heat recovered from the exhaust and jacket water.

For example; for the diesel engine the COP for heating related. to source

" energy is 1.62 and that related to shaft ﬁork is 4.61. The ovérall COP related

to source energy is 2.39 and that related to shaft work is 6.8.

-

The corresponding figures ﬁgr the eleétrical drive are 1.55 and 5.4
respectively. The gas engine drive has a COP for heating ;élated to source
energy of 1;47 and related to shaft work of 4.87. Similarly, the corres-
ponding overall COP's are 2.13 and 7.07 respectively.

"The discrepancies in the CdP's are due to differenf'engine gfficiencies
and different proportions of the recovered heat.

Figureé 7.1 and 7.2 comparé the source energy reduirements to obtain
both cooling and heating, or heating only for the diesel engine, gas engine
and electrically driven ice genérating HP-ICES and conventional system.

(See also Appendix 7A). | |

''he diesel and gas engine driveé were considered to operate with the
aame suction‘and diécharge'teﬁperatures aslthe electrical drivé. However;
with the series arrangement of the heat pumﬁ'condenser, the jecket 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, reducing the discharge temperature by LOPF decreases the

horse power input by about 10% and,at the same time,imprbves the COP's by

the same percentage.

The condenser will account for about 60% of the hot water temperature

~difference while the recovered heat from the engine will account for 40% of
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the upper part of the hot water tempeérature difference. Actually, a trial
and érror<approach will be necessary 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 fnteérated Cbmmunity Energy System.is the heat
pump, the ice makef and the annual storage ice biﬁ. Sinde the.comp0nents
of the system are known and have been tested separétely 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
compdnents. Tﬁe performénce déta are readily available.

The relatively new aspect, howevér, is-the annual cycle stofage.
Other seasonal storage systems already constructed may provide séme in-
formation, but none have the équipmen; arrarigement of this system. Its
' two main components are the ice maker and the ice bin. It is this aspect
of the overall system that shbuid be tested to gather more performance
data.

The Ice Maker

The ice maker itself doesn't require any particular tésfé. It is
used in-a configuration that .was designed to make ice for the Food Pre-
servation Industry. Information on performance and optimization is eaéily
available from the manufacturers.

Ice Bin

AWhile present thermal storage systems are concerned with retaining
heat, the ice bin requires tﬁat Heat'be kept uuL and dealé wi;h a phase
change process in addition. As ﬁhefé are no large -size ice biﬁs designed

for the purpose of -annual storage, it is particularly important to examine

-148-



HP-ICES PROJECT

" the integra;ion of the ice maker with.the icé storage bin and' chilled water
'syStéﬁ loop from.and into thé ice §§ofage bin.

The cbnfigufétion'of the components within this storage system is novel
énd ﬁéstiﬁg of a scaled down mock-up should be dbné. This willjeﬁéﬁle éyalu_
ation of vafious éonfiguratipns as well as tpe testing of the P%n aé thé:samg

time; The ﬁbck-ﬁp should ekamine.the influence of the following variables:

.Ice Delivery to the Bin

“1f it“is desiréd fhat the bin be not directly under Ehéqicé $ak2r,‘varicps
configuratioﬁé of'coﬁveyors can be tested ?or suitability. Temperature measure-
ments élbﬁg the tgavéi path will provide criteria forvdetermining‘op;imum travel
distances, sﬁape of the ice and cons;ruction of the conduit to prevent heat -
géins. |

Siﬁilariy,‘thg conveying of the ice and its~distribution‘in the ice bin
éhouidABe investigatgd to see if the design demsity of the icé could be achie&ed.
The cOﬁveyinQASystem of the.ice from the ice maker to the bin hgs to be tested to
cheék if it performs at minimum loss.

.Likewise, the insulétion required for the conveyor .and ;he conveying methods
(either a pneumatic or helical screw conveyor) will have to be determined. If
a pneumatic conveyor is used, the airAtempérature and the losses caused by the
warn air will havg to be eﬁamined. To avoid losses, the air might have to be
-precéoled or else a closed 1oép bétween the aif exhaust from the storage bin
and conveyor power fan established.

-In large ice stofage bins the ice can block part of the outlet to the

. chilled water pump suction and may cause non—unifbrm flow to the pump. To
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avoid this, the layout and location of chilled water suction'pipes within
the bip have tb be tested to secure that the number of sucgion points and
suqtion surface required are adequate so as to seéure a constant and un-
hindered flow to the chilled water loop. |

It may be feasiblé to secu;e a layer of water beneath the ice at'Fhe
bottom of the bin at all times. so that the ice will bhe distributed hoﬁo—
genically in the bin and not block the suction.l This pfébiem.wiil>;lso
have to be examined to determirie the amount of water requiréd to achieve
this condition ' and the influeﬁce of this condition on the volume oftthg
bin. |

The behaviour of the ice in the bin chroughont thé year under.differw.
ent aﬁbientAconditions (temperéture, partial vapor prgssuxe), wil} simu-
larly have to be tested and logged in order to achieve all the.informétion'

of the ice bin losses which will enable optimal bin insulation.

- 8.2 TESTINC PROCEDURLS

Once a system has beén installed, a multilevel tést of the system .
should be utilized. Because actual equipﬁent'and sub=systemc have not at
ﬁhis time been selected,-only éenergl procedures éan be outlinéd. Tﬁis
will cover testing of individual components, various éub-systeu$ when in-
stalled and finally fhe system itself in the various modes of opération.

8.2.1 'Component Testing

Testing of the vainuslindividual components should be performed at
the factory or on-site according to procedures contained in industry'standQ

ards (e.g. ASHRAE). If performed at the factory,‘complete records of the
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prdcedu;e and thé resulté should be forwarded with:the other documention.

The folloWing'gtandards shall be sﬁecificélly utilized:

Coﬁpressors . ASHRAE Standard 23-67 compressors, poéitive dis-
bplécement,'yéﬁriggrant methods of testing gqr rating.

Chillers ASHRAE Standard 30-7é‘1iqﬁid chilling packageé, met-
hods of testing for rating. ‘

Condensers | ASHRAE Standard 22;71 watéx—céoled f;;fiéérén;; con-
densers metho&s of testing for rating.

icé:Makér ' | ASHRAE Standard 29-71;ice makers, methods of testing.

Ice Bin : ASHRAE Standard 94-77 methods of testing thermal sto-

rage devices based on 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 applicable.

8.2.2  Sub-system Testing .
 After proper installation the individual sub-systems shall be tested for
peffbfmance. The testing will be in the following sequence:

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 of the three heat puip units shall be tested'using the cool-
ing tower for heat_rejectiqn. - Suitable 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 féllow—
iné modes at normal operating épeeds and teﬁpér;tures:
4i) chilled water production:
_chilled water flow
-chiilea water temperature
—automatic response to cooling load
ii) ice ﬁroduétion:
—ﬁeight of ice produced per unit'of ice
making operation
-upper and lower limits of ice méker

Heat Production

Each of the heat‘pﬁmp units shall be tested uging ﬁhe ice making
mdde for fhe heat sink.‘ Suitable instruments shall be atfaéhéd
at points'deﬁermined b& the designer to measure actual load pro-
files for comparisoun wlth design paraﬁeters. The unit shall be
tested in the following mode at normal speeds an&Atemperatures:

i) All three unité tested for hot water pro-

N
LI S y

duction:

-hot water flow

=hwt watéf'tempergture

—autOmaticlresponse to space'heating;load
.ii) One unit'with’the'doubleAbundle 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 of operation

-d) Iéé Bin Cold Water Pumping
This~system for éppplying chilled-water for cooling from the
ice bin‘is to be_tested with all heaﬁ‘pumps shut down, the
'vélves cdnnecping the system open and chilled Q;fér c&?éﬁiat;
ing puﬁp operéting. All elements should be operating at ﬁormal
temperature and suitable instruments at points determined by
the désigner to measure the'actual'load‘profile-for comparison
with design‘pafameters for:
~chilled water flow
.;chilled'water teﬁperature

—-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 syétem essentially entails balancing and check of the
system contruls. By manipulating the various sensor input, different cli-
matic and elemental conditiéns can be si@uléted and the response of the sys-

tem tested.
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APPENDIX 1A

1A.1°  REFRIGERANT INVESTIGATION

‘Single Stage Compression and Two Stage
Compression With Intercooling '

Refrigerant - 12

(o]

Evaporator Temperature = 20°F
Condensgr Temperature = .1300F
Evaporator Pressure = 35.736}PSIA or 51.040 PSIG
Condenser Pressure = 195.71 PSIA or 180.01 PSIG

Optimum Pressure For Intercooling

Py =\ Pg P =V:35.736 x 195.71
= 83.628 PSIA
’ Enthalpies (See Fig. 1A.1)

g

85.6 Btu/lb ' Isentropic compression to

hy = h, at 20°F = 79.385 Btu/lb

h

2

.intermediate pressure of

83.628 PSIA

h, = 92.5 Btu/lb. - . . Isentropic compression to
discharge ﬁressure 195.71 PSIA

h, = hg at 83.628 P?IA = 89.270.Btu/1b

hg ='91,2 Btu/1b ‘Isentropic compression from

-infermediate to discharge
pressure

h6 = h7 = hf at 195.71 PSIA = 38.553 Btu/lb
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Single Stage Compression

Work = h, - h = 92.5 Btu/1b. - 79.385 Btu/lb

. =13.115 Btu/1b

Refrigerating Effect = h; - h, =79.385 - 38. 553

40.832 Btu/lb

. Refrigerant Flow Per Ton -

= 200 Btu/Min
40.832 Btu/1b

= 4.898 lb/min’per ton
Coefficient of Performance (COP)

7 = 79.385 - 38.553
92.5 - 79,385

= 40.832 = 3.11

<

Altcrnatcly

CcoP = 200 Btu/Min N
13.115 Btu/lb x 4,898 Lb/Min

= 3.11°
Energy Efficiency Ratio (EER)

= COP x 3,413 = 10.626 Btuh/Watt

Power = 13.115 Btu/lb x 4.898 Lb/Min
= 64,237 th/Min Per Ton

‘= 64,237 Btu/Min x 778 Ft-Lb/Btu
33,000 Ft-Lb/Min/Hp

1.514 HP/Ton

Volume Flow 4.898 Lb/Min x 1.0988 Cu. Ft./Lb (at 20°F)

= 5,382 CFM/Ton
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~

Two Stage Compression With Water Intercooling

‘First Stage Compression (Fig.lA.2)

Work = h2 1

Second Stage. Compression

- h, = 85.6 -~ 79.385 = 6.215 Btu/lb

‘Work = hg - h, = 91.2 - 84.270 =6:930 Btu/lb
‘Total = 13.145 Btu/lb

Refrigerating Effect 40.832 Btu/lb

4.898 Lb/Min -

Refrigerant Flow Per Ton

coP = 40.832 = 3.106
. 13.145
Or.COP = 200 - = 3.106 -
- - 13.145 % 4.898
EER - = .3.106 x 3.413 = 10.602 Btuh/Watt
= 64,384 Btu/Min Per Ton

Power = 13.145 x 4.898

= 64.384 x 778
33,000

1.518 Hp/Ton

Volume Flow 5.382 CFM/Ton First Stage

= 2,378 CFM/Ton Second Stage

Two Stage Compression With Refrigérant
Intercooling (See. Fig. 1A.3) '

Heat and mass balance at intercooler
m6 +1 = m4
o h6 + m2-h2 = m4 hA«
m, 38. 553 + 1 x 85.6 ='m4 x 84,270
Yielding m, = 1.029 Lb

_From Condenser, m = 0.029 Lb of Saturated Liquid
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First Stage Compression

Work = h, - hy = 85.6 - 79.385 = 6.215 Btu/Lb

Second Stage Compression

Work . = ma(h5 - ha) = 1,029 x 6.930

= 7.132 Btu/Lb
Total = 13.347 Btu/Lb

Refrigerating Effect 40.832 Btu/Lb

4,898 Lb/Min (through the

Refrigerant Flow Per Ton

.evaporator)
cop . = 40,832 = 3.059
' 13.347 :
or T T =200 a =" 3,059
13.347 x 4.898
EER = 10.442 Btuh/Watt
Power = 13,347 x 4.898 = 65.37 Btu/Min Per Ton
= 65.37 x.778 = 1.541 Hp/Ton
' 33,000
Vo;umg'Flpw
First Stage = 5.382 CFM/Ton

" Second Stage = 4.898 (1.029) x 0.48555 = 2.447 CFM/Ton
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RECAPTITULATION OF PERFORMANCE OF

TABLE A.1.1
’ R-12 PER ONE TONE REFRIGERATION
‘ " SINGLE TWO STAGE COMPRESSION
PERFORMANCE STAGE = - R -
ITEMS COMPRESSTON WATER REFRIGERANT
INTERCOOLING INTERCOOLING
Work Per Lb Of Refri- 13.115 Btu 13.145 Btu 13.347 Btu

erant Passing Evapor.

Refrigerating Effect

40.832 Btu/lb

40.832 Btu/lb

40.832 Btu/lb

Refrigerant Flow Per

4.898 Lb/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 | 10.626 Btuh/Watt | 10.442 Btuh/Watt

Power Expenditure

1.514 Hp/Ton _

1.518 Hp/Ton

1.541 Ep/Ton

Volume Flow Per Ton

5.382 CFM |X. 5.382 CFM 1. 5.382 CFM
_12. 2.378 CPM 2. 2.447 CFM
Discharge Temperature . 145°F 138°F '13893
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TABLE A.1l.Z
SUMMARY OF TWO STAGE COMFRESSION PERFORMANCE FOR EVAPORATOR

- 29T~

TEMPERATURE OF 20°F AND CONDENSER TEMPERATURE OF 130°F

_ REPRIGERANT FLOW
: {cou- cop HP/TON PER TON
REFRI~ PRESSURE PRESSION LB/MIW * CFM #* DIS -~
: RATIO CHARGE
GERANT PSIA : FIRST SECOND FIRST SECOND TEMP.
. ‘ STAGE | ° STAGE STAGE STAGE of
T INTER- INTER- INTER- INTER-
Ps Py COOLING COOLING . COOLING COOLING
WATER REF. WATER REF. WATER REF. WATER REF.
R-11 4.35 38.€7 8.9:1 3.85 3.80 1.23 1.24 3.37 3.37 3.37 28.6 1.14 1.26 137
R-12. 35,747 195,72 ] s5.5:1 1 3,11 " 3,06 1.52 “1.54- 4.90 4.9¢ 4.90 5.38 2.38 2.45 138
R-22 57.73 311.50 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-500 41.96 231.99 5.5:1 3.14 3.28 1.50 1.53 4.09 4.09 4.09 4,61 2.02 2.10 149
R-502 67.16 335.54 5.0:1 2,49 1.32 1.85 1.90 6.09 6.09 6.09 3.7 1.65 1.74 140
R-717 48.21 330.00 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 EVAPORATOR

*% AT COMPRESSOR  SUCTION

103rodd S3IDI-dH
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1A.2 REFRIGERATION COMPRESSOR PERFORMANCE '

TABLE 1A.3

. COMPARISON OF PERFORMANCE OF E(HP) x72516 DUNHAM-BUSH
SCREW COMPRESSOR USING R-12 AND R-22 REFRIGERANTS.
" SyCTTON TEMP. = 20°F DISCHARGE TEMP. 130°F
(Based on 10°F Liquid Sub-cooling and 10°F Suction Superheat)

]
. Ts = 20°P/Tp = 130°F ?
o= § t
™ .. !
x m RE , i
g FRIGERANT POWER HEAT cooL- |
) =" CAPACITY REQUIREMENT - REJECTED | ING'
a

Toxs BTU/H wp | Wp/TON . BTU/H sTu/n | c.o.p.

R-12 | 275 3,300,000 | s9s| 2.16 1,514,000 | 4,814,000| 2.18
R-22 | 450 5,400,000 | 1025] 2.28 2,609,000 | 8,009,000] 2.07

This comparison shows that the perfb;mance 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 compreésor yeilds a much higher capacity when op~
erating with R-22 than when operating with R-12, soﬁethinglﬁﬁ£6h is not -
apparent from theoretical consideraﬁions aioneq

‘One partial explanatlon could be the fact that the CFM/Ton for R-22

is smaller than the CFM/Ton for R-12~ therefore, a given compressor having

a certain displacement can handle'more R-22 per unit time than R-12 thus
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providing a larger tonnage.

TABLE 1A.4

' COMPARISON OF PERFORMANCE OF E(HP) x 2516 DUNHAM-BUSH
SCREW COMPRESSOR USING R-12 AND R-22 REFRIGERANTS.
SUCTION TEMP. = 35°F, DISCHARGE TEMP. 105°F S

(Based on 10°F Liquid Subcooliné and 10°F Suction Superheat).'

c;an ' 0
mm . . : (-]
= REFRIGEPANT POVER .. . HEAT ©
»> ) . |
7 | camary REQUIREMENT REJECTED - -
: . . . ., . N N : n ‘
<ONS BTU/E | WP | wue/TON.| BTU/E BTU/R €.0.P.
12 | aso 5,400,000] 460 1.02 | 1,171,000 | 6,571,000 4.60
;
R-22. | 735 8,820,00C{ 760 1.03 .| 1,934,000 {10,754,000 4.56
1 .

This comparison brings out theffact of R-22 having a much larger re-
frigerating capacity than R-12 when goth are used in the same:compressor,
also with a suction temperature of 3§°F and discharge temperature of 105°F
as ercountered in ordinary air condi;ioning Qprk.

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.
. 1
TYPE OF REFRIGERATION POWER. = HINPUT HEAT COP | COP
COMPRESSOR ' REJECTED| COOLING | HEATING

TONS | BTUH BHP | HP/TON | BTUH | BTUH
0 106 | x 100

Centrifugal | 1,480 | 17.76 2442 | 1.65 6.215 | 23.975 2.86 3.86

Screw ‘ 300} 3.6 540 1.80 [1.374| 4.974 2.62 3.62

This comparison was made with a discharge temperature of 120°F és 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 compressor are avail-

able. Also, for a range 20°F to 35°F suction and 105 - 120°F discharge tem-
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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 speéﬂ change, the speed changeover from

one suction temperature to another is difficult to attain.

TABLE 1A.6

REFRIGERANT - 12. SUCTION TEMPERATURE 35°F
DISCHARGE TEMPERATURE 105°F | |
COMPARISON OF PERFORMANCE OF CARRIFR MPS. SIZE 40
CENTRIFUGAL COMPRESSOR VS. 2516 DUNHAM-BUSH SCREW

COMPRESSOR.
TYPE OF REFRIGERATION| . POWER - INPUT HEAT |coP COP
COMPRESSOR - - " |REJECTED |COOLING | HEATING
TONS  BIUY BHP | HP/TON | BTUH| BTUH .
x10 ‘ x106| x10
Centrifugal | 1780 21.36| 1960 | 1.1 [4.988| 26.348 | 4.28 5.28
Serew 455  5.46| 470 | 1,03 [1.196]| 6.656 | 4.57 | 5.57

At 35°F suction temperature and 105°F discharge temperature the screw
éompressor performs better than the centrifugal compressor.
Again, both show a much better performance at 35°F ST and 105°F DT

than at 20°F ST and 120°F DT which was to be exbected.
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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

Capacity at " Capacity at
20°F Suction 359F 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.

_'!‘(,7 o
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. FIG lA 7
@mm
C‘"Dl r’-f’c ﬂﬁ . )
L!.L\d -
Ll . Ref: - Tables 1A.5
3 T, O DL ’ 1A.6
. C uwﬁ."u : For Carrier Centrifugal M.P.S. Compressor :

This chart is for estimating purposes only. Actual ' !
compressor selection involves consideration of :
_numeraus factors beyond the scope of this publication.
For precise selection information. based on your
" individual job requirements. simply contact your Carrier
Refrigeration Sales Engineer.

NS OF REFRIGERATION .

2. Bhp/ton values ate based on assumption of

4 .
3
Z
o ; SEENOTE 2 .
M
o]
SEE NQTﬁ 1
3500 5.
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[@EE e =2
l.—
1000 //
_ Source: -Carrier Centrifugal
Compressor 17 mps
500 — . pres p
B350 47
NOTES
1. Compressor capacity is based on 105 F
. condensing temperature. Refrigerant 12 or 22
0 : : . . as noted. and the use of an economizer in
50 ° -40 20 0 20 .40 the refrigeration circuit.

a 70% efficiency ratio. no friciion losses. and

SATURATED SUCTION TEMPERATURE (SST) F the use of Refrigerant 12 and an economizer.
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Ref. Table 1A.7

Source: GQGarrier Centrifugal

Co ’

NOTES mpressor, 17 mps

1. Compressor capacity is based on 105 F
condensing temperature, Refrigerant 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 frictian losses. and
the use of Refrigerant 12 and an economizer.-
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APPENDIX 2A
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2A.1 HEATING AND CCOLING ANNUAL ENERGY BALANCE
Table 2A-1 summarizes the h;at balance calculations.’ Column 3 is
the sum of columns 1 and 2 apd gives the total heating energy require-
ments for heatiﬁg 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 Washingtb;,

33,088 x 10° x 2.2 = 22,748 x 10° BTU

3.2

Thus the heat pump is capaBié of generating during an entire winter,
22,748 x 106 BTU cooling energy,fwhich however, is not sufficient to
cover the summer cooling requirehents of 36,537 x lO6 BTU (column 5).

The deficiency in cooling is

® = 13,789 x 10° BTU (col 6)

(36,537 - 22,748);x 10
On the other hand in colder: nbthern locations, say in Minneapolis, MN
the reverse is taking place, naméiy the "cooling" energy or ice generated
during Lhe winter is
63,512 x 10° x 2.2.= 43,665 x 10°
which exceeds the cooling requiéemenﬁs for the summer of 21,895 x 10° by
21,806 x 10° (column 7). :
Table 2A-2 shows the domestic hot water energy requirements and
the'cooling" cnefgy ubLaLu;ble Erom the heat pump by'uoing a Cop = 3.2
in winter and COP = 5 for Summeﬁ. 2
The "cooling energy generaged from the winter part ofAdomestic hot

water has been included in winter heat pump operation and has been

accounted for.
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However, the sumﬁer generation of domestic hot water can be done with
the heat pump generating at the same time chilled watér, possibly at night
time and thereby reducing the deficiency of éooling.

Thus fpr Washingtbn.tﬁévdeficienéy-in cooling was seen to be-

13,789 x 10® BrU. |

Generating domestic hot water in the summer can produce additional

6x2.79-= 2318 x lO6 BTIU '

"cooling" energy

3149 x 10
A 3.79
Thus the deficiency is reduced to:

(13,789 - 2318) x 10% = 11471 x 10% 31U

955,917 ton-hours
‘In the second table the domestic hot water in the summer is indi-
cated only for locations having a deficiency in cooling as for the other

locations which have surpius ice, hot water in the summer would be

~generated by other means.

~Section 2A.2 gives all of the data used to develop the calculations
and Tables 2A-3 through 2A-7 contain the calculations used to generate

the finding.
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TABLE 2A-1

Locaticn

St. Petersburg, =L

A New Orleans, 1A

El Paso, TX -
Oklahama City, OK
Corpus Christi, TX
Denver, QO -
Chicago, IL
Washington, DC

New York, NY

_ Boston, MA

Minneapolis, MN
Seattle, WA
Rapid City, SD

Des Moines, IA

HEATING AND COOLING ANNUAL ENERGY BALANCE

Heatingy Energy
Requiraments

PTU x 106

4412

8909
17302..f
23974

5882
41076
43358
27026
31350
36535
55232
28417
48279

43265

Winter
DilW Energy

Raquirements
BIU x 10°

3534
3283

-~ 4758

5115
4115
8285
8002
6062
6888
7541
8278

8294

- 8252

7044 -

Total
Enerqgy
Requirements
BTU x igg

7946

12192

22060

29089

9997

49361 .

- 51360

33038
38238
44077
63512
36711
56895

50309

€382

. -15166

19999
6873
33936

35310

22748

26289
30303
43665
25239
39115

34587

Enerqgy
Requirement
for Cooling
BTU x 106

86,738
86,940
49,853
59,873
93,204
16,164
28,080
36,537
27,900
28,195
21,859
21,437
29,430

30,778

Defficiency Surplus
in Cooling in

Enerqgy
BTU x 10°

81275
78558
34687
39874
86331

13789

1611

Energy
Supple-

mentary

Heat for

ﬁgftinaA ,

BIU x 106

17772

7299

2108
21806
3802
_9685

33809

, COOIing-
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TABLE 2A-2

WINTER AND SUMMER DOMESTIC HOT WATER ENERGY REQUIREMENTS AND COOLING CAPACITY OF HEAT PUM .

WINTER - SUMMER

o Heat Pump . ‘ Heat Pump
Winter * Cooling Capacity 'Summer . Cooling Capacity
o Requiremgnts . with COP_= 3.2 Requirements - with COP6=-3.79
Location BTU x 10 BTU x 10 BTU x 10° BTU x 10
St. Petersburg, FL | " 3534 - . 2430 ' 4154 3058
New Orleans, LA 3283 ' 2257 ) 3682 2710 -
El Paso, TX 4758 . nn 3182 2342
Oklahoma City, OK 5115 - 3517 ..3835 2823
Corpus Christi, TX : 4115 : 2829 | 3823 2814
Denver, CO | 8285 5696
Chicago, IL o 8002 - 5501 | | |
Washington, DC 6062 1168 3149 2318
New York, NY 6888 4736 4095 3015
Boston, MA | | 7541 5184 o | -
ot cteMinneapoliis:, s MN: : 8278 . 5691 é
Seattle, WA = 8294 .': | 5702 ; |
Rapid City, SD 8252 . 5673 %
Des Moines, IA ' 7044' _ . 48@3 :

Note: Summer hot’water generation with heat pump indicaLed oaly for locationa where

there is a deficiency in cooling. .
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2A.2 MARKET SQUARE COMPLEX IN WASHINGTON, D. C. (Case .Study)

This project, being.developéd by the Pennsylvania Avenue Rede-
velopment Corporaiion, is situatéd on ?ennsylvania Avenue and consists
of approximately 1,300,000 squaré feet above grade and 900,000 below.

It was selected'bgcause of'ihe functional diversity in the program
calling for 56% residential areaé 13% retail departmenf stores and offices
and about 30% of national archiv?s and community storage above ground.
The remaining 900,000 square feét below grade are devoted entitely to
national archives. |

Situated between 7th and 9t£ Street Market Square Complex forms the
focal point of the entire proposed Pennsylvania Avénue Developmeﬁt
projéct. It is conceived'as an ;ntegrated major city project containing
multi-use facilities incorporating energy conservation techniques and'
'load management concepts.

Listed below is the data uscd to develop the thermal loade. 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. 776 Dwelling Units /34,9/0 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 pelow Grade = 920,565 sq. ft.

2,203,200 sq. ft.
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FIGURE 2A-2 MARKET SQJARE, WASHINGTON, DT
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2. Envelope

Residential
Commercial

Total

3. Roof

Residentialﬁ
Commercial

Total

4. Archives Below Grade
Walls
Roof
Floor

Total

5. "U" Factors

Wall
Double Glass
Roof A

Slab Below Grade

Glass 0.2 of envelope area

- 181 -

- 404,000

50,000

Sq-

Sq-.
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ft.

ft. .

454,000

140,000
124,000

Sq.

sqg.

sq.

ft.

ft.

ft.

. 204,000

101,400
321,600
321,600

sq.

sq.
sq.

sq.

£t.

744,600

sq.

o

0.06 BTUH/sqg. ft - °F

o

0.6 BTUH/=zg. ft.- F

0.06 BTUH/sq. ft. -OF

. 0.063BTUH/sqg. ft.-"F

O
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Infiltration 1.2 LF/éq.ft. of glass
0.5 cfm/LF

6. 4AVentilation Load

Above Grade Areas:
 Use 0.11 cfm/sq.ft. for summer only -since in winter

time inflitration has been accounted for.

Below Grade Areas:

Use 0.11 cfm/sq.ft. for summer and winter.

7. People

Residential 77é dwelling units, 3 person per unit
_ : =2328 personé

" Retail ana Offices, 171,QOQA§§.ft., 160 sq. ft

per person f h =1710 persons

Community Storage, 40,000 sq.ft., 400 sq.ft.

per person ~‘ | = 100 persons

Archives, 1257;500 sq.ft., 1500 sq.ft. per

person g - = 838 persons

Total 4976 persons

Use 450 BTUH~pér person
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Light and Appliahces

Residential 1.5 KW per D.U., 776 x 1.5 = 1,164

KW

'ﬁetail and offices 171,000 qq.ft. X 4W/sqg.ft= 684 KW
- Congmunity §tofage_40000"sq.ft;.X‘ZW/sq_ft; = . 80 KW
Archives 1,257,500 x 2W/sq.ft. - =_2,515 KW
Total o L . = (,443 KW
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TABLE 2A-3

HEAT TRANSFER COEFFICIENTS FOR SELECTED LOCATIONS IN THE UNITED STATES

Wall Overall

Heat Trans- Roof Overall Below Grade Overall
Heating fer Co=z=fficient - Heat trans- Heat trans- Thermal Trans-
Desie pmoseitdiaop e cesfoloimt Loy costfieent Cor vele sy
7S q r
Location ASHRAE _Bldg ASHRAE _Bldg Bldg ASHRAE __Bldg
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 31.300  20.570
 . Oklahoma City, OK: :. . 3725.. ..0.390 . .0.305 .;.0,0941 .0.06.. . .0.063.. .  .32.100 20.716. . ...
Corpus Christi, TX . 914  0.460 0.305  0.100 0.06 0.063 - 30.100  19.634
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 0.0 0.063 34.100 20.406
Minneapolis, MM 8382  0.280  0.305 0.060 0.06 0.063 | 34.900 20.988 é.
Seattle, WA . 4424  0.370 © 0.305 . §.088  0.05 0.063 . 35,700 20.278 é
Rapid City, SD 7345 - 0.200  0.305 0.065  0.06 0.053 | 34.650  21.420 g'
Des Moines 6588  0.316  0.305 C.071 9.06 . 0.063 33.900 20.802



TABLE 2A-4

~PEAK HEATING LOAD

- 681 -

Envelope Below C
and Roof Grade Ventilation
Transmission Transmission Load
Logation BTUH BTUH BTUH Total BTUH
St. Petersburg, FL 4,012,000 141,000 2,845,000 6,998,000
. New Orleans, LA 5509i,ooo 141,000 3,611,000 - 8,845,000
El Paso, TX 5,535,000 141,000 4,705,000 11,481,000
Oklahoma City, OK 8,179,000 235,000 ° 5,799,000 14,213,000
Corpus Christi, TX 4,936,000 141,000 3,501,000 8,580,000
_Denver, CO | ,10,051,000 563,000 7,112,000 .. 17,706,000.
Chicago, IL 10,338,000 563,000 7,331,000 18,232,000
Washington, DC 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 8,950,000 376,006 6,346,000 15,672,000 -
*?MinneapoliSQiMNﬂ' 12,937,000A --845,000 8,534,000 21,4161000
Seattle, WA 5,555,000 141,000 3,939,000 9,635,000
Rapid City, SD 11,419,000 751,000 8,097,000 20,267,000
Des Moines, IA 10,956,000 704,000 7,768,000 19,428Loob

10drodd SadI-dH -
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TABLE 2A-5

Solar andb

PEAK COOLING LOAD

Lights and : . Total
Transmission People Appliances Ventilation BTUH
Location BTUH BTUH BTUH BTUH x 103 Tons
St. Petersburg, FL 9,233,000 2,239,000 15,164,000 14,667,000 41,303 3442
New Orleans, LA 9,331,600 2,239,000 15,164,000 14,667,000 41,301 3450
E1l Paso, TX 9,798,000 2,239,000 15,164,000 " 14,344,000 41,545 3462
'"bklahoma4CityT30K“" 9,896,000 - - 2,239,000-125;164,;000 - ll,3247000&~387623~.3219~
Corpus Christi, TX 9,357,000 : 2,239,000 15,164,000 14,667,000 41,427 3452
Denver, CC - ' 9,538,000 2,239,000 15,164,000 0 26,941 2245
‘ Chicago, IL ¢,894,000 2,239,000 15,164,000 10,138,000 37,435 3120
Washington, DC €,732,000 2,239,000 15,164,000 11,324)006 38,459 3205
New York, NY ¢,6€0,000 2,239,000 15,164,000 "10,138,006 ‘37,201 3100
Boston, MA 9,645,000 2,239,000 15,164,000 8,196,000 35,244 2937 -
Minneapolis, MN G,8€1,000 2,239,000 15,164,000 9,167,000 36,431 3036 g'
Seattle, WA 6,3%6,000 2,239,000 15,164,000 0 26,799 2233 E
Rapid City, SD 10,010,000 2,239,000 15,164,000 5,285,000 32,698 2725 g
Des Moines, IA 9,745,000 2,239,060.15,164,000 11,324,000 - 38,472 3206 5
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-

N . ,
DHW demand based an 60 gallons per apartment per day, 12 hours -usage;
. 2 gallons per peraon per day for other areas, 8 hours usage (see Page

115).

712

9466

.- “'ABLE 2A-6
DOMESTIC HOT WATER ENERGY REQUIREMENTS
Million BTU)
Location Jan Feb }Mar Apr May Jun Jul ° Aug Sept Oct Nov Déc‘ Total
St. petersburg, FL 777 648 647 627 647 628 520 520 565 647 691 771 7688
New Orleans, LA 712 648 647 627 556 440 455 455 502 647 628 648 6965
El Paso, TX 829 837 816 565 533 490 518 479 490 622 804 907 7940
' Oklahoma;city, OK 907 825 907 816 751 628 583 583 628 712 753 907 9000
Corpus Christi, TX 829 837 816 628 583 490 531 479 490 622 804 829 -7938:
Denver, CO 1049 943 997 892 842 754 738 725 716A 829 942 1075 10502
éhicago,'l; 1139 1037 1114 980 873 791 712 686 729 816. 942 1101 10920
Washington, DC 1010 .919 881 804 738 666 686 544 515 673 817 958 9211
New York, NY 1088 1002 1088 1018 945 829 803 777 741 816 905 971 10983
Boston, MA 1140 990 1049 854° 803 616 596 686 754 829 905 971 10193
Minneapolis, MN 1140 1002 1036 1005 842 753 712 647 691 777 079 906 10390 E
.. .Seattle, WA . . 1049 978 997 942 932 791 777 5733. 678 816 905 997 10535 3
Rapid City, SD 1140 1002 1136 879 842 691 ‘523 583. 691 777 ' 879 906 10109 é
Des Moines, IA 1101 943 971 817 777 628 583 583 628 817 906 - 3



TABLE 2A-7

DEfERMINATION OF SUPPLEMENTARY COMPEESSOR WORK, SUPPLEMENTARY HEATING AND ICE STGRAGE BIN SIZE

Surplus Cool-

- 88T - |

‘Note:

‘ments govern the detexmiration of jce storage bin cize.

Supplementary ing Energy or Voiume
Defficiency Zompressor Cooling Supp_ementary of Ice
' . In Cooligg quk KwH Requi:ed6 Heat Rquired Bin
Location BTU x 10 (=Ton-Hrs) BTU x '1C BTU x 10 -Cu. Ft.
St. Petersburg, FL E1,275 6,773,000 646,000
New Orleans, LA 78,558 6,546,000 992,00
El Paso, TX 34,687 2,891,000 1,794,000
Oklahoma City, OK 39,874 3,323,000 2,367,000
" Corpus Christi, TX 86,331 7,194,000 814,000
Denver, CO | 16,164 17,772 1,913,000
Chicago, IL 28,080 7,299 3,323,000
washington, DC 13,789 1,149,000 2,692,000
‘New York, NY 1,611 134,000 3,110,000
Boston, MA 28,195 2,108 3,337,000
Minneapolis, MN 21,859 21,806 - 2,587,000
‘Seattle, WA 21,437 3,802 2,537,000
Rapid City, SD 29,430 9,685 3,483,000
Des Moines, IA 30,778 3,809

3,643,000

Coaling requirements given here only for locations where the cooling require-
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2A.3 PROJECTION OF ENERGY SAVINGS FOR THE YEAR 2000
BY THE USE OF HP-ICES

1. Fuel Usage by Sectors

. (From National Gas Survey F.P.C;, Chapter 6)

1.1 Residential Sector, 1971

Space Heating

Gas 3;665 x 1012 Btu
0il 2,968 x 1012 Btu
Electric 215 x 102 Btu
Total. = 6,848 x 1012 Btu
- Domestic Hot Water
| Gas 1,112 X 1012 'Btu
0il 143 x 10'2 Bru
Electric 293 x 1012 Bru
Total = '1;548‘XA1012 " Btu
Space Heating and DHW = 6,848 X lO12 Btu
| 1,548 x 10%2 Btu.
8,396 x 10%% Bru
1.2  Commercial Sectof, 1971
~'Séace Heating |
Coal 390 x 10'% . Btu
Gas 1,397 x 10°%  Beu
0il 2,393 x 10*% Btu
Total 10*?  Btu

= 4,180 X
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Domestic¢ Hot Water

Gas 458 x 10" Beu
. 12
Electric . 87 x 10 Btu
Total = 545 x 1012 Beu

12

~ Space FReating and DHW =-4,180 x 10

545 x 1012

Total = 4,725 x 10%2

1.3 Projection for the Year 2000 (From Electrlcal World Maga21ne -
September 1978, J.::bue)

Residential
. : Houséﬁolds Ratio of
Year Millions Annual Increase
1971 65.2 | B
1976 . 72.9 . : 1.118
1981 80.2 o 1.100
1984 87;2‘ o - 1.087
1990 ' 92.2 . 1.057
1995 ' 97.7 1.060
2000 : 103.5 1.059
Heating and Domestic Hot Wét;r S

‘ Ratio of

Year - . ~ "Increase
e ¥ '
1971 8,396 x 101? Btu
1976 9,387 x 10;é Btu '1.118
1981 10,325 x‘1012 Btu | 1.100
1986 11,224 x’lO12 Btu . 1.087
1990 11,863 x 1012 Btu S 1.057
19985 12,575 x 1012 Btu ‘ 1.060
2000 13,317 x 10 Btu ‘ -~ 1.059
Air Conditioning 12

Gas E 5 x 10 Btu

' . 12 )

Electrical 201 x 10 Btu

12

‘Total = 206 x 10 Btu

180 -
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Ratio of

- Year . : B S . . - --Increase
1971 . 206 x 10072 'Beu ¢ - -

- 1976 - 230 x 10’1“2 . Btu, : 1.118
1981 253 x lOlzilBtu o 1.100
1986 . . 275 x 1012' Btu . : 1.087
1990 : 291 x 1012 Btu . 1.057
1995 309 x 1012‘.Btu' 1.060

X

2000 327 x 107" © Btu A 1.059.

Anélysis of Residential Sector

. 2.1 Absolute Savings in Energy

2.

2

" at

By the year 2000 the required energy'fof air conditioning is

. estimated at 327 x 1012 Btu'5'27,250 x'l'O6 ton hours.

With 1 KW/Ton, the savings in energy input = 27,250 x 106 kWh

With an assumed heat fafé of:9000 Btu/kWh and a fuel value of

140,000 Btu/gal. the savings in barrels of oil are estimated

27,250 x lO6 x 9000

- 6
140,000 x 42 = 42 x 107 barrels

Heat Pump System Plus Direct Heating
‘Héating obtained from heat pﬁmp.on satisfying éooling require-
ments (COP 3.2)

= 327 x10%% x 3.2 = 476 x 10'? Bru

2.2

Deficiency in-available heating energy is..

13,317 x 1072 - 476 x 10Y% = 12,841 x 10%% BLu’

Conventional (dircct) heating with boiler thus requires

12,841 x 102 =3120 x 10° barrels
0.7 x 140,000 x 42 .

_assuming an utilization efficiency of 0.7.
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Compressor input to heat pump

x 9000 = 392 x 10%2 Btu

327 x 1012
2.2 x 3413

392 x 1012
140,000 x 42

= 67 x 106 barrels -

Energy input for heating and cooling (3120 + 67) X 106

3,187 x 10° barrels of oil

2.3 Using Supplementary Heat for Heat
Pump Source, vr Melting Excess Ice .

Additional heating 12,841 x 1012 Btu
Heat input required at heat source

12,841 x 10%% x 2.2
3.2

- 8,828 x 1012 Btu

8,828 x 10%2
0.7 x 140,000 x 42

= 2,145 x 10° barrels

Compressor input to heét pump

= 12,841 x.10*% x 9000

3.2 x 3413

= 10,582 x 1012
140,000 % 42

= 10,582 x 10%? Beu

1,800 x 106Barrels

Subtotal (2,145 + 1,800) x 106 =‘3,945 X 106 bartrels
Compressor input to ice generation (from above) = 67 Barrels
' 6

Total (3945 + 67) x 10 = 4,012 x 106 barrels of oil

Alternately
Generating ice all the way while satisfying the whole heating
o
requiréments and subsequently melting the excess of ice with sup-

blementary heat.

'~ 192 -
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 Heating 13,317 x 10

HP-ICES PROJECT

Heating and DHW = 13,317 x 1012 Btu -

|}

sCooling obtainable

13,317 x 2.2 .x 10°2
3.2 '

9,155.10'2 Btu
Compressor input‘

9,155 x 10-2

= ;978 <« 1ol o
7.2 % 3613 10,975 x 10" Btu

- 10,975 x 102

- 6 parrels
140,000 % 42 - 1,866 x 10" barrels

Excess Cooling (9,155 - 327) x 10°% Btu

= 8,828 x 102 Btu.

Supplementary heat mequired to melt excess ice

= 8,828 x 10-2
0.7 x

140,000 x 42 2145 x 10”7 barrels

Compressor input = 1,866 x 106'batrels

Total = 4,011 x 1O6 barrels (as before)

Conventional System
Looling required 327 x 1012 Btu using 0.8 KW/Ton barrels of

oil = 327 x 10" x 0.8 x YUOU _ .. 06
12,000 x 140,000 x 42 X

12 Btu

= .13,317 x 10 _ A .
0.7 % 140,000 % 42 3,235 x 10° barxrels
Tatal = (3,235 + 33) x 106 :
‘ = 3,268 x 10° barrels of oil
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2.5 Recapitulation

Heat Savings With Direc¢t Heating = 3,187 x 106 barrels

Heat Savings With Ice Melting = 4,012 x 106 barrels

Conventional 3,268 x lO6 barrels

2.6 Conclusions

Heat pump with dircct hcating ie the best solution. Savings
. with relation to converntional system amépnt to
6,- 3,187 x_lO6

3,268 x 10 = 81 x 106 barrels.

In addition the best pdmp saves condenser water pumping en-
ergy and cooling tower fan energy assumed to amount to 0.2
KW/Ton. Thus additional savings in refrigeration auxiliaries -

12 . .
327 x-107" x 0.2 x 9000 _ 6 A
12,000 % 140,000 x 42 8 x 10 barrels‘

Total Savings (81.+ 8):x 106 = 89 x 106 barrels of oil

3. Analysis of Commercial éector

3.1 Project of Growth of Heating and Air Conditioning Energy
‘Requirements. '

Heat and DHW

Ratio of

Year : Increase
1971 4725 x 1075 Btu 4

1976 5292 x 1012 Btu 1.120
1981 o 5821 x lO12 Btu 1.100
1986 6403 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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Air Conditioning .

Gas 113 x 102 Btu
1al2

Electric 355 x 10 Btu

Total =498 x 10°° Btu

| Ratio of
Year . . e . Increase
1971 498 x 10'% Beu
1976 578 x 101 Bew - 1 1.120
1981 614 x 1012 Bru . 1.100°
1986 - 675 x 10'2 Btu | 1.100
1990 715 x 102 Beu 1.060
1995 758 x 1012 Btu 1.060
2000 804 x 1012 Bew - 1.060

Absolute Savings in Energy
12

. Cooling required by the year 2000 = 804 x 10™° Btu

= 67,000 x 10° ton hours

with 1 KW/Ton Savings = 67,000 x 106

= 67,000 x 10% 9000

140,000 x 42

kWh

Heat Pump System Plus Direct Heating

1

Cooling Required 804 x 1012 Btu

Heating Obtain by 12

804 x 10°° x 3.2

= 103 x 106 barrels

Heat Pump 7.5 = 1169 x 102 Btu

Additional Heat Energy Required

6457 x 1012 Btu

6457 x 1012
0.7 % 140,000 %42

195 -

(7626 - 1169) x 102

= 1569 x 10° barrels’

of oil



HP-ICES PROJECT

- s e 1012
Compressor input = 804 x 10 x 9000 _ 12
2.2 % 3413 =964 x 107" Btu
: 12
= 964 x 10 _ 6
140,000 x 42 164 x 10~ barrels

Total = (1509 + 164) x 10% = 1733 x 10° barrels

Using Supplementary Heét for Heat Pump

3.4
Source, or Melting Excess Ice.
Additional heating reqﬁired 6457 x 1012 Btu (twice above)
Heat required at heat %ource
6457 x 10" x 2.2 _ 1070 « 106 barrel
3.2x0.7x140,000%42 arreis
Compressor - input
| 6457 x 1012 .x 9000 6
3.2 % 3413 % 140,000 x 42 _ 20° * 107 barrels
Total.= (1079 + 905 + 164) X 106 barrels = 2,148 x 10° barrels
Alternately

Heating & DHW = 7626 x 1012 Btu
Coupressor input

7626 x 10%2'x 9000
3.2 ¥ 3413 x 140,000 x 42

= 1069 x 106 barrels

Gooling Obtainable

7626 x 102 x 2.2

= = 5243 x 102 Btu

804:x 10%2 Btu

]

Cooling Required -

Excéss -4439 X lO12 Btu
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" Total = (1069 + 1078) x 10

HP-ICES PROJECT

Suppleméntary Heat . .
= 4439 x 1012
~ 0.7 x 140,000 x 42

6

= 1078 x 10° barrels

6 = 2147 x 10° barrels (as before)

Conventional System

" Cooling Required = 804 x lo12 Btu’
. 512 .
= 804 x 107" _ P
—i5756§_~— = 67,000 ton-hours

With 0.8 KW/Ton, Compressor: input

6

= 67,000/x 0.8 = 53,600 x 10° KW/T

53,600 x 10° x 9000 _

140,000 x 42

Barrels of 0il 82 x 10° barrels

Heating ‘ = 7626 xiiOlZ»Btu

7626 x 1012
0.7 % 140,000 x 42

Barrels of 0il

= 1853 barrels |

[

Total 1935 x 10° barrels

3.6 Recapitulation

3.7

1733 x 106 barrels

Heat Pump with Ice Melting ; = 2148 x 106 .barrels

Heat Pump with Direct Heating

Conventional o . = 1935 x 106 barrels

Conclusions
Savings (1935 - 1733) x 10° barrels

= 202. x 102 barrels
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Refrigeration auxiliaries 0.2 KW/Ton
= 67,000 x 10° x 0.2 = 13,400 x 10° km
, ; |

13,400 x 9000 x 10
140,000 x 42

(202 + 21) x 106 = 223 x 106 barrels

21 x lO6 barrels

' Total Savings

4, . Summary
Savings in barrels ot 01l by utillzlug the ice gencrating HP=

ICES for the whole of the United States, in the year 2000

Residentiai Sector 89 x 106 barrels -
CommerciaI'Sector 223 x 106 barrels
_ Total = 312 x 106 barrels

5. Calculations for Correcition Factors Based on Climate and
Metropolitan Areas

Tys x %g % Z'mp x cc = Tp
Where T,q - Total U.S. Energy projected savings in year 2000.

7 - Regional use perceht of total U.S, energy use

Source: Fuels and Eﬁergy Data: United States by States and

Coy

CensSus Divisions 1973, by Lulie Crump, U.5. Dcpartment

% MP.~- Percent of regioﬁal population in Metropolitaﬁ Areas,
Source: Statistical Abétraccs of the United States 1977,

U.s. Depértmené of Commerce Bureau‘of the Cens#éyp. 17
'CC - Climatic ConditianCorrect‘Aior‘l
Source: Extropolated ﬁ;om Fig.A2—13

T, _ Total regional savings in year 2000
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NEW ENGLAND -
6

312 x 10° bbls x

MIDDLE ATLANTIC

312 10% bbls x .15 x .873 x

EAST NORTH CENTRAL '

312 x 10° bbls

WEST NORTH CENTRAL
312 x 10% bbls
SOUTH ATLANTIC

6 bbls

312 x 10

EAST SOUTH CENTRAL

312 x 10° bbls

WEST SOUTH CENTRAL

312 x 10° bbls

MOUNTAIN
312 x 10% bbls

PACIFIC

312 x 10°

Total Barrels of Qil Saving

.05

21

.18

.12

.06

.17

.05

HP-ICES PROJECT

. 6
x .764 x .837 = 9.98 x 10 bbls

"

.908 . = 37.10

773 x .846 = 42.85
.507 x

.852 = 10.78

.654 x .701 = 17.16

521 x .664;= 6.48 x

X

X

X

10

106 bbls

RO SPEN

lO6 bbls

106 bbls

.677 X'.33Q = 11.85 x 106 bbls

.597 x .804

6

= 7.49 x 10" bbls

bbls x .11 x .877 x :706 = 21.25 x 10° bbls

in the U,.,S. in the Year 2000 .

=199 =

'164.94 x 10

© bbls
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- APPENDIX 4A: ECONOMIC ANALYSIS PROGRAM . . e

I  ABSOLUTE PRESENT VALUE ANALYSIS

This progran ce“-rates a dlscountOd cash Llov of a
given systcm, based on: system life, capital cost of
of the system, oscration cost in year o, fuel cost
" escalation rate, discount rate, and system salvage value
at the end of 'its Li‘e. i year by vear discounted cash
flow is prodlucod for the entire life of the svstem. :
At the end of the SjSuqd life, the disccunted salvage
‘'value is added to the present value of the system and
the life cycle cost is printed. The following formula
is used for the analys’s

N = L o(ww) + SV
Vs C‘ (2 i) (o)

Whefe:
'PVS = Present valué of the system.
Cc = Capitai cost of the system.
N = System life.: |
o} = Operation gnéfgy cost in year o.
viF =  Fuel cost escalation rate;.
iD= = Discount rate/cost of;capital
sV = Salvage value of the system after N yéars.-

THE FOLLOWING ASSUMPTIONS WERE MADE:

1, - OpeLatlon energy ccsts in year I are escala;cd
and discounted.

2. Fuel cost escalation rate remolns ccnstant
' through the payback period.

II  RELATIVE PRISENT VALUE ANALYSIS

This progranm generates a discounted czsh flow analysis ‘
for an energy conserving system relative to a ccnventional
systen, based on: systcm life, incremental capital cost of
the system, operation savings in year o, rfuel cost escalation

- 201 =
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rate, discount rate, salvage value of the system. A year
by year discounted cash flow is produced for the entire
life of the svstem. At the end of the system life, the
discounted salavage value is added to the present value of
‘the system and the life. cycle sav1ngc cf the system is
printed.

4

The following formula is used:

Py= -y o (Faei) S

(14 Lo)* 0+ Vo)ﬂ
Where:
PV = Present value of the incremental cost-and
S savings of the system.
C;. = Incrementai capital cost of the system.
N = System lifé.
S = Operation‘Energy savings in year o.
iF = Fuel cost %scalation rate.
iD‘ = Discount réte/cost.of‘capital
sv = Salvage vaiue of‘the system after N years.

This program allows energy conserving systems to be directly
compared to alternate or conventional systems. By ew;nining
the payment stream, the.discounted paybccx period may be
determined, prov1dcd that the payback is within the system
life.

= 202 -
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ABSOLUTE PRESENT VALUE ANALYSIS

SYMBOL DEFINITIONS:

PROJECT LIFE - i Life of the system uscd for economic
: analysis.
‘Capital Cost - Absolute capital cost of the System.
" Operation Cost - Operation énergy cost in vear o.
Fuei Escalation Fuel escalation rate per‘yéar;:
Discount Rate - .Discount rate/COSt of capital per year.

i

Salvage value of the system at the end
of the project life.

Salvage -Value

Year ‘ - The previous year.

Cost - Discounted and escalated energy
Costs for that year.

PVTL ' - Accumulated total of the present value
of energy costs and capital costs.,

Salvage Value (PV) Present value of the salvage value of
the systen.

Present Value - Present value of the total svstem

including - capital cost, energy costs,
and salvage value.

- 203 - ;



PROJECT LIFE
20.
FUEL ESCHLATIOH
12,00
- DISCOUMT EARTE
‘ 10,00
CAFITAL COsT

-
ol

OFERATION COST

1. 00
-545454, 55
-2545454, 55

O
-STSTS0. 58
Rl =1

—Gsadildn, oo

Fa T
L

(NINR

B

Bed

o, g

-£ 18775, 52
-ERT1IREZ. 23

(N
)
-
D]

S ]

o) i

[X
.
(o]
Ja

YEAR
cReT
[ ' |
FYTL

om
S
=3

T =
=z

D
a0

=201

s UK 1)
r~ -

g

=om

T T
- o T

Zam
— 5 I
=

AR

-l
=0 m.

-] 0T
32

=@3am
~ -4/

™ =D
::||n"|

. HP-ICES PROJECT

fig4A-1 Present Value Conventional System:
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Relative Present Value Analysis

SYmbol Definitions:

Project Life -
Capital Cost -

Operation Savings
Fuel Escalation -
‘Discount rate -

Salvage value -

Year . -
. SVNG -
PVTL -

Salvage value -~

. Present value -

Life df the system used for aconomic
analysis. '

Incremental capital cost of the system
relative to a conventional system.

Operation Savings in year o.

Fuel escalation rate per year.

Discount rate/cost of capital per year.

Salvage value of the system at the
end of the project life.
The previous year.

Discounted and escalated energy cost
savings for that year. ,

Accumulated total of the present valvue
of energy cost savings.

Present value of the salvage value of
the system. . ‘

Present value of the system, including:

incremental capital cost, energy cost
savings, and salvage value, '
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fig 4A'3 Rolative Present Value

" Conventional vs. Heat Pump System:

lce Storage HP-ICES
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" APPENDIX 7A.1 EVALUATION OF THE ABILITY bF OUTSIDE AIR IN WINTER
TO PRODUCE-SUPPLEMENTARY ICE
FOR PENNSYLVANIA REDEVELOPMENT SCHEME, WASHINGTON, D.C.

Energy:Analysis

The system will‘utilize the ability éf cold air in ﬁinter time to gen-
erate ice‘and-make up the deficiency in aéooling" energy required which
could no; Be.gengrgped by the“ygat pump systgm{;!;”

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 o

885,100 x 12,060 = 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 207 methanol and 807 water having a density of 60.4

1b/cubic foot (specific gravity 60.4 = 0.968);
. . 62.4

’specifig heat 0.97 BTU/lb—oF and freezing'point of 4.5°F. With .a a Tl=
10°F the energy relationship would be: |
885,100 x 12,000 = gpm x 10 x 8.33Ax 0.968 x 60 x 0.97 x 728
yielding gpm =.3liO

with an assumed head of 100 feet, the pumping energy would be: 
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3110 x 8.33 x 0.968 x 100 x 0.746 x 728

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) =.3,250,000 KWH

Add

]

118,370 KwH

118,370 KWH

Subtotal for winter 3,368,370 KWH
_ 367,800 KwH

Summer hecat pump energy input (DHW)

Total annual energy consumption
Cost Analysis

Energy Cost

Winter
Heat Pump (see 14.2.1) = $113,253
Summer
Fans and Pumps
energy 118,370 KWH x $0.02158 = $2,554
demand (734+89) KW x $3.17%7 Mo = $3,572
Subtotal = $6,126
Heat Pump
~ energy 367,800 KWH x $0,02261 = $8,315
demand 650x0 746 KW x $2.4/KWH 1.5 Mo 1,746
‘ Subtotal = $10,061 061
Total for year = $129,380
Equipment First Cost
Heat Pump (see 14.212) = $ 2,600,000
Additional ice bin storage = 750,000
42 Axial fans ' = 126,000
1 pump = 3,000
outside air coil ($0.18 per cfm) = 270,000
Total = §$ 3,752,000

f_ 210 -
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HP-ICES. PRQJECT

Comparison With Conventional System

Energy savings.related to cénventional system
= $331,710 - $129,380 = $202,330

Incremental investment cost = $ 3,752,000 - $750,000
’ $ 3,002,000

iS years

Simple '"payback"

Discounted "payback" 12 years

General Evaluation

The system cuts the electrical demand by 3000 KW.

The limitless avallability of low température air malccs the systew sultable

! . . . , e
for climates where the ice generated in winter-time. is not sufficient to
cover the summer cooling requireﬁents bht;Qﬁéggmthe;g_gpg_§uﬁﬁigignt,degreemﬁ

houdrs below 259 to generate‘the'éeficiency in ice.
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7A.2

(Table - 7A-1)

HP~ICES PROJECT

MODIFIED ACES SYSTEM WITH SOLAR RADIATION
FOR DONALDSON CORPORATION, MINN.

Annual Energy Requirements For Heating, Domestic Hot Water

And Cooling

'SPACE | ‘TOTAL it

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
APRIL 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 33 5724 0

— ' : =

 ANNUAL
TOTAL 30,787 416 31,203 800,000
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Ice Storage Bin Size

" Annual heating requirement 31,203 x 10° Btu

With a heat pump COP = 3.2

The cooling potential is:

31,203 x lO§ x 2.2 = 21,452 x 106 Btu
3.2 .
OR 21,452 x_10§< = 1,787,672 Ton-Hours per Year

12,000

This amounts to twice of the Summér cooling requirement of 800,0G)Toﬁ~Hours.
The ice bin will thus be sized for the full cooling load plﬁs the summer sto-
rage lqssés. (The ice bin will now be insulated). The losses are estiméted
at 12.57% of the cooling ioaa. |
Thus the storage capacity:

= 800,000 x 1.125 = 900,000 Ton-Hours
with 144 Btu/lb of latent heat anﬁ 50 1b per cubic foot for ice the storage
voluﬁe is given by: |

900,000 x 12,000 = 1,500,000 Cu Ft.
144 x50

. Assuming that the chilled water will be cooled down from 57°F to 32°F before

being’converﬁed to ice, the heat extracted from 1 1b. of chilled water is:
(57 - 32) + 144 = 169 Btu/lb.

HeaLiug Capacity of the Heat Pump

oL

Cooling capacity:

1,500,000 x 50 x 169

]

12,675 x 10° Btu
6

12,675 x,10
12,000

= 1,056,250 Ton-Hours

t
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Energy Consumption Per Year

-Heat pump compressor input:

31,203 x 10° = 2.857 x 10% xim

3.2 x 3413
Energy cost = 2.857 x 10° x $0.018

= $51.426 : ) .
Heat supplied by heat pump = 31,203 xh106'Btﬁ :

Heating load = 12,500,000 Btu (after deducting internal heat gain)

Equivalent full load hours for heating’¥ 31,203 x 106 = 2496
12,500,000 :
KW = kih = 2.857 x 10° = 1145 kW

Hours . 2496

(Chilled and hot water pumps not considered in any scheme)

Note: This figure is obtained also by considering part load.

Billing demand charge 1145 x $4.15 x 5 months

1$23,759

For pumps consider 96 kW

Y6 x 4.15 x 5 = 31992

]

Charge

Total Cost = $51,426

$23,759

$ 1,992.

$77,177
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The heating capacity is given by:

6

12,675 x 10 18,436 x 10° Btu

2.2

j

x 3.2

Heat required: = 31,203 x 10° j

Heat supplied by heat pump generating ice for cooling:
= 18,436 x 10° Btu

Heat supplied by heat pump generating ice melted:.

-= 12,767 x 106'Btu (to assist heat-pumpj

Supplementary Solar Heating

. Use solar heat average incident solar energy on vertical wall facing south

is 186,400 Btu per square foot'per;season (Ref. ACES H. FiSHER)

6 - 8.777 x 10° Btu

Solar energy required = 12,767 x 2.2 x 10
: . 3.2

i
Area of solar radiator (based on very low water temperatures)

- 8,777 x 10°

= 47,089 Sq. Ft.
186,400 .

First Cost

1

Ice storagé bin $0.5/Cu Ft
(part of building Structure) * $750,000

Two ice makers $200,000

TYSi:;rigecggg;:S:ZE:igerating syétem) $200,000
Subtotal $i,150,000

Solar collector éystem ' ‘ : 500,000
| ‘fotal. $1,650,000

H
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Annual Operating Cost

Energy

Cooling and Heating
Maintenancé
Insurance

Personnel

Present Worth

Note:

26.78987 x 124,177

First Cost

Totél

PW

" Say PW

HP-ICES PROJECT

$ 77,177
$ 4,000 .
$ 3,000

$ 492000

$ 124,177

$3,326,685
$1,650,000
$4,976,685

$4,977,000

Solar. radiators are used (iﬁstead of collectors) due to the

fact that the water has a léw temperature (close to~32°F),

lower than ambient, and therefdre, insulation and glazing

not required. Moreover, the radiator will collect heat

through conduction and convection.

Also the radiator system caﬁ be used to dissipate heat in

summer time at night.



HP-ICES PROJECT

7A.3 DIESEL ENGINE DRIVEN ICE GENERATING HP-ICES

Energy Analysis

Dual fuel engine, Colt Industries, 960 HP, 720 RPM, 6 cylinder,
opposed piston, Model Fairbanks Morse 38DD8.

Heat input 7256 Btu/bhp-hr (efficiency = 2545 = 0.351)
, ) 7256

No. 2 oil, 19560 Btu/1b, 7.119 1b/gal, 139,250 Btu/gal, Sp. Gr. = 0.8546
Heat Balance (per bhp-hr)

Useful Work . = ' 2545 Btu (35%)

Cooling Water = 904 Btu (12%
' 31% .
Lube 0il N = 1357 Btu (19% .
Exhaust : = 2352 Btu (32%)
Radiation & Unacc = 98 Btu (2%)
Totdl .= 7256 Btu(100%)

Heat Recaovered ' .

Exhaust 16,060 1lb/hr at a témperature 630°F, 330°F temperature dif-

ference, sp. heat 0.24 Bté/lb - %

Heat Recovered

16,060 x 0.24 x 330.x 1

1325 Btu/bhp-hr

1325 x 100 = 56.37% of exhaust heat
2352
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Totsel rééovéred = .2261 4+ 1325.

HP-ICES PROJECT

Heat from lube o0il recovered through jacket water i.e.

1357 + 904

Work + Heat

]

Diesel Cycle Efficiency

- 2261 Btu/bhp-hr

3586 Btu/bhp-hr

Recovered

Heat Input .

7256
For 960 HP.
Useful Work - 960 x 2545
Cooling Water 960 x 904
| Lube 0il .960 x 1357
Exhaust 960 x 2352
gigizfi°“ and 560 x 98
Total

Heat recovered from jacket water
Heat recovered from exhaust

Subtotal
Work

Total

Efficiency (Check)

Heat Pump

Use COP, = 2.2

2545 + 3586 x 100 = 84.5%

2,443,000
868,000
1,303,000

2,258,000

94,000

ﬁtu/hr

Btu/hr

Btu/hr

Btu/hr

Btu/hr

6,966,000

2,171,000

1,272,000

Btu/hr

Btu/hr

Btu/hr

3,443,000

2,443,000

Btﬁ/hr‘
Btu/hr

5,886,000

5,886,000
6,966,000

Btu/hr

x 100 = 84.5%

Cooling obtained = 2.2 x work input = 2.2 x 2,443,000 Btu/hr .
‘ - = 5,375,000 Btu/hr
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Adjusted for Source Energy

s

COP. = 5,375,000 Btu/hr
6,966,000 Btu/hr

0.772

Heating Obtained

7,818,000 ‘Btu/hr

From heat pump = 3.2 x 2,443,000

From recovered heat 3,443,000 Btu/hr’

Total 11,261,000 Btu/hr
COPy (;elated to shaft work)

= 11,261,000 Btu/hr = 4.61
7,443,000 Btu/hr

COPy (related to source energy) -

11,261,000 Btu/hr = 1.62
6,966,000 Btu/hr

Overall COP

= Cooling + Heéting
Work

Gooling - 5,375,000 Btu/hr

li

" Ileating 11,261,000 Btu/ht

Total 16,636,000 Btu/hr

COP Overall

i
= 16,636,000 Btu/hr

2,443,000 Btu/hr 6.8

COP Overall-

£ 16,636,000 Btu/hr
6,966,000 Btu/hr

]

2.39
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7A.4  GAS ENGINE DRIVEN ICE GENERATING HP-ICES

Caterpiller G398, 500 HP, 1,200 RPM, 12 Cylinder

Heat Balance

Netkork

Cooling Water

Lube 0il

Exhaust

Radiation and Unaccounted

Heat Recovered

Exhaust

CoolingAWatér (& Lube 0il)

Engine Cycle Efficiency

Heat Pump

Ose COP.- = 2.2

Cooling obtained

0

= >1,
= .1,

= i1,

272,600
174,900
211,100
310,300

253,300

Btu/hr (30;5%)
Btu/hr (27.82)"
Beu/hr  (5.0%)
Btu/hr (31.6%)

Btu/hr  (6.0%)

Total ',4,

n

4

Heat Rate

222,200

,222,200

500

Btu/hr (100%)

= 8444 Btu/bhp
(30.2% eff.)

733,700 Btu/hr (56%)

1,386,000 Btu/hr

Subtotal

Work

2,119,700 Btu/hr

1,272,600 Btu/hr

Total = 3,392,300 Btu/hr

3,392,200 Btu/hr x 100 = BU.3%

4,222,200

1,272,600 x 2.2 = 2,800,000 Btu/hr

-Adjusted for source cnergy

cop

c

2,800,000 Btu/hr = 0.66

4,222,200 Btu/hr

- 221'-
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Heating Obtained

4,072,300 Btu/hr

From Heat Pump = 3.2 x 1,272,600

From Heat Recovery 2,119,700 Btu/hr

Total 6,192,000 Btu/hr .

COPy (related to shaft work)

= 6,192,000 Btu/hr
1,272,600 Btu/hr

4.87

 COPy (related to source energy)

= 6,192,000 Btu/hr = 1.47
4,222,200 Btu/hr

Overall COP

= 2,800,000 + 6,192,000 = 7.07
: 1,272,600
related to shaft wark

Overall COP

=2,13

8,992,000
4,222,200

related to source ‘energy

=222 -
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SUMMARY
1. AREAS
Sector _Area ftz Per cent of Total
Residential 735,000 33.4
(776 dwelling units)
Commercial
a. Department Stores 171,000 7.8
& Offices
b. Community Storage 40,000 1.8
¢. National Archives 1,258,000 57.0
: (921,000 below
grade)
_ 100.0
Total 2,204,000
2. LOADS
Heating |Domestic Hot Water Cooling
~ {Annual -{Annual
Demand Annual Energy|Demand ' |Energy _ | Demand Energy
Requirement Requirement Requirement
6 » ; an
13,064,000 27,028x10 BTU| 3,086,000 9211x1.0°8TU| 3205 Tons 3,009,000 ton-hr
Btu/HR BTU/hr =36,108x10081U

3 }

3.

23,258x10% BTU or 64% of 36,108x10° BTU

~2-

COOLING SAVED BY' THE USE OF HP-ICES (BY-PRODUICT OF HEATING).
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4. PERFORMANCE AND COSTS
| HP-ICES Systém Conventionallsystem
1. source Energy . o
Consumption L O
Winter 33,573x10° BTU 51,770x10% BTU
Summer 17,439x10% BTU 33,439x10° BTU
Total 51, 013x10° Biu 85,209x10% BTU
Energy Savings BTU 343197X106 : ---
2. -Annual Energy Cost $100,568 $263,048
Energy Cost Saving $162,480 ---
3. Annual Qperating $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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A.1 COMMUNITY DESCRIPTION
1.1 INTRODUCTION

The Market Square complex is éituated at Pennsylvania Avenue,'Washing-
ﬁon, D. C., between 7th énd 9th stréets and is part of Pennsylvania Avenue
Development project.

In fact, it is ifs central point and its design incovpurales modern

i

energy conservation techniques and advanced load manggement concept.

The project is being sponsore& and developed by the Pennsylvania
Avenue Redevelopment Corporation aﬁé it should serve as a showcase, a shining
model and example for government an& private agencies to follow suit and
gpply the principles developed for ﬁarket Square to other projects, both in
the city and country at large. ;

The ‘Market Square complex conéins residential areas, retail and offices,
n?tional archives and cbmmunity sto;age areas. It is conceived as a major

integrated city project with multi-tise facilities and a wide functional di-

versity,
It contains a total area of 2?200,000 ft:o2 out of which 735,000 ft.2

2 or 7.8% are occu-

or 33.4% are occupied by 776 dwelliég units; 171,000 ft.
pie& by department stores and officés; 40,006 ft.2 or 1.8% are community
storage areas and the remaining 1,258,000 ft,2 or 57.0% are occupied by
national archives, out of which.921?000‘ft,2 are below‘grade. |
The general bui;ding design aﬁd construction emphasizes opportunities

for the reduction of énergy consumpgion by the building and théir associated
environmental system (heating, cooling, 1ighting, etc.) by applying the
energy conservation concepﬁ on Architectural Design and treatment of the

building and building material,
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MARKET SQUARE OUTLINED
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RKET SQUARE ‘WASH. D.C. AERIAL VIEW..

Vie 'ropased Housing between 7th and 9th Streets
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All exposed walls and roof will be designed with high mass construc-
tion of 100 1bs/ft% and insulated to achieve an overall "U" value of 0.06
Btuh/ftz/oF, combined window/wall area in any given space will have a
combined "U" value of no greater than 0.12 on north exposure and 0522 on
south.

Where possible, insulationwill 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 1bs/ft2.
High mass construction gives the building a high thermalinertia character-
istic that reduces the effect of rapidly changing outside conditions.

The high mass makes the 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
summer sun, but allow entry of low angle winter sun. All windows will
be carefully caulked and weatherstripped to reduce infiltration of outside
aiv.

Concerning energy conservation, space 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
areas where heat loss is potentially the greatest (usually at the north
wall). These spaces can then act as a huffer between outside and inside

occupied areas.
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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 gon-hours
= 36,108 x 10~ BTU
(b) Heating:

Demand = 13,064,000 BTU/HR

Annual Requirement = 27,028 x 10° BTU
(c) Domestic Hot Water:

Demand - 3,086,000 RTI/HR
Annual Requirement = 9211 x 10° BrU
1.2 DESIGN CONDITIONS*
Latitude 39°
Winter design temperature 19°F
Summer DB-92°F, WB-77°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 transfer value for cooling
= 20.494 BTU/IR £t
(Table 2A-3 System
Development Report)
Overall wall heat transfer coefficient for heating (including
infiltration) 2
=0,305 BTU/HR-ft“-°F

Below grade heat transfer coefficient 2
= 0.063 BTU/HR-ft“-OF

*ASHRAE GUIDE 1) Fundamentals ch. 23
2) Systems ch. 43

=10=
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Roof u factor = = 0,06 BTU/HR-ftz-OF

Ventilation 0.11 cfm/ft2 for above grade areas for summer only;
below grade for summer and winter,

1.3 BASIC ASSUMPTIONS
a. People
Residential - 3 persons for dwelling unit

Retail and offices - 100 £t2 per pérson

Community Storage and Archives - 2,W/ft2 ‘ o C

1.4 AREA TABULATION

RESIDENTIAL , ‘ 5

776 dwelling units ‘ . 735,000 ft
COMMERCIAL

Retail & Office 171,000 ft2

Community Storage 40,000 £t2

Archive Above Grade 337,000 £

Archive Below Grade ’ 920,000~ftg
Sub-Total -+ 1,468,000 ft*©

TOTAL (Residential and Commercial) 2,203,000 ft2

1.5 COOLING PEAK DEMAND ESTIMATE

RESIDENTIAL

a. Solar and transmissjon
Envelope 404,000 ft% x 20.494 BTU HR-£t2
Roof 140,000 £t2 x 0.06 BTU/HR-ft2~CF x 27OF
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)

3,778,000 BTU/HR

c. Light and Appllances
1.5 KW per D.U.,, 776 x 1500 x 3.413

3,973,000 BTU/HR

d. People

Three persons per D U. 776'x'3 x 450 1,048,000 BTU/HR

TOTAL RESIDENTIAL 17,306,000 BTU/HR

-11-



Square Feet
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Square Feet
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COMMERCIAL

a.

Co

€.

. People

Solar and Transmission
Envelope 50,000 x 20,494
Roof 124,000 x 0.06 x 27

Sub~Total

. Ventilation

Retail, Community Storage, Archives
1 1,468,000 x 0.11 x 4.45 x-10.5

Light and Appllances 2" 2
Retail and Offices 171,000 £t x 4 W/ft
Community Storage 40,000 x E w/ft
Archives 1,256,000 x 2 W/ft°:

© Sub-Total

Load 3,278,000 x 3.413

Retail and Offlces, 171,000 ££?;

- 100 ft2 /person 2.
Community Storage, 40,000 f
Archives 1,257,000; 1500 ft /person
' Sub-Total
Load = 2,648 x 450

Total Commercial

HP-ICES PROJECT

= 1,025,000 BTU/HR -

201,000 BTU/HR

3,

11

|

1,226,000 BTU/HR

7,545,000 BTU/HR

684,000 W
80,000 W

2,514,000 W

278,000 W

,188,000 BTU/HR

1,710 persons
100 persons
838 persons

Al

21,1

TABLE A-l.1 MARKET SQUARE HEAT GAIN RECAPITULATION (BTU/hr)

Solar & . Light &

Transmission Ventilation Appliances
Residential 8,507,000 . 3,778,000 . 3,973,000
Commercial 1,226,000 7,545,000 11,188,000
Total 9,733,000 11,323,000 15,161,000
% of Total 25.3 29.4 39.5

Résidential . 17,306,000 BTU/HR
12,000 BTU/HR-ton

Commercial - 21,151,000 BTU/HR
12,000 BTU/HR-ton’

TOTAL !

~13=

People

1,048,000

1,192,000

2,240,000
5.8

2,6

48 persons

© 1,192,000 BTU/HR

51,000 BTU/HR

,Iotél
17,306,000 45.0
21,151,000 55.0
38,457,000 100.0
100.0

1442 Ton
1763 Ton

3205 Ton
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4

1.6 WINTER PEAK COOLING LOAD IN COMMERCIAL SECTOR

6
Internal heat gain 12,380 x 10 BTU/HR

, 6
6,614 x 10 BTU/HR

Heat Losses in Commercial Area

5,766 x 106 BTU/HR

Net Heat Gain

480.5 tons

1.7 ENERGY REQUIREMENT FOR dOOLING

| Equivalent full load hours
Residential 1200
Commercial 1100

Diversity Factor:

;

We assume a diversity f;cto?}of 0.82 for the cooling energy requireménts,
and a diversity factor,pf 1 fo; the héating energy requirements.

The diversity factor is obtained_by assuming load profiles for the
~residential cooling requirements and ;he commercial cooling requiren;ents°
The ratio of the maximum total load t§ the sum of the residential peak load and :
the commercial peak load gives the di@ersity factof° The vaiue of the diversity
factor estimated here is 0.82.

The reason for a diversity factd; for the cooling(load is that the peak
cooling energy usages for the residenéial and commefcial sector do not coincide.
iﬁ}thé fgéideﬂtiai”sectors there is only a small occupancy during most of the
daytime hours{ so that the air-éonditioning in the summer would only be usedv
for a small number of hours in the evéning (to take care of‘the time lagged
cooling load)y:

The'diversity factor for the heaéing demand is taken to be 1. The
heating demand is assumed to be relatively unifofm, and it appears reasonable

to require that the maximum heating load to be allowed for is the sum of the

'peak heating loads.

- 1'4_



Cooling Energy Requirement:

(é)

()

Summer:

Residential Sector:

Commercial Sector:

Winter:

1442 ton x 1200 EFLH x 0.82

1763 ton x 1100 EFLH x 0.82

Residential Sector:

Commercial Sector:

1763 ton x 367 EFLH

Total Annual Cooling Energy Requirement

TABLE A 1.2 ANNUAL ENERGY REQUIREMENT FOR COOLING *

ooues | e
. . Requlremgnts

Month Requirement BTU x 10
January 3.55 - 1560
February 3.55 - 1560
March 3.55 1560
April 4.8 | 1850
May 8.22 | 361l
June 10.7. | 4694
Tuly 18.1 fl 7944
August 18.1 i . 7944
September ..15.62 : 6860
October 6.71 i 3250
November 3.55 : , 1560
December " 3.55 | 1560
Total 100 A | 43,908
Annual : '

HP-ICES PROJECT

1,419,000‘Ton-HR

1,590,000 Ton-HR -

- ;648,675 Ton-HR

3,657,675 Ton-HR

* In the winter, cooling is treated by enthalpy control.

- -15-
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1.8 HEATING PEAK DEMAND ESTIMATE
Residential

a. Transmission and infiltration

Envelope 404,000 x 0.305 x (68-19)

Roof 140,000 x 0.06 x 49

Commercial
a. Transmission and Infiltraiion

Envelope 50,000 x 0.305 x 49
Roof 124,000 x 0.06 x 49

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

‘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

il

It

6,614,000 BTU/HR

TABLE Al.3 MARKET SQUARE HEAT LOSSES RECAPITULATION (Btu/hr)

Transmission & !

Infiltration * Ventilation s Total
Residential| 6,450,000 | 6,450,000
Commercial | 1, 253,000 5,361,000 6,614,000
Tbtal ?:703,000 | 5,36i,000 13,064,000

1.9 ENERGY REQUIREMENT FOR HEATING

Residential

6,450,000 x 4224 (DD) x 24

49 :
Commercial {
6,614,000 x 4224 (DD) x 24
49
TOTAL

| -18-

13, 344 x 106

13,684 x 10°BTU

27,028 x 10° BTU
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"TABLE A-1.4 ANNUAL HEATING REQﬁIREMENT

, ; ENERGY p
MONTH DEGREE DAYS REQUIREMENT BTUIIO
January ' 871 | : 5573
February 762 4876
March - 626 4006
April : 288 | . 1843
May | 74 . 475
June o 0
July o . B 0
August | 0 ; | 0
September 33 ‘ ) 212
October 217 1386
November 519 | 3321
December 834 . 5336
Total 4224 . 27,028
Annual .

-20-~-
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1.10 DOMESTIC HOT WATER DEMAND ESTIMATE |

The assumed DHW requirement is 60 gallons per day per gpartmént delivered
at a temperature of 120°F.

The recommended ASHRAE requirements for apaft&ents are lower, i.e. be-
tween 35 and 37 galloné per day at 140°}3‘° ‘ |

The present system does not have éfcentral boiler. . The DHW will be
provided‘by individual units in the apa?tments, each with a tank and hgég
exchanéer coil.

Because of the difference in the dglivery temperatures and the character-
iétics_of the system, we have assumed aalarger DHW requirément (of 60'ga1lons
per day).

The results arelthe following:

Calculation of Average Hot Water Loads

'Residential

60 gallons per day per apartment

= 60 x 776 (No. of D.U,) 46,560 gal/day
12 hours usage

32,320 1b/hr

= 46,560 x 8.33
12

Commercial

"2 gallons per day per person

=2 X 2648 5,296 gal/day

5 hours usage 5296 x 8.33 8,823 1b/hr
. . 5 T .
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The DHW energy requirement for the coldest month is the following:

32,320 + 8823
with AT = 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)

1-22-
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TABEE A-1.5 DOMESTIC HOT WATER ENERGY REQUIREMENTS.
" (Based on monthly city water temperatures)

j Month - BTU x 10°
January _ 1610
February 919
March 881:

| April 804
May’ 738
June o " 666
July . 686
August : 544
Sepfember . 515
October 673
November ‘ :817
December A -958
Total 4 A'éle
Annual 5

Winter months - Octdber-through April.
DHWirequirements = 6062 x 10 BTU

Summer months - May through September

DHW requirements = 3149 x.lO6

' BTU

Total = 9211 x 105BTU

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 REQUIREMENTS FOR HEATING & DHW

MONTH ' HEATING DHW | SUBTOTAL
- January % 5573 1010 % 6585

February | 4876 919 | 5795

March ; 4006 881 g 4887
| apri 1843 804 E 2647 .
| May i 475 738 | 1213

June : o | . es66 § 666

July 0 | 686 | 686

August - 0. i 44 | 544

September i 212 515 E 727

October 1386 é 673 | 2059 ‘ .

November 3321 j 817 4138

December 5336 958 6294

Total 27,028 9,211 36,239

Annual N

TABLE Al-7 RECAPITULATION OF ANNUAL ENERGY REQUIREMENTS FOR COOLING,HEATING & DHW

.25-

Residential Commercia} ' Total
Cooling 17,043 x 106BTU | 26880 x 1068TU 43908 x 105 BTU
Heating | 13,352 x 106BTU | 13,675 x 10%8TU | 27028 x 106 BTU
DHW 8271 x 106BTU 940 x 10°BTU 9211 x 106 BTU
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A.2 SYSTEM DESCRIPTION

2.1 - System Components

The system will be a heat pumﬁ generating ice on heating and'&ill conﬁist
of three main components:
- the energy center 1oéated in three mebhanical rooms and generating the
heating, doméstic hot water and cooling rééuiréments for the entire c6ﬁp1ex
- a distribution system -
- terminal units
2.1.1 " Energy Center
The energy center will include:
a.:ATHrée electrically driven screw compressors capable of operating at 20°F
: SST and 130°F SDT, at 350F SST and 130°F SDT for summertime generation of
D H W with the simultaneous generation of chilled water and at‘3§°F SST'
~and 105°F SDT for the conventional air conditioning operation. in summertime
“;with‘heat rejection to the cooling towers.
b, VThreg double bundle condensers
c. Six flat plate ice makers
d;i'Three chillers

e. Circulating pumps:

three primary hot water puﬁps

- two primary chilled water pumps, operating between the ice bin and the
primary ioop‘A

- éhree4primary chilled-water pumps, operaqing‘between the chillers and the
primary loop and also between the chillers and the ice bin.

- condenser water pumps |

- ice plate circulating pumps .
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2.1.2 Distribution System

The distribution system will coneist of:
a. Primary distribution piping
b. Secondary hot water pumps
¢, Secondary chilled water pumps
. d. Heat exchangers for domestic hot water
2.1.3 Terminal Units

For the residential areas and smell offices, there will bea.fourapipe
fan coil unit system, while for toe commercial areas (department stores,
landscape offices,'places of public a;sembly, archives) air handling units
will be used with'properair distribution systems. For the commercial sector,
for which a cooling load may be eXpected 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 Comprecssors

The compressors are selected accbrding to the heating requirements in

- e e .- R T,

winter time when they operate etAADT = 130 F The compressors should also be

'able to operate at standard air condltlonlng conditions that ‘is at 35°F SST

and 105°F SDT and thelr performance at these conditiooe should .be comparablen,‘.
with the performance of a standard centrifugal compressorg,

Select Dunham-Bush screw compressors, model E (800) hp x 2512

¥
)
¥

At 20°F SST and 130°F DST heat reJectlon 156,069,000 Btu/hr,. “refrigerating

effect 342 ton, power input 772 hp. Three units will satisfy heating and
domestic hot water at 35°F SST and 130°F SDT. At these cohditions the heat
rejection is 7,672,000 BTU/hr, refrigeretion 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 upoﬁ 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 DUNkAM bUSH_£(8UU) x 2512 SCKEW COMPRESSOR PERFORMANCE

SST = 20°F . SST = 35°F SST = 350F
SDT = 130°F | SDT = 130°% SDT = 105°F
é Tonnage t 342 ton é 475 ton 555 ton %
| Power Input | 772 hp { 775 hp ‘ 578 hp
| Heat Rejectiongj 6,069,000 Btu/hr | 7,672,000 Btu/hr 8,131,000 Btu/hr
. hp/Ton | 2.26 163 L.
lgggL__w”,__»”‘mfﬁ___,3.09 3.89 | ——
COPC j 2.09 2.89 J 4.53

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 1Ice Generating Equipment.

lce will 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).

=30
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2,2.3 Chillers

‘Three chillers will Se selected of 555 ton capacity each to enable
chilled water generagion in the summer in éonjunction with domestic hot water
generation and also with heat rejection to the cooling towers. B
2;2.4 Condensers |
| Con&ensers will be of the deuble bundlétype capable of réjectiﬁg 8,131,000A
BIU/hr in the summer while chilled water i$ generated. The temperature of' the
refrigerent at'this‘condition should be 105°F, while the éondenser waﬁer will?w
be 95°F-85°F. |

The condenser should be capable of opéréting also in the wintér,'reject-
ing 6,069,000 BTU/hr at a refrigerent temp?rature of_130°F, while the con-

denser water should be between 90° and lZO?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 éach will be selected.
2.2.6 Pumps

.The following table summarizes the selection of the Auroya pumps.
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TABLE A-2.2 . HP-ICES PUMP SELECTION

Heéd

HP-ICES PROJECT

. : : Efficiency Model &
i Designation Service GPM Foot :- HP % RPM
i P-IA ! Heating - 367 ! 150 : 22 68 Ixbx14
. P-1B ; i g | - Series 410
i P-1C ; ; i 1750 RPM
! ! i i : Double Suction
i : ! i :
i i c S !
{ P-2A i Chilled 2250 { 110 ! 70 89 8x10x1713 .
P-2B water ? : % Series 410 ;
bin to ! 1150 RPM _!
primary i Double Suction !
loop ! : i
| % :~ !
P-3A Chilled 830 70 18 80 15x6x15
P-3B water ! Series 410
P-3C chiller | 1150 RPM
to bin Double Suction
P-4A Condenser: 1626 | 80 38 88 8x8x1113 |
P-4B water : ' Series 410
P-4C cooling 1750 RPM
tower Double Suction
23 gSystem Operation

Fig. A.2. 4 illustrates the energy center for the Market Square complex.

;{:0n the low pressure role of the refrigeration cycle there are chillers

)

connected in parallel with the ice making evaporaters which enables the

’

system to either generate ice or chilied.watentat a higher SST when simul-

tameous heating and cooling is requir

]

ed which results in a lesser power

input. The control system will enablé the three units to operate either

in the same mode (ice or chilled water) or gemerating 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 whiIe.i& the winter the cqoling requiremeﬁts will
be satisfied by enthalpy control.

The refrigeration cycle is de;igned to operate as a recirculating system
allowing to connect alternately two different evaporaters with differeht flow
‘ratesvto the same cqmpressor-preveﬂting thereby 1iquid refrigerant from
entefing the compressor suction. ‘ .

On the high pressure'SidE of the refrigeration cycle there are double
bundle condensers supplying eitﬁer‘hot 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 sufficiént to cover the summer
dooliné requirements.

. The deficiency in "cooling” edérgy is made'up in two ways. First,
démestic hot water is generated‘iﬂ summer during night timé"ﬁo‘eliminate the
electrical billing demand with simultaneous production of chilled water.
The resulting COP is higher than for ice generation as the EET is

35°F while the SDT remains at 130°F, Storage tanks are provided to
enable the use of the domestic hot water during the day. The remainder of;
the deficiency in "cooling " energy is produced by opgrating the chillers in
conjunction with cooling towers. This is also done during theAsummer nights
aud results in & yet highér COP as the SDT is reduced to 105°F. “

The chilled water, whether prgduced 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 usea
Aup the following day. The entire system will be integrated with the building

to minimize additional load requirements. The ice bin will be located under

" -36-
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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 complex. iThe three wechanical rooms waich
constitute the energy center will be located above the ice bin and all at the
same level to enable the ice to drop directly into the bin below.

- The chilled water distribution system will consist of a primary-secondary

punping arrangerent with special pumpé supplying chilled water frow the bin to

e inoor o 3

the primary anq anﬁthér set of pumps supplying chilled wéter frém.fhe chiiler; ’
to the bin during summer operatibn.

The primary system will be on the samellevel as fhe mechanical rooms with
the branches on the north and squth sides with a common return. Secondary
pumps will serve all the different buildingé and sectors.

The temperature difference in the chilled water primary will be 16°F
while that in the secondary loops will be determined by thé end users enabling
thu; a considerable amount of flexibility. .

lA similar pumping arrangement will serve the heating distribution system,
with a temperatu?e difference in the primar§ of 30°F. The cooliné towers will
be located on the south-east roofs of the cémplex (See figs. A2.5, A2.6; and

A2.7).
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A.3 EXPECTED PERFORMANCE

3.1 General Performance

It is cxpected that the "cooling“ energy generated during the winter
in the form of ice, after deducting 87 losses due to heat leakage into the
ice  bin will be 18,878x106 BTU which is 52% of the summer coolinéJreguire@ent
6 ,

of 36,108x10" BTU.

Domestic hot water generation accoungs for 4380 x }06 BTU of "coolingr
eﬁergy which is another 12% of the~summer.§ooling requiremené. . | 13 ’
' The remaining 36% of the summer coblipg requirement, i.e. 12,850 x 10°
BTU are supplemented by employing the coméressor in conjunction with cooling
towers and with chilled water generation at night time dufing.August, Sep-
tember and October. The conditions of opé}ation are 35°F SST and 105°F SDT
which results in yet a higher COP. . v

Thus, the COP,'s of winter operation, summer DHW generation and summer

H
operation with heat rejection to cooling towers are 3.09, 3.89 and 5.53
respectively.

The sepafate insulated compartment of the ice storage bin is so sized
that it can supply a summer's peak day cooling requirement and can be
chafged during 9 hoﬁ;s of operation of ali the three compressors operating at
the highest COP which for cooling is 4.53.

The HP-ICES supplies 64% of "free" cooling while supplyiné'éll'the héating and
domestic hot water requirements for the Market Square complex.

Thus while supplying 36,239 x 10°

BTQ of heating 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 kih.
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The overall annual COP is, therefore estimated at

“cop =(36,239 + 23,258) 'x 105 = 5.25
overall —=ieot—000 x 3613

But taking into account also the cooling generated with heat rejection

(36,239 + 36,108) + 10° = 5.11.

4,151,000 x 3413

to the cooling towers the COP

overall ~

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 requireﬁents
for heating and domestic hot water. ‘
Thus, in November this requirement amounts to 4138 x 106 BTU and the
heat pump generates 2799 b4 106 BTU:of cooling (ice). As‘there is no coolihg'
requirement in November this "cooling" energy is disposedbof in the ice bin.
This goes on until March with a maximum accumulation of 18,187 x 10?
' BTU after sﬁbtracting heat leakage into the hin, This maximum accumulation
also determiuesAthe size of the ice bin.
In Aprll there is achady—u -conling _requircment of 1805 x 10 BTU

6

Wthh exceeds the coollng generated of 1790 X 10 BTU by 15 x 10~ BTU and

this deficiency comes out of storage.

The foilowing month there is no iéé generated but there is 901 x 106 RTH
of LUUlLug generated in the torm of chilled water and to satisfy the cooling
requirement of 3611 x 106 Btu, 2710 x 106 Btu are taken out of storage which
together with 175 x 106 Btu losses (i.e. heat leakage into the storage) brings
down the s;ored "cooling" energy te 15,113 x 106 Btu.. A sinfilar procedure is -

followed through June and July.
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TABLE A-3.1

ANNUAL . ENERGY BALANCE

COOLING GENERATED .
BY HEAT PUMP - BTU x 106 STORAGE BALANCE BTU x 106
! SUMMER NET

| HEATING WITH |DEPOSIT | DEBIT ACCUMULATTON
‘MONTH & DHW COOLING COOLING (INTO (OUT OF. IN STORAGE
: REQUIRRMENT | REQUIREMENT | WINTER | SUMYER | TOER |STORAGE) | STORAGE) | LOSSES |END OF MONTH

BTUx10 : BTUx106 | COFy=3.09| COPy=3.89 | COPp=4,53 -
Nov. 4138 0 2799 0 0 2799 0 0 2799
Dec. 6294 0 4257 0 0 4257 0 143 6913
Jan 6583 0 4453 0 0 4453 0 149 11217
Feb. 5795 0 3920 0 0 3920 0 134 15003
March 4887 0 3305 0 0 3305 0 121 18187+
April 2647 1805 1790 0 0 0 15 174 17998
May | 1213 3611 0 901 0 0 2710 175 i5113
June 666 4694 0 495 0 0 4199 237 10677
July 686 7944 0 510 0 0 7434 262 2981
Aug. 544 7944 D 404 4810 0 2730 251 0
Sept. 727 6860 0 540 6320 0 0 0 0
oct. |_ 2059 3250 D 1530 1720 0 0 0 0
Total | 36239 36108 20524 4380 | 12850 18734 | 17073 1646 -

*Maximum volume of "Ice Btorage Bin =

18187 x 10% BTU

144 + (50-32) x 36

= 3118 x 103 cu. ft.

10Er0¥d SEOI-JH
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In August the losses of 251 x 10 Btu reduce the storage to 2730 x 106
Btu which is used up entirely together with 404 x 108 Btu of cooling in the

form of chilled water, generated by the heat pump while generating domestic

‘hot water. But, there is still a demand of 4810 x 106 Btu and this is

supplemented by operating the screw compressor at conventional conditions of

35°F SST and 105°F SDT and with heat rejection to'cooling towers. This will

. be done at night time with dailly storage to eliminate demand.

Throughout September and October the compressor similarly operating in
conjunction with c;pling tower suppleménts the cooling generated in the form
of.chilled water by the heat pump while supplyiné some heating and generating
domestic hot water. |

Fig. A-3.4 depicts the annual eéergybalance, The upper‘side of the
bargraph shows the héating and dbmestié hot water.reqhirements, while bclow
the absciséa axis thé "cooling" energy:generated at various times of the year.
The thick contour lines depicts the acﬁual cooling requirements.

Tﬁe "cooling energy generated éuring the winter (lower left) will
co§e; the blank white area under the ‘contour and the storage losses.

The w1nter cooling load shown in Fig. A-1.9 is satisfied using out51de
air with enthalpy controls and is therpfnrp not included in the anergy lLalunce
of the HP-ICES system in Fig. A-3.1.

3.3 DETERMINATIQN OF THE ICE STORAGE BIN VOLUME
From lable A 3.1 the maximum accumulation of "cooling'" energy occurs in

March and this energy will determine the size of the ice storage bin. To

eliminate the electrical demand over the entire summer and to operate the heat

e
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pump at higher COP's while generatiné chilled water, a daily chilled water
storage 1s required. The chilled wager storage will occupy a relativeiy small
part of the ice stroage bin but ﬁill be separated from the :emaindervof ghe
bin and insulated. |

This arrangément will enable dé the generation of démestic hot water at
‘night time while using 56°F water after the ice in the compartment g&s melted
as a source for the‘chiller and operating at a higher COP at a SST = 359F
and SDT = 130°F.

In August, Septémber and October conventional operation at SST = 35°F
and SDT = 165°F will be required with heat rejection to the cooling ﬁowers.

The volume of the daily chilléa water storage should be able to
accommbdatelthe cooling required for a summer peak day which is |

3000 ton x 5 EFLH = 15000 ton-hours

The volume of the water is

15000 x 12000 = 180,300 cu. ft.
16 x 62.4

To accommodate the ice this volume has to increase in the ratio of the

densities of water to ice, i.e, 62.4 = 1,73
! . 36.0

Thus, the volume of the chilled water compartment is

180,300 x 62.4 = 312,500 cu, ft,
' 36.0 -

# The density of ice is 56 lb./cu.fté According to Stal Ice Making Equipment
Company, -the packing fraction of ice resulte in an ifre-water-air wlxturc
density of 36 1b./cu.ft.
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The cooling effect éf this ice is: 312,500 3136 x 162 =A1822.5 p 4 106.Btu

This is about 50% of the cooling requirement‘for May and this means that by
the middle of May we already have available 180,000 cu; fr. 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 un;il sometime in July when aill

the ice melted and we would then have ice wa%er at 32°F, not suitable to put
through chiller).

The above arrangement will enable the operatioﬁ of theléhiller‘aﬁé §t6rage
through May, Jﬁne and July ‘as a heat source for DHW generation while in
'August September and October we use the chllled water dally 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 énd bottom. This will result in
only 8% heat leakage iosses in the bin which have been taken into account

:in the energy balance. Thé losses have been broken down by month (The
calculations are based on results obtained in the First Report).

To -satisfy the load on a summer peak‘day three compressors will havg
to operate during nighf time for nine hours at full load at 35°F SST and
105°E SDT at which conditions the cooling ou#put will be 555 tons, yielding
15006 ton=hours.

3.4 AN&UAL ENERGY CONSUMPTION

Table A 3.2 shows the energy consumption for the éompfessof by month for
‘three main modes of oéération and also the total qonsumption by month.

Table A 3.3 shqws-the enérgy consumption by month for the electrically
driven auxiliaries and Table A 3.4 shows.the ;otal consumption both for com-

pressors and auxiliaries. This table is depicted by a bar graph in Fig. A 3.2.
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TABLE A 3.2 _ANNUAL ELECTRIC, ENERGY CONSUMPTION FOR HEAT FUMP COMPRESSOR

'MONTH ‘ HEATING COOLING GENERATED

-gy-

GENERATED . BTU x 10 ELECTRIC ENERGY CONSUMPTION -~ KWH
_ BTU x 1€ [TCOPy=3.09 | COP,=3.89 [ COP=4.53| COPR=3.09 | COPy=1.89 | COPp=4.53 | TOTAL
November 4138 271997 | ¢ 0 392,000 - - 392,000
December 6294 4257 0 0 597,000 | - - 597,000
January : 6583 4453 0 0 624,000 - - 624,000
February 5795 3920 a. 0 549,000 - - 549,000
March 4887 | 3305° o | o 463,000 | - | - 463,000
April 2647 - .| 1790 0 o | 251,000 - - 251,000
May 1213 0 901 0 - 91,000 - 191,000
June < - ;66 .-fméA 4 0 - 50,000 - 50,000
July 686 0 510 0 - | 52,000 - 52,000
August 544 0 Y 4810 - 41,000 - { 311,000 352,000 |
September 727 1 o 540 6320 - 55,000 409,000 464,000
October . 2053 0 1530 120 | " 7155,000 | 111,000 266,000
|Annwar | 36239 20524 4380 13850 12,876,000 444,006 | 831,000 | 4,151,000

Lodrodd S40I1-dH



'67;

. 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
Month Pumps Water (Chilled W.) { to Bin Fans Pump* TOTAL
Nov. 17,483 2278 - - - 1736 21497
Dec. 28,078 2669 - - - 2788 33535
Jan. 29,286 -| 2822 - - - 2908 35016
Feb. 25,660 | 2567. - - - 2548 30775
March 21,068 2465 - — - 2095 25628
April . 9,708 2244 . .| 14080 - - 964 . | 26996 _
May 2,498 1632 21120 2212 .- 248 27710
June 0 1292 31680 1218 - - 34190
July 0 1343 31680 1246 - - 34269
Aug. 0 1054 31680 11074 33840 - 77648
Sept. 1,128 | 1003 31680 14602 44556 113 93082
Oct. 7,291 1309 14080 7364 12126 724 42894
Total | 142,200 22678 176000 37716 90522 14124 483240

* 2 pumps 5 hp or 4 kW, sémg number ‘of hours

as heating pumps.

Lo
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HP-ICES PROJECT

The maximum energy consumption occurs during December, January and

February, while the minimum occurs during May, June and July.

I3

TABLE A 3.4 ELECTRICAL ENERGY CONSUMPTION _

Winter (November through April)

Summer (May through October)

‘i-SQ-

MONTH ELECTRICAL ENERGY CONSUMP?ION._KWH
January i 659016
. February : 579775
. March L 488628
| april B 277996
i May i i 118710
g June 84190
July 86269
August P
September ecE0R0
October | 308170
November 413497
Decemper 630535
Total 4633403
| Anoual T S
; 3,049,447
= 1,583,956
4,633,403
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3.5 RESOURCES UTILIZATION '

vTable A 3.5 was completed accor&ing to ASHRAE 90-75, Section 12
reciuiremen_ts. 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.3.5)

Table A 3.5 HP-ICES
ANNUAL FUEL AND ENERGY CALCULATION FORM 122
Annuzl Fuel and Energy C.0. RUF ) Fuel and Energy Resources Used on Site 2nd Off Site
Calculation Form 12-2 Total From To Meel Energy Reqnirements of Buildiiig/Froject
Uné Fuel aid Energy From Supplier -C1 C2 C3 - C4 Cs (o [or}
' Supplied (o Site #orm | orFrom S. Tons MCF BBL Grams 1P KWH Other | Other
12-1 Tables Coal Nsat'l Crude Ol | U-23§ tlydro-
Line 13 .
14 Fuel Oil, Light _
15 Fuel Oil, Heavy
16 Gas Nat'} MCF
L oi_ | BeL N\
17|  Coal [
18 | Elec. Winter . Sm\ - 39 _‘I
Conl |5 Tom 0,27 | B823.35
Gas | MCF \\\\\\\\\ C.56 _11707. 69
Oil BBL \ N 0. 53 ) 1616.21
Nuc [ Grams \\\\\\\\* 3.84 . 7 11709.89
Hydro [1° KWH &\\\\\\\\ 0.07 , ) . B i 213.46
Othet - ",
19 | Elec. Summer 1583. 96‘:\\\\\‘\\\\\\ -

Coal | S.Tons \\“\\\\\\ 0.26 411.83
Gas | McF RNNNNWNY - 04 1647.32

oil_|_BBL \ 0.56 | ~ 887.02 |
Noe | oram RO 3-84 T 6082.41
Hygdro | 10K WHE %\\hﬁ 0. 04 * 83.36
Other ,
20 | Elec. Annual el \‘\‘\§\\ ' o ’ -
Coal S Tons AN %
Gas | MCF \\
oil BEL
Nuc Grams \\\\\\‘
Hydro |10°KWHRNNR
thr
21 | (Other)
2
ASHRAE STANDARD 90-75 T o - -
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3.6 SELECTION OF A COMPARATIVE CONVENTIONAL .SYSTEM.

3.6.1 General Description

A conventional system of sufficient capacity to sgpisfz the ‘heating and
cooling demands was selected.ts_Serve.aS'a baSis.of-cbmpafﬁgon with the
HP-ICES system.: | o

‘The chillers will operate in conjunction with a primary-secondary pumping
‘arrangeﬁent with a temperature‘differential in therpfim;%y}§f-56?;40?‘%.}Qgg.*é

For 'heating, the primary loop will operate at temperatures'240°F-l609F,
AThe.heating,pump was selected'to.deliver#

13,000,000 = . 326 gpm
500 x 80 -

lat.a‘head of 125 ft.
The:energy requirement for heating 'and domestic hot water is 36,234 x 106 Btu.

Fuel consumption 36234 x 106 = 51,770 M cu.ft. .of gas. -
0.7 x 1000.x 1000

Pumping power for heating pumps is calculated by assuming

EFLH 36,234 x 10° BTU =~ = 2265 hours

16,000,000 BTU/hr

2265 x 1.7 = 3850 ‘hours for auxiliaries
15 x 0.746 x 3850 = 43,082 kWh-

See Fig. A .3.73 for schematic-diagram for ‘the conventional system.

1
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HP-ICES PROJECT

3.6.2 Equipment Selection

a; Chillers
| ' Carrier centrifugal packaged herme;ic, three units 1000 gon each, 772 KXW
input, 35°F $ST, 105°F SDT model 19 EB 8983 DP. |
b. | Cooling Towers |
.Thrée Marley, 1000 ﬁon each, 60 hp fan each
c. Boilers |
Two 12,000,000 BUT/hr Cleaver Brooks hov water boilers,one 3,000,000

BTU/hr for domestic hot water. -

d. Pumps ' . .

TABLE A 3.4 PUMPS FOR CONVENTIONAL SYSTEM

DESIGNATION | SERVICE | GPM .| HEAD | HP | EFFICIENCY| MODEL
‘ FEET :

P-1A Chilled | 1500 | 110 | 50 0.75 Aurora 8x10x15A
-P-1B Water o Series 410
‘p-1¢ '

P-24 Condenser { 3000 | 80 | 75 0.82 Aurora 10x12x15C

P-2B Water ' Series 410
P-2C :

P-3A Heating 326 | 125 | 15 | 0.68 Aurora 3x4x12
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 respectively.

3.7 RESOURCES UTILIZATION COMPARISON

For the resvurces utilization of the conventional system, see Table A 3.9.
The bottom lines of Table A 3.5 and Table A 3.9 are compared in Table A 3.10A
which shows that HP-ICES uses more crude oil, more hydroelectric power and more
coal and Uranium (U-235) than the conventéonal system, but significantly less
natural gas.A It is diffiqult to see the improvement in
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TABLE A 3.7 ENERGY CONSUMPTION FOR REFRIGERATION COMPRESSOES
(FOR THE CONVENTIONAL SYSTEM) :

Cooling CONSUMPTION DEMAND

Requirements: Total
Month Btu x 106 % KWH Cost § % KW Cost § Cost &
January 0 0 0 0 0 0 0 0
February 0 0 0 0 0 0 0
March [ 70 0 0 0 0 Ob 0
‘Apyil B 180‘ 5 116122 1144 25 579 2,327 3,471
‘May 3611 | 10 nzszjo&}; gzéé v«so 1158 4,655 6,943
June 4694 13 | 301¢81 ‘i45279 100 | 2316 11,997 16,276
uJuly 7944 22 511C64 .7242 100 | 2316 11,597 19,239
‘August 7944 22 | 511064 7242  |100 | 2316 11,597 19,239
September 6860 ©19 | 441327 6254 50 | 1158 5,998 12,é52 |
October .__3350 9 209083 . 2963 25 579 3,000 5,963
November 0. o1 0 0 o4 O 0 0
December -0 0 ) 0 0 0 0 0
Total 36108 100 | 2,332,949] 31,412 51,971 83,383
Annual

103rodd SIDI-dH



TABLE A-3. 8

HP-ICES PROJECT

ENERGY CONSUMPTION FOR ELECTRICALLY DRIVEN REFRIGERATION AUXILIARIES

555 hp

414 kW = 0.138 KkW/ton

Auxilliaries Power Ratio = - 3000 ton
#*Full load hours = 939 x 1.7 = 1597 Hr
“kWh = 1597 x 414 = 661,158 Kw

-57=

CONSUMPTION DEMAND
Month % " KWH Cost $ ; % KW Cost $
January 0 0 0 ol o 0 0
February 0 0 o | o o o | .o
March 0 0 o | o 0 0 0
April . 8 52893 521 - 50 207 832 1,353
May | 12 | 79339 781|100 | 414 1,664 | 2,445
—SZ;QNW ) 18 119008 1,686 100 414 2,145 3,831
July 18 | 119008 | 1,686 | 100 | 414 2,145 | 3,831
| August 18 | 119008 1,686 1100 | 414 2,145 3,831
September 18 | 119008 1,686 | 100 | 414 2,145 3,831
October 8 52893 750 | 50 | 207 1,072 1,822
November 0 0 0 -0 0 0 0
_December 0 0 o | ol o ! 0 0
Total 100 %661,158** 8,796 § ©12,148 {20,944
"*3 chilled water pumps = 150 hp
3 cond. water pumps = 225 hp
3 cooling tower fans = 180 -hp
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TABLE A 3.9 CONVENTIONAL SYSTEM

$

ANNUAL FUEL ANﬁ ENERGY CALCULATION FORM 12-2

Annual Fuel and .Energy ' C.0. RUF | " Fuel and Energy Resources Used on Site and Off Site .
Calculation Form 12-2 Total From ] To Meet Energy Requirements of Building/Project
Lind Fuel and Energy From Supplier C1 (o) C3 C4 CS C6 (o)
Supplied to Site Form | orFrom | S.Tons MCF BBL Grams | 10°KWH Other | Other
: 12-1 Tables Coal Nat'l Crude Oil U-235 Hydro
Line 13 )
14 Fuel Oil, Light _
15 Fuel Oil, Heavy
16| Gas | Natl | MCF 1.16 | - 0053 9 7
oi | Bar RRNNRNW0.0033 | 247,38 .
17 Coal .
18-] Elec. Winter 143.082 '
Coal | S Toas 0,27 | 11.63 .
“Gas_|_McF AN _0.56 | 24.13 |
oi | se. AN\ 0.53 | 22.83
Nuc -Grams W 3.84 : 165.43
Hydro |10 kWHRRNINY 0-07 | . 3.02
Other :
19 | Elec. Summer : 2994.1 \\V<

Coal | S.Tons \\\\\\\\V 0.26 778.47 . .
Gas | MCF NN 1. 04 3113.87
o | BeL AN 0. 56 1676.7¢. .
voe | orame NN 385 11497.3

[ Hyaro |10k wRNNNNY 0+ 04 _ I19.7§
Other :

20 | Elec. Annual

N
Cual S. Tons &\\\\\Q\\\Q\\\:
Gas _|_mct §‘\\:\\‘\\t‘§\‘\}‘\$§
(nl_{_BBL NN\
Nu¢ Grams §\\\\\\\\
Hydro {10°KWHEN
Other

;[L2) {Oeny ‘ S o _
2] - ' Total Resources 790.10 63191.20 1973.91 11662.81 122.78

ASHRAE STANDARD 90-75
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energy use from this table, therefore, an energy source comparison will be

used with a heat rate of 11,000 BTU/kWh /3413 = 0.31
A ‘ 11000

_TABLE A.3.10 ENERGY RESOURCES COMPARATIVE ANALYSIS

ANNUAL FUEL AND ENERGY RESOURCES
ON SITE AND OFF SITE
TO MEET ENERGY REQUIREMENTS OF THE PROJECT

c1 | . c2 : €3 c4 cS
System S Tons MCF | . BBL Grams 103 KwH
Coal Nat'l :Crude 0il U-235 Hydro
Conventional | 790.10° |63191.20 | .1973.91 . 11662.81 122.78
. ) N .:' ) o L RE
HP-ICES 1235.18 ' | 3355.01 |.2503.23 ° 17792.30 276.82

The first column of tables 4.3.5 and A.3.9 were used to cémpile
Table A.3.1l1.

'Thus from Table A.3.7 the k?ﬁ used for the HP-ICES were 3,049,450
plus 1,583,960 which adds up :o'a,6§3,41o kWh. Thus

4,633,410 x 3413 = 51,012, x 106 Btu which
0.31 '

appears in Table A.3.11.
Similarly from Table A.3.'9? firét column for the conventional system

51,770,000 cu. ft. of gas yields 51,770 x IOG.Btu while 2,9§4,110 kWh ond

43,082 kWh yield 7

- 3037,192 x ;413 = 33,439 xl106
0.31 :

Btu

=59~
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Thus the total Btu's are (51,770 + 33,439) x 106
= 85,209 x 10% Btu

The raw source energy comparison is given in Table A.3.11 below.

TAB:E A.3.1]1 ANNUAL RAW SOURCE ENERGY UTILIZATION COMPARISON

Total Energy Used
System . Btu x 10

f Conventional : 85,209

L HP-ICES ‘ " 51,012

For First'and Second Law analyses see Section C.
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A4 EXPECTED_ECCNOMICS FOR THE MARKET SQUARE PROJECT
4.1 INIRODUCTICN AND ASSUMPTIONS
The method used here for evaluatipg and comparing tbe g;qpomicsof,the
HP-ICES system and a conventional system.Af the same heatiﬁg #;d cooling
gépacity will be a life cycle cost analysis.
The following are the assumptions;made in e&éluatigg_gpe ecppgm%cg._‘

(a) The Conventional System:

The conventional system wi}l be a central system with
conventional centrifugal chiller%hand gas-fired boilers. Althouéh thé
methods of generation of heating ?nd cooling differ in the two systems,
the distribution systems were asshﬁed to be the same.

(b) The Firs; Cost:

The first cost of each sysfem inéludesAthe generation equipment
and distribution system, but does%ggg 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
evaluatipn is to compare the HP—iCES system with a conventional
system and examine the relativeréosts.

The cost of the end—users‘equipment.caﬂ vary greatly, depending
on details of the system. Howevér, it would be about the same for the
HP-ICES system and the canventional system.

The HP-ICES éysﬁem'requirés a large amount of space for the
storage. Because of the difficulty in getting largé areas of land in
this project, it wili be necessary to use underground bins whiéh do
not take up additional land area‘outside the buildingf Therefore, with

proper design, the main differenée in land use between Lhe HP-ICES and
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conventional systems will noé be in the land area used but in the cost
of excavating the land for the ice bin and in the institugional con=
.side:ations involved in pipé; croésing roads, etc.

In the analysis, the éost of éxcavating the Iand, constructiﬁg the
ice bin, etc. ié»taken'info 5ccount. It is assumed that the area of the
land used will be about the same for the two systems, and that the lafge

storage will be under the buildings and will not take up additional land

area.

(c) Equipment Prices:

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 Cleaver;Brooks Co., and pumps from Aurora Co.

(d) Energy Prices:

Energy prices were calpulated according to Potomac Electriec

Power Company Service schedule DC-GS,

Billing Demand November - May $4.02/kW
‘ June = October ' $5.18/kw
_ Energy Charge Novembér - May $0.00985/kWh
June - October - $0.01417/kWh ..

Gas prices were those of Washington Gas Light Co. - $0.303/therm.
Details of the energy costs will be given later.

(e) System Life, Mortgage Period, Salvage Value, etc.

1

The life of the equipméht is assumed to be 20 years and the life
:qf the distribution system ané ice storage bin 40 years. AThe mortgage
period and the period of the écoﬁoﬁic analyses are both assumed to be
ZOlyeafs. The depreciation life of the overall system (for the purpose
of tax deductions) is assumed to be 20 yearas. Tor certain kinds of
ownership of the system, it‘m;y be possible to use a smaller depreci;-
tion period and increase the tax savings. However, the results will

be given here only for abdepréciatioh life of 20 years.
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: ﬁ:~The:$alvage_valué.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 salygge value will be“assumed to be 40% of t£e iqitial
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 poss;ble‘to put the bin to‘good use by
converting it into a pérking lot éithout too large an.additional expense.

For the complete HP-ICES system, including the equipment and the storage,

the overall pefcent salvage value is found to be about 30%.

£ Cpéf ofAIpsuraﬁéé, ﬁéiﬁﬁenéﬁce, tabor;'Admiﬂistration, etc.

Insurance costs are assumed to be about 0.5% of the first cost.
The costs of maintenaﬁce, Igbér, édministration, etc. are estimated
for eaqh éroject separately.

(g) Discount Rate and Inflation Rate

The general inflation rate is assumed to be an average of 6% per
vear. The discount rate used in evaluating the present worth of money

is assumed to be 2% more than the:inflation.rate, i.e. 87 per year.

(h)  Taxes

The effective income tax bfacket for the commercial system,
assuming ownershié by a private céfporation, is assumed to be 467.
The tax deductions that a businesé can make are all allowed for.

The property tax is assuméd to be 1% per year.
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4.2

System.

DETAILS OF COST ESTIMATES FOR THE HP-ICES 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 o = 75,000
(150,000 cu.yard @ $0.50/cu.yd. )
2. Ice Bin Construction = 1,600,000
(3,200,000 cu.ft. @ $0.50/cu. yd
incremental cost; ice bin is part
~of the underground structure)
Ice Bin Sub-Total $1,675,000
3. Three Dunham—Buéh screw cohpressors
including condensers, chillers, oil
separatours and fluid accumulators
(342 ton at 20°F SST and 130°F SDT) = 300,000
4., Six Ice Makers of total canacity
3 x 342 _ 640
640 ton ice \ 1.,A ) = 600,000
5. Three Cooling Towers (of 600 ton each) = 75,000
6. Pumps
Three Pumps used for heating ’ = 7,500
Two Chilled Water Tumps. (Bin to Primary) = 14,500
Three (Chiller to Diu) Puimps™ = 10,200
Three Condenser. Water Pumps = 13,500
7. Chilled Water Distribution System = 800,000
(Primary and Secondary baced on ‘
20,000 linear feet of 6" dia. pipe)
8. Hot Water Distribution System o= 400,000
(Based on 20,000 linear fect of
3" dia. pipe)
9. Electrical Installation and Connection = 238,050

(2054 kW)

Sub-Total First Cost=$4,133,750

413,380

10. Contingency 10% =

Total First Cost=$4,547,130

6=



Operating Cost for HP-ICES System .

- 1. Energy Cost o _“ =$ 100;568
2. Mainﬁenance‘(1%1of Equ%pmeht First C&st) = 30,000
3.  Labor, 8 stationrzhgingers-'z - = 160,000.

(at $20,000 each) "
4, Adminisf;aﬁion, 6 people = 90,000 -

(at $15,000 each)

-TOTAL OPERATING COST. -$ 380,568

Details of the Energy Cost; given above as part of the

Operating Cost, are as follows:

‘Details of the Energy Cost:

l; Compressors (see Table%A 3.2) =$ 88,986
Z.RAPumps.used for heating’ | = 2,796
3. Bin to Primary Loop Puﬁps = 5,570
4. Chiller to Bin Pumps | = - 525
5. Condenser Water Pump &TCooliﬁg Tower Fans =' 1,283
6. Domestic Hot Water Pum?_ = 1,164
7. Ice Maker Pumps (4 kW bemand chargé during
seven months and 132 kWh) = 264

Total Energy Cost =$ 100,568

(Note: For items 2 through 6 above, see Appendix I)
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4.3 DETAILS OF COST ESTIMATES FOR THE CONVENTIONAL SYSTEM

The following are the details of the cost estimates for

system of the same heating and cqéling capacity as the HP-ICES

a.

First Cost for Comventional System

1.

"Three (1,000 ton each) conventional

centrifugal chillers, Carrier Model
No. 19EB 8983P packaged hermetic,
including controls, starter with
installation '

Three cuoling towers, 1,000 ton each
Two 12,000,000 BTU/HR Boilers
One 3,000,000 BTU/HR DHW Roiler

Pumps .
Three Chilled Water
Three Condenser Water
Two Pumps  for Hesdting

Chilled Water Distribution
System (as for HP-ICES)

Hot Water Distribution System
(as for HP-ICES)

Electrical Installétion and
(2752 ®W) s

‘dnnection

oo [ ]

il

a conventional

system.

$ 600,000

90,000
160,000
40,000
15,000

22,500
6,000

800,000

400,000

318,550

fub-Total Flruat Coses$2,452,500

Contingency 10%

]

245,205

 TUTAL FIRST COST 2,697,255
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b. ‘Operating Cost for Conventional System

- 1. Energy Cost =§ 263,048
2. Maintenance (1% of Equipmgnt First Costs = 27,000
3. Labor,,S stationeﬁgineeré'wx: ‘; '160,060
4. Admiﬁiétration -6 peoplel = 90?000

_TOTAL OPERATING COST=$ 540,048

-Details: of the Energy (Cost- fot the conventional' :ystem, given as

part of the Opefating Cost, are as follows:

Details of Energy Cost for the Conventional System:

‘l. Compressors (see Table A 3.7) =$ 83,383
2. Refrigeration Auxiliaries = 20,944
(see Table A 3.8) :

3. " Pumps used for heating . ' ’
Demand 6 x 14 x 0.746 x 4.02 = . 270
Energy 43,082-:x $0.00935. = 424

4. Domestic Hot Water Pumps : = 1,164

(as per HP-ICES)
;Sub—Tonal Electrical=$ 106,185

5. Heating & DHW

= 36,234 x 10® BTU = 517,7007 Therms
0.7 x 102 '

.Cost @ $0.303/Therms

156,863 -

TOTAL ENERGY COST $§ 263,048
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4.4

HP-ICES PROJECT

LIFE-CYCLE COST ANALYSIS OF TEE MARKET SOQUARE PROJECT

This section summarizes the sfeps and the results of the comparative

life-cycle cost analysis for the Market.Square HP-ICES system and a conventional

system with the same capacity.

Table A4.1 gives the details of the life cycle analysis of the HP-ICES

system and a conventional system with the same capacity.

The following is a.summary of the results:

The HP-ICES system 1s more enérgy-efficient thaﬁ the conventional

system. in thé example given here; the savings in the annual average
energy cost savings achieved éy using the HP-ICES system is about $217,000.
In the present example, thé tétal annual average life-cycle cost is also
less for the HP-ICES system than for the conventional éystem. However,

the savings in the total 1ife;cycle cost is a relatively small differenee
between two large numbers, ané is sensitive to paraﬁeters such as the
interest rate. When these parameters are varied, the life-cycle cost fo£
the HP-ICES system is less than or comparable to that for a'conventional

system.

. The 1life cycle capital cost for the HP-LCES system i5 about 70% greater

than that for the conventional system.

The total operating cost (including energy cost) for the HP-ICES system,
Qinus the tax savings, -is abogt 27% of the corresponding quantity for
the conventional system.

The cost of money (i.e. the martgage intereat rata)_aqd'the:energy price
escalation rate are among the most important factors in determining the

relative economics of the two systems.
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© HP-ICES PROJECT

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.

In the example given here, the Retu;n on Investment for the HP~ICES system,
as compared to the conventional system ig fognd to be.about_lsz. The
Payback Period- is éherefore abou£6;7‘ years. ‘(%hé‘ﬁetépﬁvgn Investment

is found by determining the wvalue 9f the discount rate for which' the

Net Life Cycle Savings becomes zero.)
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' . i
TABLE A4.1 ECONOMIC ANALYSIS, MARKET SQUARE

i
~ HP-ICES ‘ ~ CONVENTIONAL
B tuttooi R FOURscius N
FC First Cost $4,547,130 g - 82,697,255
DPF Down Payment (7 of Firét Cos£) } 10% § .10% |
MP" Mortgage Period 20 years é 20 years
EP Period of Economic Analysis ' i 20 years : é 20 years
MIR Mortgage Interest Rate (% per year) f 15% ' é 15%
DR -Discount Rate - f 8% g 8%
IR Inflation Ratel g 6% | 6%.
EC Presenf Energy Costs per year i $ 100,568 $ 263,048
ER Energy Price Escalation Rate ? 127 . b.lZZ
DPER  Depreciation Period § 20 years i 20 years
sV Overall Salvage Value ? 30% “ i 20% -
(ds fraction of First Cost) ! i '
IT Effective Income Tax Rate § 467 ; ' 467
Ccl Insurance Coéts (9.5%) ‘ %' $ 22,736 g $ 13,486
; |
C2 tiost of Maintenance, Labor, g $ 280,000 § $ 277,000
Administration, cte. { ;
PT Property. Tax Rate i 1% é 17

PR

N
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TABLE A4.1, cont.

: | LIFE “CYCLE AVERAGE ANNUAL
HP-ICES| CONVENTIONAL|SAVINGS BY USING | SAVINGS BY USING
- , o SYSTEM SYSTEM __ |HP-ICES SYSTEM | HP-ICES SYSTEM |
DP - Initial Down Payment - o $ 454,713 | § 269,726 . -
MPF  PWF For Mortgage Loan Payment ' 1.569 1.569
MP PW of Mortgage Payment over 6,419,208 | 3,807,730 |-$2,611,478
Life Cycle |
Annual Av. Mortgage Payment 320,960 190,387 -$130,610
LI= ,
(INT)x 'PW of Loan Interest o :
(FC-DP) Paid over Life Cycle 4,985,982 2,957,571
PW of Life Cycle '
, cc Capital Costs Before 6,873,921 4,077,455 |-$2,797,195
. =DP+MP Tax Deduction .
: PWF for Energy Prices 26.74 26.74
ECL PW of Life Cycle Energy : .
Cost - - 2,689,175 7,033,870 $4,344,695
_Annual Av. Energy Cost ' 134,459 351,694 1$217,235
IMC - PW of Insur. & Maint. Cost X 4’721,392 4’530’344
“PT. - - PW of Prop. Tax Payments ¢ 709,159 420,657
0AC PW of Total Operating . 8,119,727 | 11,984,871 3,865,144 il
=(EC+ and Admin. Costs ! : : §
IMCH+ ‘ ‘ : 2
PT) : g
Annual Av. Op. & Admin. Cost ! 405,986 599,244 "~ $193,257 g
Ssv PW of System Salvage Value 292,673 115,738 3
DEP PW of Depreciation $1,562,554 |$ 1,059,281



TABLE A4.1

LIFE CYCLE AVERAGE ANNUAL
HP~ICES| CONVENTIONAL| SAVINGS BY USING| SAVINGS BY USING
SYSTEM -SYSTEM HP-ICES SYSTEM HP-ICES SYSTEM
TLC -PW of Total Life Cycle
=(CC+ Cost Before Tax
oic— Deduction $14,700,974 $15,946,588 | $ 1,245,614
SSV)
ITS PW of Incomz Tax Savings
' (inc. Deprec.) .
- (IT) (DEP 4+ OAC:+ LI) 6,747,400 7,360,794
- (0AC- (Op+ & Admim.-Cost - Tax- -} -~ __ SUR IR, S ' -
ITS) Savings) 1,372,326 4,624,078 3,251,752 $162,588
) .
~ .
0y NLC Net Life Cycle Cost ]
After Tax Deducticn
: ’ $ 7,953,574 § 8,585,795 $ - 632,221

= TLC - ITS
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HP-ICES ‘PROJECT

4.5 | CO;T TO THE USER AND BASIS FOR CHARGING‘IN THE MARKET SQUARE'?ROJECT

The price to be chafged to each user is a very complek question, esbecially
lﬁor a new type of system such as the HP-ICES system. According to conven;ipqal
. pricing policies, it would defend on the category of the user ah@ the vo}uﬁeApf
energy usage. The price'would also wvary wiéh timé. .

We shall use a very simplified method, and obtain an averaggvprice for
energy oveg the period of economic analysis; The cost td the‘u;éftéill consist
of two parts: a first part, the demand chafée, that depends on the peak load for
the user, which pays for the‘lifé cycle ave%age capital cost of_the system; and
aAsecbnd.part;»the energy charge, that paysjfor the total Operating costs. Each

of these includes a profit margin.

A price schedule for a user of the H?-ICES system would include different
fates for different levels of energy usage.z Also, for a‘commercial user, thére
would be a penalty for ekceeding a predetermined peak load. Here, &e 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
vsed, over a period of 20 years. (Note that MBTU &enotes a million BTU.) We::
also give- the actual ﬁrice the user pays %ach year, with an assumed price

escalation rate.

'The price estimafes will be based on the assumption that all the energy
produced will be used. It is assumed thatthe capacity of the system remain

the samé, i.e. there is no expansion.

The results for the Market Square are as follows:
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(a)

Capital Costs
Present Worth of Life Cycle Capital Costs Before Tax Deduction.
= $6,873,921

Annual Average Life Cycle Capital Cost = $343,700

Maximum feak Load =

Maximum of Peak Heating Load and Peak Cooling Load

= 38.5 x 106 BTU/Hr. = 38.5 MBIU/Hr.

Average éost to Owﬁer for Each MBTU/Hr. Capacity =

$8,927 per year peé - -. MBTUH capaciﬁy.

In units of kilowaﬁts, this corresponds ‘to $30.5 per yéqr per

kW capacity, or $2.5 per month per kW capacity.

This, together with a profit margin, would be recovered from the
users over the life cycle of the system, e.g. through a schedule

of demand charges.

For a 402 profit margin, the demand charges to the user would
be an average of about $1,041 per month pexr MBTUIl capacity (or
about $3.55 per month per kW capacity). This is in teris ul the

present worth.

If the demand payments were constant over the life cycle, this

would require a dollar payment nf about $1,335 pef mouth per MBTUH

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_éomparison, this is about 69% more than for the coﬁvenﬁional
system considered here. ‘Also note that in the Potomac Elgctric
Power Company Schedule used in determining'thé.cosf of the energy
uged 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 between November and May.
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(b)

- Energy Costs

Average Annual Operating and Administration Cests over the

Life -Cycle (in terms of present worth) =}$405;986

Total Energy Usage Paid for by the Users = 72,000 MBTU

(This consists .of about 27, 000 MBTU for heating, 36,000 HBTU for

cooling, and 9,000 for ‘hot water,)
Average Energy Cost per MBTU = $5.64 per MBTU

Adding a profit margin .of 40%. results in the following ehergy cost
‘ i
to the user:

Average Energy Price Paid by the 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 ratélfor conventional fuel. Assuming-
that the conventional fuel price escalates at 127, and that the

other pafts of the operating an%:administration costs increase at

the general inflation rate, the:above energy.pfice implies a

dollar payment of $8.63 per MBT? (equivalent. to 2.95¢/kWh) initially,

escalating at 87 per ‘year.

Note that the electrical energy .charge: of the Potomac Electric

Power Company is 1.417¢/kWh between June and October, and
O.985¢/kWh between November and May, while the natural gas price
charged by'Washington Gas Light Co. is $3.03 per MBIU. These

prices are assumed to escalate at 12% per year.

For comparison, the same procedure applied to the conventional

system results in an average 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¢/kWh)

initially, escaiating,at 9.5% per year.

The average life cyclé 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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Ki5 . INSTITUTTONAL' CONSTDERATIONS, MARKET SQUARE COMPLEX

A. ENVIRONMENTAL IMPACTS

1) Pollﬁtion and Noise

The use of an HP-ICES system in the Market Square Complex, with heat
pumps driven by electricity, uses less energy overall than a conventional

'system with the same capacity, and therefore leads to less pollution.

Since the heat pump in this system would be electricity driven, there

will be practically no pollution aé the location of the heat pump. The
: C TR '

3

pollution associated with the generation of the electricity would be
localized at the power plant, and can therefore beiisolated 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 thé large cooling towers
iq conventional s&stems, which canléreate both thermél pollution and
chemical corrosion problems. The only cooling towers in>the HP-ICES
system would be smaller, and would be used only a small fraction of
the time -- i.e. at night during %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 thermal pollution or chemical water polluﬁion, in

contrast to what happens in a conventional system with water cooling.

Since the storage bin contains only water or ice, leakage from it
would not cause any pollution problems, in contrast to systems using

brine or other fluids.
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Since the storage is lafge, care must be taken to drain it only into

the storm sewer and not into the sanitary sewer.

The noise from the coolihg tower cperation would also be very smail,
because the cooling tower would be operated only a small: patt.of the time.

ﬁand 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-

ventional 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.

Resource Consumption in Construction

This would be less than with a conventional system.

Retirement

The retirément of the systewm should not give rise to -any cnviron-
mental probleme. The lérge sturage bin ¢an be converted into a
parking area without major alterétions. The mechanical rooms can

be used for other purposes.
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Special questions can come up in the Market Square project because it

is located in Washington; D.C.

The Height of Buildings Act in Waéhingéon, D.C; establisheé a maximuﬁ
height of 160 feet for buildings fronting on Pennsylvania Avenue between
mthe 1st and 15th Stfeets; N.W. It may be necessary to seek an amendment
to this Act to be able to develop the Mafket Squaré Complex. However,

this would be a minor amendment.

Under the original zoning regulations, the development area included two
separate zoning classifications. 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 standards in the area.

The other proposed regulations include the following:

(a) Mandatory Standards, which would cover areas such as Energy Consef—
vation, tﬁé overall conformity of the project with the environment,
noise and air quality abatement during construction, and other

questions such as historical and architectural preservation.

(b) Noﬁ-mandatory Standards for assisting developers Iu designing the
projects; these would include guidélines in designing 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’

ﬁay provide incentives for using tﬁe systém that is the best avail-

able in terms of Eﬁergy Conservatién.
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C. . POTENTIAL OWNERSHIP AND FINANCING APPROACHES FOR THE MARKET SQUARE

HP-ICES PROJECT

The ﬁossible approaches are the following:

A.

Ownership and financing by the federal government'or an agency -
created by it.
Ownership and financing ﬁy the local municipality, or an agency

created by it.

Financing by a third party, such as a developef or a pfivate

corporation (which couldkbe a utility).

A combination of A, B Qn& C above.

The main factors to he cénsidered are the following:

1) The projectArequires a large financ;al backing and involves
a financial risk. '

2) The project will req&ire a high level of technical ability and
competent management.

3) Being in Washington, D.C., the. project will bg subject to
special regulations..

é)n The project will havé high 5hbliu visibility in the rity and in
the whole nation. It is mednt to serve as & model for other
projects in thefnatién.

The advantages of Apprqaéh A will be that the féderal government

will noE have any difficﬁlty in obtaining the large financial and

management resources, an& is in a position to accept the finang@al

risk.
On the other hand, the project needs participation by a large

number of private agenciés, who would prefer the flexibility and

efficiency that can be more easily obtained with private manégement.
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If the financinngf the project is done by a municipality, the
financing mechanism will be either through bonds isspéd by>the
municipality, or through fédefal financial supbort obtained by
the municipality, or through the férmation of municipal joint
action agencies. An important requirement on the financing
mechanism will be that if the projéct failé fipanc;é}ly, it

- should not create a serious risk~fqr the city's finances.

Financing by a third party, such a$ a develope;,ﬂg;,a p;iyate
corporation (including a utility cémpany) has ﬁhé advang;ges that
a pfivate company: may possess the technical expertise ;hat a
muﬁicipality normally would not ha?e, and may be able to operate
yith greaterfle#ibility and efficiency thag the federal
government or many municipalities. The main problems for a
deveioper or private corpofation 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 sysﬁem.

It appears that the best alternative for ownérship and financing
would involve a combination of the three approaches A; B and C,
with financial backing by the federal government, and manage- - -
ment by a private éorporation or jointly by the municipality and
a private cérporation. Such an arrangement'should be possible
wiphin the framework of the Pennsylvania Avenue Devéiopmeﬁt

Corporation.
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B. PARK PLAZA - BOSTON
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HP-ICES PROJECT

SUMMARY
1. AREAS.
Sector Area ft2 Per cent of Total
Residential 2,011,000 34.9
(1600 dwelling units) -
Commercial
a. Retail and Galleria 567,000 9.9
b. Office 1,110,000 19.3
c. Hotel 900,000 15.7
d. parking 1,076,000 18.7
c. Service 84,000 1.5
Total 5,748,000 100.0
2. LOADS
Heating Doméstic Hot Water Cooling
, Aunual , — [ Annual
Deuwand Annual Energy|Demand Energy . bemand Energy
o Réquirement Requirement: Requirement
165,000,000 | 186,380x10° |35,800,000(75,980x10° | 11680 10,056,000 ton-hrs
BTU/hr " BTU BTU Tons

3. COOLING SAVED BY THE USE OF HP-ICES. (BY-PRODUCT OF HEATING AND DHW) -

120,672x10% Bru or 100%
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'PERFORMANCE AND COSTS

HP-ICES PROJECT

Energy Saving BTU

- 6
330,737x10 BTU

b, —
HP-ICES System Cdnventioﬁal'System !
l.] Source Energy
Consumption v o
Winter | ! 138,436xI06 BTU 333,285x10° BTU
Summex ' 40,064%10% BTU 175,932510° B1U |
. Total 178,480x10° BTU 509,217x10° BTU |

N L ooy

2.! Annual Energy Cost - $ 777,693 $2,54§,7o7
Energy Cost Saving % $1,787,014 ‘ ---
3.| Annual Operatzﬁg - $1,171,943 ‘ $2,839,707
Cost
I Oper. Cost Saving $1,667,764 ---
" 4. First cost © | $29,011,400 ; 36,397,655
Incremental First $22,613,745 g
Cost 3
5.| Pay-back 8 years % S
6.| Rate of Return i3% T
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HP-ICES PROJECT

B.1  COMMUNITY DESCRIPTION .

1.1 COMMUNITY DESCRIPTION

Park Plaza is a proposed’5,756,000 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 inA1970, ?and‘thereafter,
sponsored by the Boston Redevelopment Authority (BRA) as a huge privateiy ‘
financed urban renewal project which was to transform the somcwhat shabby and:
deteriorating Park Square area into a glittering éomplex of office buildings,
residential and hotel high rise withiplazas, promenades, enfertainment facilities,
shops and parking garages.

Park Plaza is intended to be ; showplace and a link between the Back
Bay and the downtown shopping area, but economic feasibility should be the
key to the whole proposal. #'

The complex 1s distributcd ovér‘three parcels, designated,?arcel’l, 2
and 3. Parcel 1 comprises a residential tower of. 546,000 square feet COutainj
ing 420 dwelling qnits, 493,000 squafe feet of retail spaces and above the
feté&l, 510,000'sﬁuafe feet of low rise offiées and additional office space
of 600,000 square feet in an office éower.

Parcel 2 contains a high rise hotel of 900,000 square feet out of which
a thousand trooms o?cupy 460,000 sduaée feet.A Pﬁblic_spaces (lobbies, restauraﬁts,
shopping, etc.), occupy 340;000‘squafe feet. The remaining 100,000 square feet
being occupied by sexrvice.

Parcel 3 comprises a high risé tower of 1,030 luxury dwelling units of

1,315,000 square feet total area,;aﬁd a small tower of 150 dwelling units which

v
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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 6f retail area dnd 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
square feet) for 15.6%. Parking aﬁd service accounts for the rest.

The energy demand and consumption estimates were based on energy conser-
vation standards, while the building materials, standards and mechanical and
electrical system were based on ASHRAE Standards 90-75. The buildings would
be of luxury type and insula;ed and the mechanical and electrical systems would
be of high quality.

Exposed walls and roofs will have a high mass construction of 100 1b/cu.ft.
and will be insulated to give a "u" factor of 0.06 for roofs and 0,08 for walls.
Interior partition an@ floor slabs will be designed for 60 lbs/ft.

Where possible insulation will be located on the exlLernal surface of
walls and roofs so that advantage is taken of the structure's thermal mass,
which will sét as a heat reservoir and smooth out peak loads.

High mass construction gives the building a high thermal inertia
characteristic that reduces the effect of rapidly changing oulside conditionms.

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 summer sun, but allow entry of

low angle winter sun. All windows will be carefully caulked and weatherstripped

to reduce infiltration of outside air.
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Concerning energy conservation, épaces like corridors, wash rooms,

utility rooms, vertical‘transporﬁ and other similar spaces that do not have
such stringent température condition requirements. should be located in those

i

.areas where heat loss is potentially thg'greatest (usually at tgg;northvv,.

wall). These spaces can then act as a buffer between outside and inside

' -

: occupiedAareas.
Areas of common requirements such as lighting.levé} 7ﬁsame;oqcup{gq} .

hours etc. should be grouped togéther Softhey can be served By one'systgm

designed for those conditions and operated only when required.

The loads and annual energy requiremnts are as follows:

a) Cooling:

Demand -11,680 tons

10,056,000 Ton-hours

Annual Requirements

b) Heating:

Demand 165,000,000 Btu/hr

Annual Requirement 186,380 x 106 Btu

¢)  Domestic Hot Water:

Demand 35,800,000 Btu/hr

Annual Requirement 75,980 x 106 Btu

d) Electrical:

Demand 23,300 KW

1

- Annual Requirement Base Load = 8,000,000 kWh
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1.2  DESIGN CONDITIONS *

Latitude 42°

Winter design’ temperature 10°F

Summer DB - 88°F, WB -_74°%

Inside temperature, winter;68°F, night set back 58°F, summer 78°F DB, 507 RH
Daily temperature range duéing summer - 169F

Equivalent full load hours cooling 400~1200

Heating degree-days 5634

_%* Ref. - ASHRAE - Fundamentals 23
. Systems 43

: ;J‘AY ;nir"}‘ e
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1.3 BASIC ASSUMPTIONS

Based on square and cubic feet which in turn is based on standard require-

‘ments for different sectors in the proje#t.

1. Cooling Demﬁnd
a. Residential 1.81ton.per dﬁélling unit
b; Rétail 240 ftz/ton; galle#ia = 200 ftz/ton
c. Office 300 ft2/ton | A
d. Hotel, public 150 ft2/ton, tooms 5/8 ton per room
2. Heating Demand | | T
a. Residential 3.5 Btu/hr per ft3
b. Retail 2.4 Btu/hr per £t 3
c. Office 3.8 Btu/hr per f£t3
d. Hotel 3.5 Btu/hr per ft3t
~ 3. Domestic Hot Water.Deménd
a. Residential 1.0 Btu/hr per ft3
b. Retail 0.4 Btu/hr per ft3
c. Office 0.4 Btu/hr per'ft3
d. Hotel 1.0 Btu/hr per £e3
4. Energy Requirements for Heating (per year)
a. Residential 4.85 M Btu per £e3 |
b. Retail 1.15 M Btu per £e3
c. Office 3.45 M Btu per ftj
d. Hotel 4.85 M Btu per £t3
5. Enéfgy Requirements for Domestic Hot Water (per year)
a. Residential 2.5 M Btu per ft3
b. Rgt;il 0.2 M Btu per ft3
c. Office o0.5 M ﬁ?u per‘ft3

d. Hotel 2.5 M Btu per ft3§
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TABULATION

1.4 AREA
Residential
Parcel 1  Tower, 420 units
Parcel 3 Tower, 1030 units (luxury)
Tower, 150 units (subéidize§)
.
Parcel 1 Retail
Galleria
Parcel 3 Retail
Galleria
Office
Parcel 1 Tower
Over Retail
Hotel
. Parcel 2  Public
bhest Rooms (1000 rooﬁs)
Service
Pariing
Parcel 2 1600 cars
" Paecel 3 1400 cars

546,000
1,315,000

150,000

HP-ICES PROJECT

385,000
108,000
50,000

24,000

fr2
£t
£e2

£¢2

2,011,000 ft2

600,000

510,000

567,000 ft2

ft2

ft

341,000

459,000

fr2

ft

£e2 -

1,110,000 ft2

100,000

580,000

fr2

900,000 ft2

496,000

1,076,000 ft2



1.4 AREA

TABULATION

Residential

Parcel 1

Pércel 3

Tower, 420 units

Tower, 1030 units (luxury)

Tower, 150 units (subsidize@)

Retail Galleria

Parcel 1
Parcel 3

Office

Parcel 1

Hotel

Parcel 2

Parking

Parcel 2

Paecel 3

Galleria

Retail

" Retail

Galleria

Tower

Over Retail

Public
Guest Rooms (1000 rooms)

Servicej

1600 cars

1400 cars-

-3

:546,000

1,315,000

HP-ICES PROJECT

150,000

385,000
108,000
50,000

24,000

2,011,000 ft2

i

600,000

510,000

ft

ft2

567,000 ft2

341,000
459,000

100,000

££2
£e2

£ 2

© 1,110,000 ft2

580,000

496,000

fr2

900,000 ft2

1,076,000 ft2



HP-ICES PROJECT

ﬁmeL
2.0tt. 000
(35.0%)

PARIANG
LOT6.000
(la &%)

__________________________________________-______________________.

HoveL-

] s .
R )

) .

o , i ”

g

Q- : . ’
Yy
£ o I e
[ . .
Q o = . i

[

m .
_____________=____=_______________

567 000
@)

FEBLE
GALLEEIA

________________________________________________________________________m______==_=______________m____________________________

afn. 2,000,000
- LB00,000
-, 600,000
- L, 400 000
~to L 200000
ode 1,000,000
ade 800 000
“T° 600000
= 4oo.o00
3= FI6,060

1994 asenbg

Area Distribution By Sectors
-94-,

FIG.- B1.2.



HP-ICES PROJECT

Servicel A
Parcel 2 | g 45,000 £e2
‘Parcel 3 . - : S - 39,ooo.fc2 _ -
| | 84,000 £t2
Total Gross Area 5,748,000 ft2
Heated Basement, Parcel 1 Retail : , : CL 45,000‘ft2
‘ | Sub-total - 5,793,000 ft2
Non Heated Areas |
Parking - L 1,076,000 ft>
‘Service | | | | o 84,000 ft2

1,160,000 ft

Total Gross Heated Area ‘ . - 4,633,000 ft%

"Non Air Conditioned Areas

Subsidized Apartments ' - 150,000 ft2
Hotel Service | . 100,000 ft2
Service . . __ 84,000 ft?

334,000 ft2

Total Gross Air Conditrioned Area ' 4,338,000 ft2

GROSS VOLUME SUMMARY

'Residential - Parcel'l L : ' 4,900,000 ft3
Parcel 3 - o . 13,200,000 ft3
Retail - Parcel 1 A o 7,200,000 ft3
Parcel 3 : . 1,200,000 ft3
Office - Parcell | : 13,200,000 ft3
Hotel . - Parcel 2 | | 9,000,000 £t3

48,700,000 ft3

':495-:
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HP-ICES PROJECT

REFRIGERATION PEAK DEMAND ESTIMATE

Residential
" Parcel 1 420 units
Parcel 3 1,030 untis
Retail and Galleria
Parcel 1 Retaill |
Galleria
Parcel Retail
Galleria.
Office
Parcel 1 Tower
Over Retail
Hotel
Parcel 2 Public

Ruovms

at 1.8T/unit
at 1.8 T/unit

Sub-Total

85,000 ££2 : 240 ££2/7

108,000 £t2 : 200 £t2/T

50,000 £t : 240 f£2/T

24,000 ft2 : 200 ££2/T

Sub-Total

600,000 £t2 : 300 £t2/T
. 510,000 £t : 300 £t2/T

Sub=Toral

2 . 150 ft2/T

341,000 ft
1,000 rovws at 5/8T/room
Sub-Total =~ .

'TOTAL PEAK DEMAND

-96-

756T

1,854T

2,610T

1,604T
540T
208T -
120T

2,472T

2,000T

1,700T

' 3,700T

©2,273T
625T

2,898T

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 = | st | 2,610m 22.3

Retail 1,604T - - © 208T 1,812T 15.5
Galleria " 540T - ~ 120T | e60T 5.7

Office 3,700T - - 3,700T 31.7 ;
Hotel - - 2,898 | - 2,898T 24.8

Total 6,600T 2,898T 2,1821 | 11,680 | 100.0

% of Total |  56.5 24.8 18.7 100.0

Using diversity factor 0.82 *
Tonnage 11680 x 0.82 = 957? tons

(say>10,000 tons)

‘1.6 ENERGY REQUIREMENT AND CONSUMPTION FOR COOLING

Equivalent full load hours:

Residential - 1,000
Retail - 1,000
Galleria - 1,000
Office : - 1,000
Hotel - 1,200

" Use 1050 Equivalent Full Load Hours for entire system.

*Ihg pgak energy -usages for the residential and commercial sectors do not
coincide. Thus the diversity factor which is the ratio of the maximum

total load 0 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*

X P
- . 1

: - A Refrigération Refrigeration Energ
Month . { Energy Requirement Requirement Btuxl0
January : 0 ‘ 0 |
February 0 i 0 )
March o f . 0

4April 5 . 6,034

May 10 ! ' 12,067

June . | 13 . 15,687

July : 22, T 26,548

August 22 26,548
September 19 ' 22,928
October 9 ) 10,860
November : 0 0

December 0 0

Total 100 - 120,672

Annual .

!

# 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 PEAK DEMAND ESTIMATE

Residential
Parcel 1 546,000 ft2 x 9 ft = 4,900,000 CF
~ Htz. 4,960,000 CF x 3.5 Btu/hr/C? = 4,9 = 17,000,000 Btu/hr
DEA4 4,900,000 CF x 1.0 Btu/hr/CF : = 4,900,000 Btu/hr
Parcel 3 (1,315,000 + 150,000)£t2 x 9 ft = 13,200,000 CF
Htg. 13,200,C00 CF x 3.5 Btu/hr/CF = 46,000,000 Btu/hr.
DHW 13,203,060 CF x 1.0 Btu/hr/CF » = 13,200,000 Btu/hr
Retail
Parcel 1 385,000 + 108,000 = 493,000 ft2

Basement 45,000 £e2

L 448,000 ft2 x 16 ft
8 Htz. 7,200,000 CF x 2.4 Btu/hr/CF
v DHW 7,200,000 CF x 0.4 Btu/hr/CF

7,200,000 CF
. o 17,300,000 Btu/hr
2,900,000 Btu/hr

'
"

Parcel 3 50,000 + 24,000 = 74,000 ftZ x 16ft .= 1,200,000 CF
Htg. 1,200,000 CF x 2.4 Btu/hr/CF
DHW 1,200,000 CF x 0.4 Btu/hr/CF

2,900,000 Btu/hr
500,000 Btu/hr

Office . ~.
Parcel 1 1,110,000 £t? x 12 ft = 13,200,000 CF
. Htg. 13,2€0,000 CF x 3.8 Btu/hr/CF = 50,400,000 Btu/hr
" DHW 13,200,000 CF x 0.4 Btu/hr/CF = 5,300,000 Btu/hr
Hotel ‘
Parcel 2 . 900,00¢ ft2 x 10 Et = 9,000,000 CF

Htg. 6,000,00C CF x 3.5 Btu/hr/CF
DHW 9,000,000 CF x 1.0 Btu/hr/CF

31,400,000 Btu/hr
9,000,000 Btu/hr

TOTAL Htg. . ' L ' = 165,000,000 Btu/hr
C DHW 35,800,000 Btu/hr

n

L0drodd sddI-dH
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TABLE B 1.3

HEATING AND DHW PEAK

DEMAND SUMMARY BY SECTOR

MBH
Parcel 1 "Parcel 2 Parcel 3 Total
Sector

Sub- Sub- . Sub- : Grand
| ‘|Heating DHW Totai | Heating DHW Total | Heating DHW Total Heating | DHW. | Total
Residential 17,000 4,900 | 21,900 - - - 46,000 | 13,200 | 59,200 |- 63,000 | 18,100 81;100
Retail 17,300 '2,900 20,200 - - - 2,900 500 3,400 20,200 . 3,400 23,600
J0ffice 50,400 5,300 | 55,700 - - - - - - 50,400 5,300 | 55,700
Hotgl - - - 31,400 9,000 | 40,400 - - - 31,400 9,000 | 40,400
Total 84,700 13,100 97,800V 31,400 9,000 | 40,400 | 48,900 | 13,700 62,600 | 165,000 | 35,800 200,800
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HP-ICES PROJECT

1.8 ANNUAL HEATING AND DHW REQUIREMENT ESTIMATE

Residential
o, : : = 600,000 M Btu-
Parcel 1 Htg. 4,900,000 CF x 4:85 M Btu/CF 23,600,
o DEW 4,900,000 CF x 2:50 M Btu/CF = 12,200,000 M Btu
Parcel 3 Heg. 13,200,000 CF x 4:85 M Bru/CE = 64,000,000 M Btu
: DHW 13,200,000 XF x 2.50 M Btu/CF = 33,000,000 M Btu
Retail
Parcel 1 Htg. 7,200,000 CF x 1.15 M Btu/CF - 8,300,000 M 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 Btu/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 Btu/CF = 43,600,000 M Btu
DHW 9,000,000 CF x 2.50 M Btu/CF =

22,300,000 M Btu
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TABLE B 1.4

BTU X 10°
Parcel 1 Parcel 2. Parcel 3 Total ;
Sector — S : - i
: Sub- ) : © Sub- Sub- Grand

Heating DHW Total | Heating | - DHW Total Heating DHW Total Heating DHW Total !
Residential 23,600 12,200 35,800 - - - 64,000 33,000 97,000 87,600 45,206 132,800
Retail 8,300 1,440 9,740 - - - 1,380 240 1,620 9,680 1,680 .11,360
Office 45,590 6,600 1 52,100 - - - - - - - 45,500 6,600 52,100
Hotel - - - 43,600 22,500 66,100 - - - 43,600 22,500 66,100
Total 77,400 | 20,240 97,640 | 43,600 22,500 66,100 65,380 ~33,240 98,620 186,380 75,980 262,360
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ANNUAL HEATING AND DOMESTIC

HP-ICES PROJECT

TABLE B 1.5
: A HOT WATER PROFILE
Heating i DHW Heating & DHW
. Requirement Requirement Requirements
Month DD Btu x 10° Btu x 106 Btu x 10
January 1,088 35,992 6,453 42,445
February 972 32,155 B 5,829 37,984
March 846 27,987 6,453 34,440
April 517 16,971 6,245 23,216
May 208 6,881 6,453 13,334
June 39 1,290 6,245 7,535
July 0 0 6,453 6,453
August 0 0 6,453 6,453
September 66 : 2,i83 6,245 - 8,428
October 316 10,454 6,453 16,907
November 603 19,948 6,245 26,193
December 983 32,519 6,453 38,972
Annual 5,634 186,380 75,980 262,360
TABLE B 1.6 RECAPITULATION OF ANNUAL
ENERGY REQUIREMENTS FOR
COOLING, HEATING & DHW
Residential ) Commercial Total.
Cooling 25,689 x 106 BTU 94,983 g 106 BTU | 120,672 x 106 BTU
'Heating 87,600 x 106 BTU 98,780 x 106 BTU 186,380 x 10° BTU
DEW 45,200 x 108 BTU 30,780 x 100 BTU 75,980 x 10° BTU

-105-




HP-ICES PROJECT

RESDEMNTIAL
: 18.000.
dm20.000. . (50.62’)
I —
m. —— '
2 — HoTeL
— 9.00 0’
- 0,000 —_—— i oFFIcE (¢ X3 4]
— PETAN, 8.300 _—_.
— 3a00 (14.82) —
—— — — —
FIG.- B1.7
Domestic Hot Water Demand
50,000 ‘ © RESIDENTIAL
) C 45 2e0
(545 %)
g0.000 ]
- |
_9 «» 30000 ——— .
_ — 22.%00
: —— T 8o )
oo 20.000 — =EE
—cs= =
E OFFICE —
« 10.090. . P 6.600 —
s — . - (B3 %) —]
] RETAILL. ——— ———
— 80 — p—
— 227%) — e
— [ — ———

-FIG.-B1.8 .

Annual Energy Requirement For Domestic Hot Water

-106-



Milion BTU

~ Million BTU

-t~ {00.000

e S0,000

§ " HP-ICES PROJECT

HEATING
81690

(55.3 %)

A
3
9

L/

S
0
e
83
o.
[
¢z
]

,.A.

N

AT

|

l J- 00000

-’ S50.000

FIG.- B1.9
Residential Sector Comparison Of Heating, DHW & Cooling -

Annual Energy Requirements.

HEATING

q8.780 - COoLING
@a.0%) - 94.983

. 442.37,)

L}
13
o

[/

N
A

R
I &
: J

FIG.- B1.10 .

Commercial Sector » Retail’ Office & Hotel. Comparison Of

Heating DHW & Codiing -l-} Annual Energy Requirements
-107-

NN
’



HP-ICES PROJECT

. B.2. ‘SYSTEM.DESCRIPTION‘
.1 . INTRODUCTION |
' The HP-ICES as applied to.Park Plaza, Boston differs somewhat froﬁ ghe
HP—IéES as applied to the Market Squ;:e Complex in Washington, DC.-

The resultslof the First Repo;t indicated. that an attractive ‘'system
could be obtained if gas or diesel e;gine drive could be used to drive the
heat puﬁp..‘

The heat recovered from the ﬁécket water heat exchanger and exhaust
silencer greatly enhance the efficiéécy of the heat pump cycle.

Not only additional heat is g;ined'but also the dischargeltemperature:
of the heat puﬁp compressor can now ée reduced and the COP of‘the heat pump i\
improved.

For the Boston, Mass. area the Fifst Report'indicated thét the winters
are rather severe and more than enough iﬁe will be accumglated in winter time,
which would have to be subsequently melted.

However, the heating requirement being partly satisfiled by:the heat
recovered from thé engine, the heat pumﬁ can afford to deliver lessc heat
and therefore, less ice which results in a.smaller ice storage bin, less
insulétion apd less power input to the heat pump:

| Moreover, the amount of ice could be reduced still further, in order

to leave "room" fof domestic hot water generation in the summer with the
simultaneous generation of chilled ﬁatér with a higher COP..  In such cases the
domestic hot water is generated by the heat, ‘recovered from the engine, thle

the engine drives the heat pump.

-108-
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2.2 SYSTEM COMPONENTS

The system will consist of enefgy centeré, a distributions 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 énd ice makers circulating ﬁumps, chillea 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 sééé{ééry s;atién
pumps for each building and sector.

Términal units will be of two kinds: for the industrial_afeas,
‘ smalL offices and hotel guest rooms a 4-pipe fan coil unit system will be
used, while for the coﬁmercial sector, like public assembly areas and
landscape offices air handling units with enthalpy control, zoning system
and distribution system will be used.
2.3 EQUIPMENT SIZE AND SELECTIbN

2.3.1 . Engines

Seven dual fuel 12 cylindgr engines Fairbanks Morse, opposed

piston, 2400 hp each, 900 rpﬁ,-mogel 38 DD-8-1/8, with speedA

increasing éears. |

2.3.2 Seven Vilters screw compressors VRS-130, with ;hillefs of

1440 ton capacity each, condensers, valves and controls.

2.3.3 Fourfeen units of ice makers Model FKE 705A, 525-Edﬁ‘152‘55r’&§y

capacity each. Manufactured by the Stal Company of Sweden, cach consiatlng of

"fivé ice generators of the tube type including liquid acdﬁmulaﬁidﬁuféﬁﬁg

and seven ice maker pumps 352 gpm, 7% hp. each.
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2.3.4

TABLE B 2.1  PUMP SELECTION FOR HP-ICES

HP-ICES PROJECT

Pumps-: The following table summarizes the pump selection.

The'Following Table Summarizes the Pump Selection (g

+5)
Pump ‘ No. of ‘ ' ' Head Motor Model
Designation | Pumps)} Service G.PIM | Pt. BHP | HP % Aurora
P-1 "6 |Heating 181? - 150 63 75 82 | 6x8x15 Series 410
p-2 7 lcuitiea | 2632 150 |125}125 |87 | 8x1ox15 B
- Water Series 410
P-3 7 Condenser | 5200 80 | 125|125 87 10x12x12 B
Water ' ' Series 410
P-4 7 Ice Maker 355 50 6.5 74 85 3x4x9 B Series 340
P-5- 1 DHW 238% 150 | 125|125 |73 | 8x10x1l5 B
R Series 410

2.4 SYSTEM OPERATION

Fig. B 2.1 is a schematic diagram of the system. Hot water returning

from the comnunity passés through the heat pump condenser where it is heated

to 112°F then passes through the jacket water heat exchanger where ite

temperature is 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 distribution system and the ice

bin loéatibh.

The huge ice bin of appfoximately'lS,OOO,dOO cubic feet will be

integrated with community buildings, but because of its size it will have

to be buii; ﬁartly under the Buildings and partly under the streets and public

garden area as was done in 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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HP-ICES PROJECT

The:ice making qniés will be‘}ocated as close as possible to the ice
's;orage bin to reduce problems associated with the conveying of the ice.
| The ice is conveyed from.;he tube type ice maker to the‘stOtage 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 cooiing a primary-secondary loop system will
be employed. The temperature difference in the cooling prima;y loop will

vary between AT = 24°F to AT = 16°F.

For heating the temperatuie difference in the primary will be 300F.ih

The primary-secondary system will reduce the power required for pumping
and reduce the pipe sizes and en;ble the end usef to select his own AT
in the secondary system as required.

The operétion of the compfessors with heaf rejection to cooling
;owe;s is not necessary. in the Pérk Plaza case. All the cooling required
is.supplied by the heat pump.

To sim up,the overqll heating, domeotle hot watei aud cdoling
requirements of the Park Plaza community complex will fhus be supplied
with one system operating at a high efficiency bqth economically and energy-

wise.
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B.3 EXPECTED PERFORMANCE

3.1  INTRODUCTION

h
t

The ice'generating heat pump és applied to Eark Plaza @9??09 w%ll be
driven by a dual fuel engine. o | o

The dual fuel engine will supply é considerable amounp of recovered
heaﬁ.from‘both jaéket water and exhaustA;nd this will increase the ove;;l}%. i
émount'of heat §ppp1ied by the heat pumﬁ'and conéiderably indréase the‘év;r;-
all COP. . ' ;

A series arrangement of the heétzpump condenser, jacket water heat
exchanger and exhaust silencer, in thatjorder, will enable to reduce the
con&enser discha;ge temperature, improving thereby the heat pump performance,
while the overail system éupply temperagure will remain the same.

| The heat supplied by the heat pump condensér will amount to 607 of
the 6verall heat supplied, While the jaéket water and engine exhaust will
cqntribute4402. The condenser outlet témperature will be reduced by-lOQF
and this will reduce the power input to{the heat pump,by 10% with an improve-
‘ ment of the COP by the same ﬁercentage,

Oh the other hand a deisel fuel gngine driven heatlpuﬁp while reducing
the amount of heat handled by the heat pump, will also reduce the amount of
ice generated by the heat pump to the p;int where the'qéoling generated
will just be sufficient to cover the summe; cooling requirement and ice bin
losses,

This in turn will diminish the ige bin storage volume required by 20%
relative to the storage required by an electrically driven héat pump,

The dual fuel engine driven heat pump will also eliminate the peak
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electfical demand both in winter ahd sumﬁer and will allow the generation
of chilled water, if required, even during>the summer.peak load hours,
eliminating'the necessity of chilied water dailly storage and associated with
it additional investment costs;

The dual fuel engine drive glso causes a reduction in energy consump-
tion when compargd»with a conventional system.
3.2 GENERAL PERFORMANCE

The dual fuel engine selectgd is manufactured by Colt Industries, 12
cylinder Fairbanks Morse, Model 38DD-8—1/8}. The performance of this engine is

summarized in Table B 3.1,

TABLE B 3.1.

!

HEAT BALANCE OF A 12 CYLINDER FAfRBANKS MORSE DUAL FUEL ENGINE MODEL 38DD-8;
.. T o ' 8.

h;p. : Total
Rcquired as | Heat Heat New Work Recovered
h.p. Rated | Percentage Input Recovered | Output Heat
Required h.p. | of Rated Btu[hpzhr Rtu/hp=hr | Btu/hp-hi Btu X 106
2295 2400 95.6 7500 | 3700 2545 8.5 -
2205 2400 A92.0 7500 3700 2545 8.16
2115 2400 88.0 7500 3700 | 2545 7.82
1950 2400 | 81.0 7800 3988 2545 7.78

See Appendix for more inEdrﬁatian

Vilters Comﬁfessors VRS~-130 selected“ﬁtiiizing R-22 and operating at
3540 RPM. The performancé of these combressors at various conditioms is
summarized in Table B 3.2.

Column four of the table shéwa.the performance of the compressors for
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VILTER SCREW COMPRESSOR VRS-130.- DRIVEN BY DUAL FUEL'ENGINEJ—FAIRBANKS MORSE 38DD 8f1/8 12 CYL
(At Different Suction and Discharge Temperature)

‘COPhY

TABLE B 3.2
sb'r/ S5T
1300F/200F | 1250F/200F | 1200F/200F || 1150F/200F | 1300F/350F 1200F/35°F  [LO5OF/35°F
Ton 1035 1090 1125 1193 1440 1575 1755
BHP 2430 2295 2205 2115 2610 2295 1950
Heat Rejection .
Btu/hr 18.6 x 105 | 18.92 x-106 | 19.1 x 106 [ 19.7 x 106 23.9 x 106 || 24.74 x 106 || 26 x 106
COPy 3.01 3.24 3.4 3,66 3.6 4,236 ﬁ 5.28
' copg 2,01 2. 2.4 2,66 "2.6 3,236 '" 4.28
Heat Recovered 6 ’ 6 .
with Diesel 9.0 x 106 8.5 x 106 || 8.16 x 10 7.82 x 10% - 8.5 x 108y 7.78 x 10°
Engine Btu/hr .
Total Heat 6 6 6
- Rejection 27.6 x 10 27.42 x 10 27.26 x 10 27.52 x 106 - 33.24 x 1 33.78 x 106
Btu/hr
R I
Improved : i
4.463 4,695 4.86 5.113 - 5.7 6.86
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winter cqnditions} at 20°F SST and 1209F SDT while column seven showg the
perfofmance of the compreséars during the.summer'when fhe compressors operate
at 35°F SST and 120°F SDT.géneratihg domestic hot water with the'simultaneous
generation of chilled water. |

The table also shows.the in;egrated performance of the compressors when
operating in conjunction with the ;ngines. The lower SDT is possible in view
of the heat recovered from the jaciet water and exhaust gases.

The table also gives'the ha%r balance of the cnging heat puuwp combination
at various conditions giving the hgat recovered and the COP. The miﬁimum
horsepower required is 2295 and oc;urs at 120°F SDT and 35°F SDI which condition
will govefn in selecting the size éf the engine.

The COPy; means "improved" COP. Thus from table B 3.3 the total heat

I
rejected (by condenser and engine) is 33,240,000 Btu/hr and therefore

COPHI = 33.240:000 = 5.7
2295 3 2545
All the cooling requirements of ;20672 X 106 Btu can he supplied by the
heat puuwp while supplying heating énd domestic hot water in winter time with

a COPH = 4.86, heating in May and October with a COP = 5.7 and the domestic

I
hot water in the sﬁmmer with a CC?‘= 6.86.

_ . The abovc mentioned COP's aée heating and "improved" COP's which means
thaﬁ they are obtained by dividing both the heat rejected by the.heat<pumﬁ
and the heat recovered from the enéine.by*the shaft work input to.compressor.

Out of the 120672 x 106 Béu'of cooling required 100370 X 106 Btu is
generated in the form of ice in wiéte; and after deducting 15,602 x 106 Btu
lossés,.84,768 x~106 Bﬁu or 70% aré available ac "'free" éoollng.

6 : .
Additional 9,841 x 10 Btu or 8% of cooling in the form of chilled
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weter are generatéd‘in the months May ane October. while supplying heating
required during these months.

The remainder 26,063 x 106 or 22%;are generated during the summeér while
generating domeStic hot water. |

No daily storage systém is required as the dual fuel engine incurs no
electrical demaed charge and the heat pu@p can be operated during peak summer

oot e

days.

6

Thus 186,380 x 10~ Btu of heating, 75,980 x 106 Btu of domestic hot water

and i20,672 x 10% Btu of cooling are supélied annually at an expeﬁditute of
142,480 x 106vBtu in the form of gas and 8387 x 106V3tu in the form of pilot.e
o0il, 'This yelds an annual overall COP of:
(186,380 + 75980 + 120672) x 10° =  2.54
(142480 + 8387) x 10°

as related to source energy. When related to shaft work the expenditure is
20,000,000 BHP-hr and the

383,032 x 106 = 7.s52
20 x 10° x 2545

cop

overall ~

which is much higher than the already high COP of 5.12 for the electrically
driven heat pump for the Market Square cempiex proving the desirebility ef
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 COPHI = 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';he storage but also partly by the heat pump; The domestic hot water will
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be generated by the heet recevered‘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
g
to the‘set point temperature.

The "cooling" energy deposifed in the storage exceeds the energy with-
drawn from the stofage by about 16;5% which means that a considerable amount
ef ice generated will be allowed to melt by heat leakage inﬁo the ice storage
bin permitting a considerable reduction in the ice bin insulation Vith a
corresponding reduction in the inieial inveecment. We can afford such an
approach since ice will be generaged anyway as required by the heat pump on
heating the buildings of the community.

It is also seen from the stdrage accumulation column of Table B 3.4
that the maximum accuﬁulation of iee occurs in April and this month's accu-
mulation will determine the Qolumejof the ice storage bin which will be

1

88190 x 10° Btu = 15,122,000 cu. ft.
162 x 36

Fig. B 3.2 is a bar graph representation 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 aépreciably altered by the occurrence of

E%eek heating, peak cooling, and siéultaneous‘operation modes. Because of

this, it is sufficient to eonsideg typical average heating and cooling luads,

and not consider in detail the'peaﬂ loads.

The storage volume as detefhined above will take care of the cooling

requirement during the summer with allowance for heat leakage of 15,602 x 10% Btu

This allowance will determine the wall insulation of ice bin.
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TABLE B 3.3

HP-ICES ANNUAL ENERGY BALANCE

2) Peak heating load 165,000,000 Btu/hr
3). Pesk DHW load 35,800,000 l}tu/l-.r.

COOLING GENERATED Btu x 10° DEBIT Btu x 106
Energy Energy Energy Deposit

Month Required for Required Required Supply to | Taken Storage

Heating for DHW 6 for Cooling 120/20° 120/35° 105/35° Storage Out of Accumulation

Btu x 106 Btu x 10 Btu x 106 COPy1=4 .86 COP“L-SJ COP =6.86 | Btu.x 10 .Storage Losses Btu x 106

- - Hl .

November 19948 6245 0 12934.8 0 0 12934.8 0 1024.4 11910.4
December 32519 6453 0 19245.4 0 ) 19245.4 0 1024.4 30131.4°
Jaruary 35992 6453 0 20960.5 0 0 20960.5 0 1024.4 50067.5
Fetruary 32155 5829 0 18757.5 0 0 18757.5 0 1024.4 ' 67800.6
March 27987 6453 0 17007.4 (] 0 17007.4 0 1024.4 83783.6
April 16971 6245 6034 11464.7 0 o '5430.7 | 0 1024.4 7] * 88190
May 6881 - 6453 12067 0 3906.47 | 4026 0 4134 1576 82480
June 1290 6245 15687 0 ] 4701 0’ 10986 1576 69918
July - 0 6453 26548 0 0 4026 0 22522 1576 45820
August ] 6453 26548 0 0 4026 0 225232 1576 21722
September 2183 6245 22928 0 0 5258 0 17670 1576 2476
Octqber 10454 6453 10860 0 5935 4026 0 900 1576 0
Anrmal .
Total 186,380 75,980 120,672 '100,370.3 | 9,841.47 | 26,063 | 94336.3 78,734 15602 -
‘1) Peak cooling load s 11,680 ton with diversity - 10,000 ton
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Let us assume that the ice bin storage wiil be located undergrpund
‘with a depth of 25 ft. and a square shaped base.> That will lead to a length
dimension of 777 feet'and a surface aréa of a 1,285,158 square feet. The
average ground temperature was assumed as 57° énp the resulting U-factor is
0.068 Btu/hr-°F. Total monthly heat leakage is 15602 x 100 Btu.
(Table B 3.3) Assﬁming 30 days in a month: .

1576 x 10° Btu/month

U A
30 days x 24 hr/day x 1285158 ft“ x 25  (DT)

0.068 Btu/hr-°F
This means average R = 14.7
Concrete 12" thick has R = 0.5
According to ASHRAE Fundaﬁentals, Chaéter 24, ghe 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 ft2 °F for
the storage bin losses. :
3.4 ANNUAL ENERGY CONSUMPTION

Table BilZ~summarizes the energy consumption for the dual fuel engine
at différent conditions of operation as specified in the game table.

fhe enéine operatés on natural gas and pilot 0il and to satisfy the
Qinter and summef load seven epgine—compressor ﬁnits are required.

Iﬁ winter.operatioﬁ the heat rejection bf one engine-compressor unit
1s 27.26 x 106 Btu/hr and seven units will reject 190.82 x 106 Btu/hf, enough
to satisfy the heating and domestic hot watér load of 200.8 x 10° Btu, taking

ihto account a certain load diversity.
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TABLE B 3.4

HP-ICES PROJECT

ANNUAL ENERGY CONSUMPTION

Heating Generation

‘Cooling Generation

-vel-oc

Wil om0 | s | a0l | e | e | [ | e S| e
H1 111 S n° °- Btu x 10 x 10 x 10 Btu x 10 011 x 10
November 19948 6245 12934. 8 0 0 2.1177 15882.6 | 15018.6 864.00 | 6171 15,0186
December 32513 6453 | 1004c.4 0 0 3.151 23631.5 | 223¢5.9 1285.60 | 9183 22.3459
January" 35992 6453 o oec s (] 0 3.432 25337.3 | 24337.04 1400.260 | 10002 24.33704
February -~ 32155 - 5829 ~ "18752.2 o 0 3.071 23032.3 21779.33 1252.97 8950 | 21.77933
March 27987 6453 17007.4 0 0 2.7840 20883.4 19747.53 | 1135.870 | 8113 13.747.53
April 16971 6245 | 1657 0 0 1.877 14C77.5 13311.68 765.816 | 5470 | 13.311684
May 6881 6457 € 3906.47 4026 0.8434 6440.5 6062,43] 378.064 2700 6.062436
June 129) 624% ¢ 0 4701 0.4316 3366 3150.2 215.8 1542 3.1502
July 0 6457 ] 0 4026 0.3631 2882 2697.45 184.55 1318 2.69745
August 0 . 6457 o 0 4026 0.3691 2882 2697.45 184.55 1318 | 2.69745
September . 2183 6243 ] 0 5258 0.4822 3765 3523.65 241,35 1725 3.52365
October 10434 6453 o 5935 4026 1.09 £287 7808.45 478.5¢ 3418 7.80845
:otall 186380 75930 96,971 9841.47 26063 20.0183 150867.1 | 142480 8387.38 59910 | 142.47972
nnua .
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In the summér one unit wiil produce 1755 ton 'of refrigeration and
seven units will supply 12,285 toh which exceed the required 10,000 ton.

Usuailf one unit.will be sufficient to génerété domestic hot water
with a second unit assisting. |
3.5  AUXILIARY ENERGY CONSUMPTION

" Table B 3.5.shows the energy consumption -of the aﬁxiliaries. Thé boxed

numbers in the Qpper leftbcorners in the first t@fee columns represent the hours
of operation. | : . .

Table B 3.6 shows the annual energy consgﬁptiqn both for enginés-and

auxiliaries.
Fig. B 3.2 is a bar graph representation.of the total annual energy

comsumption.

Tables B 3.7. and B 3.'8. show the resource energy .utilization.
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HP-ICES ENERGY CONSUMPTICN FOR AUXILIARIES

TABLE B 3.5
Energy . Inzut KWH
: Chilled Ice Total
Heating CHW Water Maker Electrical
Pumps Pumps Pumps Pumps Input
691 175 .
194862 16318 0 24197.6 235,377.6
742 180‘|
209244 B 16785 0 25939.2 251,968.2
744 | 180 -
209808 16785 0 26006.4 252,599.4
672 | : 153 |
189504 15200 4] 23492 228,196
] 735 i 180 [ '
207270 16785 C 25704 249,759
217 ' 175 117 I '
61194 16318 76372 8271 162,155
147§ 180 | 176
41454 ' 16785 114834 ¢ 173,123
57 [ 1 175 263.5[
16074 : 6318 172000 .0 - 204,392
0 ﬁ 180 [ . 3525
0 16785 172000 0 188,785
0] [ 180 | ©2H1.5 ’
0 16785 172000 0 188,785
115 175 263.2
32430 16318 172000 0 220,748
209 [ 180 : 117
) 58938 16785 76372 0 152,095
432%
1220778 197967 955628 123610.9 2,507,983.2

The number on tze corner is the operating hours
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ANNUAL ENERGY CONSUMPTION
FOR ENGINE AND AUXILIARIES TO

TABLE B 3.6.

SUPPLY HEATING, DHW AND CCOLING

Pilot 0il
Cu. Ft. of Gal. Of KW

Month _ N. Gas No. 2 0il Electric

November - 15,018,600 6,l7i 235,378
December 22,345,900 91185 251,968
January 24,337,040 10,002 252,600
February 21,772,330 8,950 228,196
March 19,747,530 8,113 249,759
April 13,311,684 5,470 162,155
May 6,062,436 2,700 173,123
June 3,150,200- 1,542 204,392
July 2,692,450 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,a1é 152,095
Total 142,479,720 59,910 2,507,98;
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: HP-ICES
TABLE B 3.7 ANNUAL FUEL AND ENERGY CALCULATION FORM 12-1
Building/Project
Energy Reg’'ments Fuel and Energy Supplied to Site
Line Column Al A2 B1 B2 Bl B4 BS B6 B7 B2 | B9
Function Thermai] Electric Coal Gas Light Oil ]} Heavy Oil| Elec. Win.| Elec. Sum.| Elec. Ann.| Other{Other
: 10°Btu | 1°KWH | 104Btu { 10°Btu| 10°Btu 10°Btu | 10°KWH | 18KWH | 1°KWH
i | Heating 186280 NN 1280.06 NN
~ 2] Cooling 120672 NN N 127.93
3| Water Heating | 75989 NI
4 | HVAC Auxiliaries
s { Lighting AN |
6 | Elevators \\\\\\
7{ Computers \\\\\\\\
8 | Cooking
91 Process
10 | Other
11§ Other
12 { Other
13| Total Carry Fwd. to Form 12-2 142480 8381.28 1380.06 | 1127.9%
TABLE B 3.8 ..
- o ANNUAL FUEL AND ENERGY CALCULATION FORM 12-2
Annual Fuel and Energy C.0. RUF Fuel and Energy Resources Used on Sflz and Off Site
Calculation Form 12-2 Total From To Meet Energy Requirements of Building/ Project
Lind Fuel and Energy From Supplier C1 C2 C3 C4 C5 C6 C7
Supplied to Site Form or From S. Tons MCF 8BL Grams 10° KWH Other | Other
12-1 Tables Coal Nat’} Crude Oil U-235 Hydro
Line 13
14 Fuel Oil, Light 828138 | 0.148 166070
15 Fuel Oil, Heavy .
16| Gas | Nal | MCF [142480 | .10 156728 :
oil. | BBL NN\ ¢.0028 298,45
17 Coal
18-} Elec. Winter l{(\\:\-{\ik\‘\\\\\\\\\:
| Coal | S Tons NN -2:922 4149
Gas MCF m
o | BB NN /19 1642.26
Nuc Grams mQ 1196 16505 50
| Hydro |10k WHRNNNN\Y.2:95 __ | 9.00
Other
19 | Elec. Summer 27293 \\\\\\\\\
Cozl | S.Tons \\\A\\\\\\ 0,03 33.84
Gas | McF NI\ ¢.62 19,30
Qil BBL \‘\\“ /.29 1445 03
Nuc Grams \\\\ &l 94150
- | Hydro 107k WHRNNNY ¢.06 6170
Other
20 | Elcc. Annual W
‘ Coal | S.Tons \\\\\\\\
Gas MCF m
[ o |_mar NN
Nue | Grams
Hydro |10°KWHRN
) ] Other
- 1 21 {(Other)
2 Total Resources 75.24 [157422.145146.94 [25653 (134,10 |

ASHRAE STANDARD 90-75

_;ggl :




3.6 COMPARATIVE CONVENTIONAL SYSTEM

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

Cooling System

The peak cooling load of about 10,000. ton- will be.covered by .

four centrifugal carrier chillers operating with R-11 at SST = 350F

and SDT = 105°F and having the following capacities and power inputs:

a. 5000 ton
b. 1920 ton
c. 1920 ton
d. 1000 ton
Total 9840 ton

«

- 3996 kv

1596 kW

1596 kW

772 kW

7960 kW

“These units of various sizes were selected to enable the overall

system flexibility at full and part load and to improve performance by

avoiding, as fas as possible, the‘operation of any one unit at part load.

The chilled water distribution system will consist of a primary-

secondary loop operating with a DT = 16° (569F - 40°F) that will reduce

. the gpm and pumping power.

The fulluwlng rable summarizes the pump selection.

TABLE B 3.9 / -

PUMP SELECTION FOR CONVENTIONAL SYSTEM

: -130-

% - Power
‘ No. of | Water Head Input
Pump No. Pumps | Service g.p.m Pt. ! BHP : Model Aurora
4 | ! ~
1.P=1 5 Chilled 3500 150 175 {10 x 12 x 15B - 410l
. T Rt Bty ‘ .
P-2 5 Condense 6OOQ 80 150 10 x 12 x 12B - 410
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! . ’ +

COMPRESSOR DRIVE ELECTRICAL ENERGY CONSUMPTION

| TABLE B 3.10

CONSUMPTION ‘ : A DEMAND
' . Total
Cost i Peak Cost Cost
Month 7% KWH* $ ! % EW $ $
January 0 ' O 0 0 0 0
February | 0 0 ‘ U 0 0 0
March 0 0 0 ; 0 0 0
April 5 402,500 | 21,340 i |* 50 | 4673 22,664 44,004
May 10 eds,ooo 42,679 | 75 | 7010 33,998 76,672
June 13 | 1,046,500 | 55,482 | | 100 | 9345 45,332 100,814
July 22 1,771,000 . 110,333 s' 100 9345 54,575 " 164,908
August 22 1,771,000 | 110,333 - | 100 | 9345 54,575 164,908
September| 19 | 1,529,500 | 95,288 | 75 | 7010 40,938 136,226
October |- 9 724,500 | 45,136 50 | 4673 | 27,79 72,426
November | 0 0 o, I 0 0 0
December | 0 0 0 0 0 0
Total 100 8,050,000 [$480,591 $279,372 $759,963

* 9577 TONS x 0.8 KW/TON x 1050 EFLH -
' = 8,080,000 KwH , :
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REFRIGERATION AUXILIARIES ELECTRICAL ENERGY CONSUMPTION

Account for

Annual KWH

-133-

2,988,000 KWH

Miscellaneous say 3,000,000 KWH

| TABLE B 3.11 :
: CONSUMPTION ' DEMAND o
Cost 5Peak Cost‘ TOTAL COST

Month % KWH $ % KW’ $ $
January 0 0 0 0

: Februar} 0 0 .b 0
March 0 0 0 0 ‘
April 8 240,000 12,724 | 50 % 830 4,025.5 167,695
May 12 300,000 19,086 |100 11660 8,051 27,137
June 18 540,000 28,629 }100 :1660 8,051 36,680
July 18 540,000 33,642 1100 1660 9,694.4 43,336.4
August i8 540,000 33,642 1100 v1660 9,694.4 43,336.4
September } 18 540,000 33,642 1100 f1660 9,694.4- 43,336.4
October 8 240,000 14,952 | 50 © 830 4,847.2 19,799.2
November | 0 "o 0 0
December 0 0 0 0
Tot. 3,000,000 876,317 $54,060 $230,377
Annual

Demand = 1660 KW
Use | = 1050 x1.7 = 1785 say 1800
Equivalent Full Load Héurs
- 1660 x 1800
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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 Bt#/hr, four boilers of'SS,OO0,000 Btu/hr
each were selected.' '
a. Hegting Requirement | = - 186,380 x 10° Btu.
Energy Consumption: |

0il = 186,380 x 10°
0.7 x 140,000

= 1,902,000 gallons

Gas ' = 186,380 x 10°
: 1000 x 1000 x 0.7

= 266,260 M ft3

b. DHW Requirement
| Energy Consumption: ) 75,980 X 106 Btu
0i1 - = 75,980 x 10°
0.7 x 140,000
.= 773,310 gallons
Gas , | 75,980 x 10°

0.7 x 1000 x 1000
= 108,550 M fe
| , .
The primary loop will have a temperature difference of 240°- 160°= 8NOF

and four primary pumps whefe selectedf

3

The flow rate of each pump will be

220 x 106 = 1375 gpm, say 1400 gpm
4 x 500 x 80 ' : : .

From the project layout the estiamted head will be 125 feet. Thus, four pumps

were selected having the following characteristics:

-134-



HP-ICES PROJECT

gom = 1400; head = 125 ft; hp = 60; efficiency 71%;
rpm = 1150; ‘Model = Aurora 8 x 10 x 17B, Series 410;
Total ‘horse power =.240.hp = 240 x 0.746 = 179 kW

Power Consumption for Auxiliaries

a. Boiler .auxiliaries, 73.3 kW per boiler, 4 x 73.3 = 293.3 kW
b. Primary heating pumps = 179.0 kW
c. Equivalent full load hours fbr boilers

= %Heating'& DHW requirements
Heating & DHW demand

= 262,360 x 106 _ 1306 hours.
300,800,000 :

For the heating pumps the number of operating hours wi téken as the total

number-.of hours when the temperature is below 570 Electric power consumption

is thus:
Boiler auxiliaries = 293.3;kﬁ x 13Q§ hours = 383,050 kWh
Heating pumps = 179.0 kW x 4329 = 775,064 kih
Total = = 1,158,114 kWh

See Tables B3.12 and B3.13 for resource:energy_ufilizatioh.
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Table B 3.12 : CONVENTIONAL SYSTEM
ANNUAL FUEL AND ENERGY CALCULATION FORM 12-1

Building/Project

. Energy Req'ments Fuel and Energy Supplied to Site .
Line Column Al A2 B1 B2 B3 B4 BS B6 B? B3 | B9
Function Thermal| Electric Coal Gas Light Oit | Heavy Oil| Elec. Win.| Elec. Sum.{ Elec. Ann.[ Other {Othen

10%Btu [ 10 KWH | 1081w | 10°Bu| 10°Buw 10°Bru | 1°KWH| 10°XWH | 10°XWH
1 | Heating 186380 26626 | MN
2| Cooling 112067 2R Y 11050
3| Water Heating 7%0&\\\\\\ 108LSC
41 HVAC Auxiliaries
S| Lighting \\\‘\\‘\\ J : ]
.6 ] Elevators \\\\\\\ .

7
8
9

| Computers \\\N

Cooking

Process

- 10} Other
- 11 ] Other L .
12| Other ) :

13 | Total Carry Fwd. 10 Form 12-2

374810 - 11050

Table B 3.13
ANNUAL FUEL AND ENERGY CALCULATION FORM 12-2

Annual Fuel and Energy C.0. RUF ) Fuel and Energy Resources Used on Site and Off Site
Calculation Form 12-2 Total From To Meet Energy Requirements of Building/Project
Line Fuel and Energy From | Supplier Cl C2 - c3 c4 Cs c6 C?
Supplied to Site Form | orFrom S. Tons MCF BBL Grams 10° KWH Other | Other
12-1 Tables Coal Nat'l Crude Ol U-235 Hydro
Line 13
14 Fuel Oil, Light
151 . Fuel Oil, Heavy
16| Gas Nat'l | mMcF 1374.81] 1,10 412.29
N
oi | BBL RN\ 0. 0028 1.050 b

17 Ccal

18 | Elec. Winter 1158.12&\\\\\
Coal | S.Tons. \\“m 34.75
Gas MCF R
0il BBL \\\\\\\\\ 1.19 | 378

Nuc Grams \ \ \ 11.96 . 13851

Hydro |1°KWH &k 0.05 57.9
Other
1911 Elec. Summer 11050 m : ~

Coal | S.Tons NN 0.03  1331.50
Gas | McF RNNWY 0. 62 ; 6851

oil | BBL \ 1.29 4254.5

Nuc | Grams RN\ ‘ 8.11 89615.5

Hydro lo’xwg\\\\\\\\\\\\\\ 0.06 663 .

Other :
20 | Elec. Annual \\‘\\\\N

Coal | S.Tons \k\\

Gas MCF RN v\\\ . -

Nuc Grams

N
Hydro m)xme

21 ] (Other) .
22 : Total Resources 366, 25_7264,34 15632 50 103466.50 720,90
=136~
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3.7 RESOURCE ENERGY UTILIZATION
The resource energy utilization is summarized in Table B 3.14 below.

TABLE B 3.14 ENERGY‘RESOURCES COMPARATIVE ANALYSIS

ANNUAL FUEL AND ENERGY RESOURCES
'~ ON SITE AND OFF SITE
TO MEET ENERGY REQUIREMENT

OF THE PROJECT :

ca | c2 s e '_-cg e
System S: tons MCF - BBL Grams 103 kwh
coal Nat'l Crude 0il U-235 | Hydro
Conventional | 366.25 7264.34 15632750 103466.50 | 720.90
ﬁ%-légé 4 75.24 157427.30 '5146.94 . 25653 . 136.70

Thus the HP-ICES uses much less coal, 0il, uranium and,hydroeiéetg;¢g‘
power than the conventional systém,~butkuses more gas.

From Table B 3.8~ (first column):rep;esenting the energy utilization.
of the HP-ICES, the system uses 8387.38 x 106 Btu in the form of pilot No. 2
cil (see ai$o Teble B 3.4) and 142,480 ? 106 Btu in the for; of gas. Also "
the system uses 2,508,000 kwh for auxil;aries (Table B 3.5).

VThus the raw soufce energy is

(8,387.38 + 142,480) x 106 Btu + 2,508,000 x 3413 Btu =
’ k 0.31

178,480 x 10° Btu
Thé conventional system uses 266,260 M cu.'ft. of gas plus 108,550 M
. cu. ft., a total of 374,810 M cu. ft. of gas. ic also uses 11,050,000 kwh
for refrigeration and auxilaries drive_(Table; B 3.10 and B 3.11) and

1,158,114 kwh for boiler auxiliaries and heating pumps. Its raw source

e
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-energy is thus

. 6 _
374,810 x 10 Btu + 12,208,114 x 3413
0.31

= 509,217, x 10°% Btu

These results are tabulated in Table B 3.15,

. TABLE B 3.15 ANNUAL RAW SOURCE ENERGY UTILIZATION COMPARISON

System , Total Energy Used Bru x 10
Conventional . 509,217
HP-ICES . 178,480

For First and Second .Law analyses see Section C.

1
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B.4 EXPECTED ECONOMICS FOR THE PARK PLAZA PROJECT
S

4.1 INTRODUCTION AND ASSUMPTIONS

~The method used here for evaluating and comparing the economics of the
HP-ICES system and a conventional system of thg_same<heating.and cooling capacity
will be a life-cycle cost analysis.

The following are the assumptions made :in evaluating the economics.

(a) The Conventiona1 System:

The -conventional system will be a central system with conventional
centxrifugal chillers and gas fired boilérs; Although the methods of
generation of heating and cooling diffe;lin the two systems, the distri-
%ution'syétems were assumed to be the same.

(b) The First Cost:

The first cost of each system includes the generation equipment
and distribution system, but does not include the end users equipment
(air héndling units) or the cost of lané}

The reasons for this are similariﬁo those discussed in detail..
for'the'Markét Square project in an earlier section.

(e) Equipment Prices:

These were obtained from the following manufacturers:
Compressors from Dunham-Bush and Vilters; ice makers from Trubo Co.,
Texas and Stal Co., Swedeﬁ; boilers from Cleaver-Brooks Co., and pumps

from Aurara Co.
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(d) .. Energy Prices:

Energy prices were calculated according to the Boston Edison Co.

General Rate G-1:

Demand , November-June $4.85/kW
July~October $5.84/kW
.Energy November-June $0.053/kWh
June~-October $0.063/kWh
Gas Boston Gas ) $4.00/M cu.ft.
Nou. 2 Fuel 011 $0.57/gallon"
Lubricating 0il : $1.00/gallon

Details of the energy costs will be given later;

(e) System Life, Morteage Period, Sélvagé Value, etc.

The first of the equiphent is assumed to be 20 years and the life
of the.distriSution system and ice storage bin 40 years. The mortgage
period and the period of the economic analyses are both assumed to be
20 years. The depreciation Iifevof 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 saviﬁgs. 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 207 of the first cost. For the ice bin in the Hf—ICFS'syétem, the
salvage value wil} be assumed to-be 40% of the initial cost of the ice bin
(i.e. the cost of excavation and.ice bin construction). The réason for
' 4%ssuﬁing 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 converting it into
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a parking lét‘withOUt too lirge an additional expense. For the -
complete HP-ICES system; includiﬁg,the equipméﬁt and the storage, the
-overall percent salvage value is found to be éboﬁt 30%.

(£) Cost of Insurance, Maintenance, Labor, -Administration, etc.

Insurance costs are assumed to be about 0.5% of the first cost.
"The costs of maintenance, labor, administratidh, 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.

() Taxes

The effective income tax bracket for Fhe coﬁmercial system,
assuming ownership by a private corporation, is assumed to be 467,
The tax deductions that a business can make aré all allowed for.

The property tax is assumed to be 1% per year.
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- DETAILS OF COST ESTIMATES 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.

10.

11.

12.

Seven units of dual fuel engine (12 cylinder

Fairbanks Morse Model 38DD8 1/8, 900 rpm)mounted on

common base coupled'to a ;peed—increasing gear to

drive a screw compressor, with engine auxiliaries

and heat recovery equipment installation included:

$800,000 for each of 7 un?t; A , =$§ 5,600,000
Seven units Vitler Screw éompressor VRS - 130

(without wmotor) coupled with oll separator, double-

bundle condenser chiller ;nd all valves and control

required: $120,000 for eath of 7 units = 840,000

14 units of Stal ice make; equipment FKE 705A

including 5 ice generator each; incliding accumulation

liquid tank and all auxiliaries required.

$290,000 for each of 14 uhits = 4,060,000

Six pumps for heating;cépgcity1817 gpm, 100 hp = 45,000

'Séveu chilled waler pumpsj2632 gpm, 125 hp = 60,006

1 DHW pump 2387 gpm, 125;hp = 9,000

Seven ice-maker pumps 352 gpm, 7-1/2 hp = 10,000

Excavation and construction of storage volume of

15,000,000 cu.ft., at $1 per cu.ft. = 15,000,000

Primary distribution pipes network for chilled .

water, bin system and heatiﬁg systenm = 650,000

Electric installation and connection for 800kW cervice= 100,000

Sub Total = 26,374,000

Contingency 107 = 2,637,400
TOTAL FIRST COST =$29,011,400
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b. Operating Cost for the HP-ICES sysﬁem-
i. Energy Cést - ’ E A =$"777;693
2. Maintenance cost for seven dual fuel engine
@ $5/HP-Year | | - = 84,000

3. Lubricating oil consumpfion andicost

6.5 gal/hr of 2400 hp engine

Oil‘Consumptién - 1500 EFLH x 0.5 gal/hr/engine

x 7 engines= 5,250 gal/year%

Cost = 5,250 gal x $1/gal = 5,250

4. Maintenance cost for seven laborers @ $20,000

A}

per person E v ' - = 140,000
5( Station engineer - $25,QOO per year _ = 25,000
6. Administration -6 pebple @ $15,000 per peréon = 90,000
7. Maintenance (1% of first cost of equipment) = 50,000
TOTAL dPﬁRATING COST FOR o
HP-ICES ?YéTEM =$l,l7l,943

Details of the Energy Cost, given above as part of theﬂopérating

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.3.5.

a.

b.

Annual natural gas at 100 psi:142,480 MCF x $4/MCF =$ 569,920

]

Annual No. 2 fuel oil: 59,910 gal x $0.57/gallon 34,150
General electric service rate G-1 |
c-1 Winter energy charge (ﬁov.-Juneviﬁcluded)

1,757,566 kWh x 5.30171¢/kWh = 93,181
c~2 Winter demand

Heat pump 6 x 64 hp = 384

DHW pump 1 x 125 hp = 125

Ice maker 7x 2.5 5gi= 52.5

Total Winter Demand = 561.5 x 0.746 = 419 kW
Winter demand charge: |
419 KW x $4.85/kW/month x 8 months - 16,252
c-3 Summer energy charge -(July-October):

750,417.2 kW x $0.0623 ' ' . = 46,763

c-4 Sumiey demand ¢harge

.Chilled water pumps 7 = 125 @ 875 hp

" DHW obump :1 x 125 = 125 hp

Total Summer Demand = 1000 hp
Total kW = 1000 hp x 0.746 kW/hp = 746 kW

Demand cost: 746 kd x $5.84/kW/month x 4 months= 17,427

TOTAL ENERGY COST FOR

- CONVENTIONAL SYSTEM ’ =$ 777,693
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4.3 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 ds the HP-ICES system.

1

a. First Cost for the Conventional Sysfem

1. 4 Cleaver Brooks Boilers (55,000 MBH each),
including ihstéllation:‘$362,700 for each boiler =$ 1,450,800
2. 'Oné'SOOO ton chiiier (Carrier Model 17DA open
837384), including motor. riser cougling base
confroi ana starter - : I 960,000
3. Two 2000 ton chillers (Carrigr Mod%1.193B886XX
hermetic), including c§ntrol and sgarter = 840,000
4. One 1000 ton chiller (Carrier Mode% 19 EB8983PP
hermetic), including control and starter = iO0,000
5. Five chilled water pumps (Capacity:35000 gpm,
175 hp power) . 4 D 46,650
6. Five condenser water pumps (Capaciéy 6000 gpm,
150 hp power) , ‘ = 65,600
7. Ten cooling towers (Cépacity 1000 #ons each,
60 hp power) , o 4 ' = 300,000
8. Four pumﬁs fo; heatiﬁg (Capacity 1375 gpm,
60 hp power) ' ' 4' 20,000
9. Primary chilled-water diétribution:netwﬁrk3 with
equivalent length of 3000 LF and 22 inch diameter
pipes, including insulation ' = 312,000
210, Primary hot water distribution netwofk,with
equivalent length of 3000 LF and 12 inch diameter

pipes,‘including insulatién , ) = 205,000
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11.

'12.

13'

14,

HP-ICES PROJECT

Condenser water piﬁing with total equivalent

length of 4000 LF and 14 ft diameter

Electri¢ instailation and connection for 10,000 kW

high and low voltage service

Sub-Total

=$ 265,000

= 1,150,000

5,816,050

1)

581,605

Contingency 107
"TOTAL FIRST COST FOR

CONVENTIONAL SYSTEM

=$ 6,397,655

Operating Cost for Conventional System

1.

2.

520,000 per person = 140,000
3..‘Station engiﬁéérf : 525,000 per person = 25,000
4; Administration 6 people @ $15,000 = 90,000
5. Maintenance (1% of first cost of equipment) = 20,0Q0

Energy Cost -

4

Maintenance cost for seven laborers

=$ 2,564,707

TOTAL OPERATING COST FOR

CONVENTIONAL SYSTEM

=$ 2,839,707
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Details of Energy Cost for the Coﬁveﬁtional:System:

The cost estimates are based on the:energy-consumptidn described
in Tables B3.10 and B3.11l. ' :

a. Winter Energy Cost

' Natural gas for heating: 226,260 MCF x $4/MCF $. 1,065,040

b. Natural gas for DHW: 108,550 Mcé x $4/MCF = 434,200
C.- Electricigy psége (General Elecé;ic Service Rate G-1)= 4
1) Energy charge: 1158114 k¥h x1§0.0530107/ki = 61,392
2) Demand.chérge‘472‘kw X $4.85)kW/month x 6 months = 13,735
Summer Energy Gosf for €ooling
~ 3) Electric energy charge = .656,908
‘A) ﬁlectric énergy demand fdr cgoliﬁg = 333,432

TOTAL ENERGY COST FOR

CONVENTIONAL SYSTEM $ 2,564,707
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4.4 - LIFE CYCLE COST ANALYSIS OF THE i PARK _PLAZA PROJECT

This section summarizes the steﬁs and the results of tﬁe'comparative
Life Cycle Cost Anaiysis for the Park;Plaza HP-ICES system aﬁd a convention;l
éystem4with the same capacity.

Table B4.1 gi@es the details of:the life cycle cost analysis of the
HP-ICES systgﬁ'and a conventional syséem with the samelcapacity.

The following is a summary of the results:

1. The IIP-ICES syslew is m;re energy efficient than 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 avéragé life cycle cost is also less for the
HP-ICES system than for the co;ventional‘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'convenfional system.

The total vperating cosé (including énergy cost) for the HP-ICES
system is less thén the tax savings. For the conventional system, the
total operating cost, minus the tax savings, is about $36 million.

4, The cos£ of money (i.e. the mortgage interesﬁ rate) and the enérgy
price escalation rate are among the mnst important factors in detciming

the relative economics of the two systems.
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'S5, The relative values of the life cycle cépital COSts; energy
costs, etc. are the most useful parameters in cémparing the economics of
the two types.of‘systems.' | 5

6. | ‘In the example given here, the Return oﬁ Investment for the
"HP-ICES systém, as coﬁpared to the convgntiqnai;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 PROJECT

HP~ICES
SYSTEM

i CONVENTIONAL
SYSTEM

FC.

DPF

EP
MIR
DR
IR
EC
ER
DPER

Sv

IT
Ccl-

c2

PT

First Cost
Down Payment (% of First Cost)

Mortgage Period

_Period of Economic Analysis

Mortgage Interest Rate (% per;year):

Niscoimt Rate

Inflation Rate’

Present Energy Costs per year

Energy Price Escalation Rate
Depreciation Period

Overall Salvage Value
(as fraction of First Cost)

Effective Income Tax Rate
Insurance Costs

(0.5%)

Cost of Maintenance, Labor,
Administration, etc.

Property Tax Rate

$ 29,011,400
10%

20 years

$ 777,693
12%

20 years

- 30%
46%

$ 145,057

1%

=150~

20 years

$ 394,250

$ 6,397,655
lOZ‘
l20 years
20 years
15%
8%
| %
.$ 2,564,707
12%

20 years

20%
46%.

$ 31,988
$ 275,000
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LE'B 4,1, continued

U?—ICES
SYSTEM

CONVENTLONAL
SYSTEM

LIVE CYCLE
SAVINGS BY USING.
HP-ICES SYSTEM

'AVERAGE ANNUAL
SAVIKGS BY USING
HP-ICES SYSTEM

-161-

DP
MPF

MP

L=

 (INT)x

(FC-DP)

cc
=DP+MP

ECL

- IMC

PT

0AC
=(EC+
IMC+
PT).

Initi51 Down Payment

PWF For Mortgage Loan Payment

PW of Mortgage Payment over
Life Cycle

Annual Av. Mortgage Payment

PW. of Loan Interest
Paid cver Life Cycle

- PW of Life Cycle

Capital Costs Before
Tax Deduction

PWF for Energy Prices

PW of Life Cycle Energy
Cost

Annual Av. Ehergy Cost

PYW of Insur. & Maint. Cost

PW of Prop. Tax Payments

PY¥ cf Tetal Operating

and Admin, Costs

Annual Av. Op. & Admin. Cost
PW of System Salvage value -

PW of Depreciation

£ 2,901,140
1.569

40,955,552

2,047,778

31,811342

43,856,692

26.74

| 20,795,411

1,039,776
8,410,892

4,524,543

| 33,730,847

1,686,542

1,867,303

$ 9,969,337

' $ 639,766

1.569

9,031,605

451,580

7,015,104

9,671,370

26.74

68,579,937
3,429,013
4,787,706

997,762
74,365,404

3,718,270
411,782

$ 2,198,459

-$31,923,947

$ 47,784,526

40,634,557

-$1,596,198

' 2,389,226

2,031;728.
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TABLE B 4.1, continued

LIFE CYCLE AVERAGE ANNUAL
HP~ICES| CONVENTIONAL|SAVINGS BY USING| SAVINGS BY USING
SYSTEM SYSTEM HP-ICES SYSTEM HP-ICES SYSTEM
TLC PW of Total Life Cy:le $75,720,237 $83,624,994
" =(CC+ Cost Before Tax
OAC- Deduction
SsSv)
ITS PW-of Income Tax Sawvings 34,755,302 38,446,325
(inc. Deprecz.) . .
= (IT) . (DEP + 0AC-+ LI)
(6AC— (Op. & Admin. Ceost - Tax - 1,004,455 35,919,080 $36,923,53% $1,846,177
ITS) Savings)
L NLC Net Life Cycle Cost _ _
$5 - After-Tax Deduction™ $40,984,935 ° © | 845,178,668 | $74,193,733 |7

= TLC - ITS
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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 very comﬁlex question, eSpecially'
for 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 the volume

of energy usage. The price would also véry with time.

We shall use a very simplified method, énd 9btain an average price for
eneréy over‘the period of economic analysis. The éost to the user will coﬁsigt
éf two parts: a first part, tﬁe demand charge, that depends on the péak load fof
tﬁe user, which pays for thelife cycle average capital cost of the system; and
a second part, the energy charge, that pays_for thg total operating cosﬁs. Each

of these includes a profit margin.

A price schedule for a user of the HP-ICES system would include different
rates for different 1evelsAof energy usage. Also, for a commercial user, there
would be a penalty fo; exceeding a predetermipéd pgak 1§ad. Here, we do not
‘consider such an elabordte price schedule,Abut'meﬁely give the average price
‘that a user would pay for each MBIU/Er. of peak 19ad, and for each MBTU of

~energy used, over a period of 20 years. (Note that MBTU denotes a millionm 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 remains the

same, i.e. there is no expansion.

: The results for the Park Plaza Project are as follows:
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(a)A ' Capital Costs

Present Worth of Lifeibycle Capital Costs before Tax Deduction ‘

= $43,856,692
Aﬁnual Average Life Cycle Capital Cost = $2,192,835

Maximum Peak Load =
Maximum of Peak Heating Load and Peak Cooling Load

= 165 x 10° BTU/Hr = 165 MBTU/Hr.

Average Cost to Owner for each MBTU/Hr Capacity
= 813,290 per year pér MBTUH capacity.

.

In units of kilowatts, this correspondé to $45.36 per year per kW

capacity, or $3.78 per month per kW‘capacity.

This, together with a profit margin, would be recovered from the
users over the life cycle of the system, e.g. through a schedule

of demand charges.

For a 407 profit margin, the demand charges to the user would be
an average of about $1,551 pér month per MBTUH capacity, (or about
$5.29 per month per kW capacity). This 1s in terms of the

\

" Present Worth,

If the demand payweunls were constant over the life cycle, this
would require a dollar payment of about $1988 per month per MBTUH
capaéity (or about $6.78 per month per kW capacify). This assumes

i

an inflation rate of 6% per fear, 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 BostonAEdison Scheddle used in determining the cost
of the eﬁergy used by the HPfiCES sy%tem, the electricity demand
charges were $5.84 per month per kW Between July and Qctopgr, and
$4.85 per month per kW between November and June.

(b) Energy Costs
Average Annual Operating and Administration Costs over the

Life Cycle (in terms of present wortﬁ) = $1,686,542

Total Energy Usage Paid for by the Users = 383,030 MBTU
(This consists of 186,380 MBTU for heating, 120,670 MBTU for

éooling, and 75,980 MBTU for hot water.)
Average Energy Cost per MBTU = $4,40 per MBTU

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 Présent Worth.

With the HP-ICES system, the energy ?rice escalatioﬁ rételwould
be less than the escalation rate foricohventional fuel. Assuming
that the conventional fuel price escalates at 127, and that the
other parts of the operéting and administration costs increase

at the general inflation rate, the above energy pricé implies a

dollar payment of $5,71 per MBTU (equivalent to 1.95¢/kWh)

initially, escalating at 9.7% per year.
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Note that the eiectrical energy charge of.the Boston Edison Cdmpény
is,6.3¢/kwﬁ betweeﬁ Jﬁly and October, .and 5;3¢/kWh between November
and June. The natural gas priée 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 0il, the price

quoted is $0.57/gallon which gives a cost of about $5.70 per MBTU,
assuming an efficiency of abtout 70% and an energy content of

about 1.4 therms per gallon of NO. 2 Fuel Qil. Thesé prices are

assumed to escalate at 127 per year, on the average.

For comparison, the same procedure applied to the conventional
system results in an average energy price paid by the User over the
life cycle (in terms of the Present Worth) of about $9.71 per MBTU.
The dollar payment would be $7.61 ber MBTU (equivélent to 2.60¢/kWh)

initially, éscalating at 11.57% per year.

The average life cycle energy price paid by the user of the HP-ICES
system would be only about 16% of that paid by the user of the

conventional 3ystem, for a constant volume of energy usage.
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B.S  INSTITUTIONAL CONSIDERATIONS PARK PLAZA, BOSTON

A. ENVIRONMENTAL 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 natural-gas-fired engine. Therefore there would be

a question of air pollution generated. at the site because of the

_ heat pump operation.

The mitigating factor will be that the HP-ICES system with a
natural gas fired engine will use much less natﬁral'gas than a
conventional system with a natqrél—gaé—fired furnace or boiler.

This would decrease the amount of air pollution generated.

With the-fype of gas fired engine suggested for use in this
system, the emissions can be kept below the allowed limits,
especially 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 crcate 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 wate r pollution.

Since the storage bin cqntains only waler or ice, lcakage from it
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ﬁouid'hot causé any péllutioﬁ problems. Care must be taken to

drain éhe storage binignly'isto the storm sewer and not into fhe

sapitary‘sewef, because of tﬁe large Voluﬁe of water involved.
2) Noise

A preliminary study of noise'problems in this ﬁroject éhows the

following:

(a) The projected increase iﬁ traffic volume will not lead to.a
significantly worse noisé environment than éxists now.

(b) The airAconditioning sysfem could lead to serious ﬁoise problems.
To avoid these problems, .the systém and the occupied spaces
should be acoustically tgéated.

(e) Construétion noise can be serious in the initial éfages of
coﬁstructioq. The best way of limiting this wéuld be to hasten
the qonstruction process, and try to limit the noise to day
time working'hours. |

(d) Vibration noise arising ﬁrom the traffic noise ¢an be a
problem. Care should be tgkenfta eﬁsurevthét the building
mechanical systems do not ﬁ;ke the problem worse.

Overall, the noise relatéd to the traffic should not be
berc?btibly worse than'cdrrent nolse levels.

i _
Bﬁilding mechanical equipment would be the other source of
hulse; this would includ; intake and.exhaust louvers, dis-
charge stacks, cooling towers, etc. in a conventional syétem.
The absence of cooling.ﬁqwers in the HP-ICES systcm would.
Aremove the main source of noise from building mechanical

equipment.

H
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3)

4)

Land Utilization -

Since this project is planned in the middle of a city, land

. utilization is a matter of concern. .

A park of the proposed size may give Eise to land pioblems{r,

The location of the large Stofage bin below the .park would

require the permission of the city. Piping would have to cross

streets and other public areas, and needs to be carefully

planned.

Retirement
The retirement of the system can be achieved without causing

any major environmental problems, e.g. bv converting'the large

storage bin into a parking lot and making use of the equipment

and spaces for other applications.
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. - POTENTIAL OWNERSHIP AND FINANCING APPROACHES FOR THE PARK PLAZA

HP-ICES PROJECT

The 'available alternatives’ here are the ﬁbllowing:

A.,

B:.

-Ownership and financing by the local municipality, or an agency

created by it.

Management and financing by a private corporation which may be

a utility.

A_combination of A and B above.

The main factors to be considered are the following:

1)

2)

3)

The project requires large financial resources and can
involve a large risk.

Such a large énd complex project will require a high level

of technical ability and compétent.manaéement.

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
having pipes cross existing roads and may also involve locat-
ing the large storage bin underground under publicly owned

laud.

If approach A is followed, the local municipality or an agency-
created by it would own the system. The financing would be

done either through bonds issued by the municipality, or

through fedéral funding obtained by the municipality, or
through the formation of municipal joint action agencies. Iﬁ

" this project also, a requirement on the financing mechanism . -

would be that if the project fails financially, it will not

create a serilous problem for the city's finances.
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Financing by a private corporation would have the advantage
of grqéter flexibility and efficiency, and greater ease in
obtaihing the réquired techﬁica1«expertise. preﬁer, mo;t
private corporations would not have the large financial
resources required or be able to'handle the financial risk
involved ig a large, new type offsystem such as the HP-ICES

sys tem.

in,this project also, the best approach to financing would.
probably involve a combinatioﬁ of-fhe two approaches A and B,
such as management by aiprivate corporation and funding

through bonds issued by the municipality. 'This should work well
with the original conception of ;he overall project as a
privately financed urban renewal project sponsored by the

qut0n4Redevelopmen£'Authority.
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C. FIRST AND SECOND LAW ANAYSIS FOR BOTH APPLICATIONS

C-1  INTRODUCTION

This anaysis compares the availability losses and tbg energy losses
for the two HP-ICES concepts and foi a comparative conventional system. Main
attention was concentfated on the m%jor components that genaratéd the heatiuyg
and the cooling requirements. The analysis 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 thé HP-ICES driven by a dual fuel
engine. The standard conditions were taken as 70°F, 530°R and 1477 psi.. The
Lower Heating Value of the gas is 23,600 Btu/lb, with the air weight in the |
'cyllnder taken as 30 1b/1b of gas. -The exhaust temperature after fecovering,
is assumed to be 300°F, 750°R, and the uuﬁpression ratio V1/V2 = 13.562.

The compfessog operates with 120°/2b°F SDT and SST respectively.
Figure C-2.1 shows the flow of eneréy and availability.

The second system investigateé is the electric driven Hp-ICES. This
syetem ﬁﬁé éonsidered on a raw sourée energy base with a power plant heat ;aEe
of 11,00Q Btu/kW. The heat pump comprcasor iu this ease works with 1309/20°F
SDT and SST respectively to meet the requirement for the 12Q°F outth tomper-
ature. This tesults in a COPH = 3.6i and COP- = 2.01. Tﬁe flo& of energy
and availability is shown on Figure No. C-2.2. .

The third system investigéted;is the coﬁparative coﬁventional system

.using a gas fired boiler with an inlet temperature of 160°F, outlet temperature
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FIG. C-2-1
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FIG.

C-2-2

ENERGY AND AVAILABILITY ANALYSIS OF ELECTRICALLY DRIVEN HP-ICES
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ENERGY AND AVAILABILITY ANALYSIS FOR CONVENTIONAL BOILER

ENERGY LOAE = £qur - Zam = 1,000,000 ~1,428,57)

=-428,57 P e

AVALABILITY LOKES = £8pyr = 5 Ry = 1ANA1TT - 1,203,258.4 - 51,551 .175°

=-1, 745, b67. & BU/MHE

GAH ANT AR ENERGN LO¥%E, = 428,571 PR
- 2% 51|
alN ,|4 7 lgmAK
TR = L%3,258.4
. BRMHE
Tor=  ZAPF
POILER. FR- = 25 &P
B = 164,141.77
erufe |
= oo .
% ' & hoo, BruU/ME
T‘TN = lé@oF -
FR = 25 am
= 12,500 LB/R ‘ ‘
g 2 e QLo 1,245,6067.6 BTU [He
) BAU/HES

| 103r0¥d SEOI-dH



HP-ICES PROJECT

of 240°F and boiler efficeincy of?70%. Figure No. C-2.3 shows the energy

and availability flow of this systeﬁ.

C.3

!

COMPARATIVE ANALYSIS FOR WINTER MODE

TABLE C3.1 COMPARATIVE AﬁALYSIS FOR WINTER MODE

Dual Fuel Engine

1Electric Driven

Comparative Conven-—
tional Boiler

-

Output Heat
" Btu/hr

Fuel Energy
Input

" First Law

Energy Input

First Law
Energy Losses

Availability
Losses

Driven HP-ICES _

1,000,060 @ 120°F
606,367.5 Btu/hr

1,100,250 Btu/hr
100,250 Btu/hr

450,669 Btu/hr

HP-;CES
1,000,000 @ 12Q0°F
1,071,696.7 Btu/hr
1,739,470 Btu/hr

739,470 Btu/hr

1,024,743.2 Btu/hr

l,OO0,0QO @ 240°F

;,428,571 Btu/hr

1,428,571 Btu/hr
428,571 Btu/hr

1,245,667.8 Btu/hr

The table above shows that dual fuel engline driven HP-ICES is the

most energy efficient system. This system has minimum fuel energy input

and the minimum losses in energy and availability, primarily-dﬁe to the heal

recovery system on the engine. As a result, it is mbst_efficieﬁt 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 fhan

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 cdnsidered, the cﬁnvenpional boiler, is most inefficient
system frém an energy and availability poiﬁt'of view. The energy avai;ability
of the conﬁentional boiler could be improvedla little by working with lower
temperatures and a sﬁaller temperature diffe:gntiél. This, hoﬁever, causes
ﬁoré flow, more pumping horsepower and availability losses. Therefore, the
boiler temperature and temperature differentiai have to be investigated to-
gether with the flow rate and the pumpiﬁg pover input to find the bptimal_
condition withAthe minimum of availability 1;sses.

It seems tﬁat the heat pump performance can be improved by keeping the
saturated discharge temﬁerature-(SDT) as low as possible. This reduces: the
power input to the coméressor éﬁd by that, the availability losses. All of
this can be done up to the point where the témperature in the condenser will
- not satisfy the heating requirement. 110°F wafer temperature was found té
be sufficient for the requirement load. It éeemed that the SDT can be reduded.
as far as 110°F but this will require an infinite heat exchanger that is only
academic and not economic. As a resul;, the.temperature is set to be minimum
peint that Qill be sufficient for the léad and for heating exchanger performance.

The dual fuel engine driven HP—iCES with its heat recoveriﬂg 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 investigating the three system in the simultaneous heating and
cooling mode the output is taken to be l,OG0,000 Btu/hr for heating and
1,200,000 Btuh, for cooling with the standard condition of 70°F, 5300R, and

14.7 psi.
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FIG. C-4-1 . |
SIMULTANEQOUS HEATING AND. COOLING MODE FOR GAS ENGINE

.DRIVEN HP-ICES
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HP-ICES PROJECT

The dual fuel engine driven HP-ICES 1in this case generates 68.93 hp
while the compressor condition is 350/120°F'SST and SDT respectively. The
hot water passes through thé condenser, picgé up about 757 of the heat and
leaves the condenser at 112.3°F. The heat recovery system of the engine will
) inérease the temperature of the water to it§ utilization temperature of |
120°F. The system utilizes the ice bin-to satisfy the 527 deficiency in
"cooling energy' requirement that is ﬁot préduced by the heat pump while
generating the heating requirément. As a résult, the energy consumpt ion and
the availability losses of the system are réduced. (Figure C-4.1 shows the
flow of energy and availability in this syséem.)

The large dgcfease in theAavailable énergy, about'26%, occurs by

5

virtue of the ifreQersible flow of heat to éhe "heating water". Another 20%
of the loss of available energy in the engi;e_is due to the incomplete
combustion, dissociation, radiatiom, friction and passage of heat to the
lubricating oil. Only 447% of thefavailablefenergy is converted to brake work.
This work also converts to heat in the comp%essor and thereby add
to the available energy losses of the syste;.

The electric driven HP-ICES is the sécond system considered. The system
was evaluated with respect to raw source enérgy based on a power plant with
a heat rate of 11,060 ﬁtu/kw. The heatvpum? compressor in this case wérks
on 130°/35°F SDT and 8ST respectively, to meet the requirement of 120°F
outlet temperature for codling. This condiéion will result in a COPy = 3.89
and COPC= 2.89. The flow of energy and availability are shown on Figure
No. C-4.2. fhis system also utilizes the iée bin to convert the 38%

deficiency in '

'cooling energy" that was not generated by the heat pump while
producing the heating required: The large decrease of the available energy

occurs in the power plant due to irrcvereible flow of heat to the qonliné,
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FIG. C-4-2 -

SIMULTANEOUS HEATING AND COOLING MODE FOR ELECTRICALLY DRIVEN -HP-ICES
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HP-ICES PROJECT

water via the éxhaust.

The thira system investigated is a comparative conventional systeﬁ
ﬁsing for heating a gas fired boiler with 707 efficiency and for cooling a
centrifugal chiller with a 4.4 COP, and working condition of 105°/3$°F or
SDT and SST respectively. The heating utilization temperature was inéreased
tov240°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 réte of 11,000 Btu/kW. The heating and cooling system work
separately thus the4energ? rejerféd by the cooling cycle was not utlllzed by the
heating system. Figure No. C-4.3 describesAthe availability and the energy |
flow and the major energyAand availability losses. 1In the boiler the losses
of available energy occurs due to the irreversibié flow of heat to the
"heating water" and &nergy losses via the chimney. In the cooling
system the energy lossés are via the cooling 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 tower.
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TABLE C-4.1 . ' .
COMPARATIVE ANAYSIS FOR SIMULATNEOUS HEATING AND COOLING MODE

~EL1-

: . 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
Output Heat . 1,000,000 1,000,000 1,000,000 1007 100%
Btu/hr @ 120°F @ 120° @ 240°F :
Output Cooling 1,200;000 1,200,000 1,200,000 100% 100%
Ton 100 Ton 100 Ton 100 Ton ’
Fossil Fuel ' . : ‘
Energy Input 517,009 828,300 2,308,571 22.47 36%
Btu/hr .
First Law : : :
. Energy Input 1,717,009. .. 2,028,300 . 3,508,571 . 497 58% .
Btu/hr
' Energy Stored 632,800 457,070 - - -
First Law
Energy Losses 127,862 571,230 2,508,571 - 5% 237%
Availability ) }
Losses ~215,986 -634,733 -2;076,064 10% 30%
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Table C-4.1 shows that in %he simulﬁaneous heating and cooling mode
the HP-ICES and specifically the dual}fuel'engine driven HP-ICES are more
éfficient than the conventional systeﬁ.' The dual fuei engine driven
HP-ICES required only 22.4% the'energy consumption while losing only 57
energy and 107 availability compared Eo the conventional system. This is
due to ﬁhe transference of eﬁergy from the cooling zone to the heating zone
and to the ice bin fo be stored for winter use.

The electric driven HP-ICES h;s more losses in energy and

|

availability due to the fact that thefe is no opportunity for heat recovery
in the power plant as the heat rejectéd is wasted through a cooling\tower.

'The conventional system 1s inéfficient éronxan energy and availability
point of view, due té the fact that all heat rejection from the compressor
1s dumped in the cooling tower and thére is'no interaction between cooling
aﬁd;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
cohsumption, as well as the lowest 1oéses in availability and energy of all .

the systems compared.
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'D. ANALYSES - DESCRIPTION K .

Following is the degcription of the analyses for the ice gener-
éting HP—ICES-which began with the e&aiuation of the building load profile.
| The coolipg, heating and domestic hot water loads were calculated by

'hand‘using the degree—days-method for hedting and the equivalent full load
hours method for cooling. ”

Actually, a computer commuﬁity energy analysis éhould be developed to
enable to consider the load diversity between the differeﬁt sectors and
buildings in the community.

Next, the working temperatures of fhe heat pump were determined. ihe
evaporator temperature was fixed by the ice making requirements while the
condensing temperatufe‘was determined aS‘thé optimum temperature that will
satisfy the heating load and at the same time require a minimum horse power
input. The temperatures and the peak heatiﬂg load were the deciding factor in
the sizing of the heat pump.

Following tﬁe selection of the equipment, the COP for heating, cooling and
::mfhe annual overall éOP were determined. Coésgquently, the performance of the
hgat pump was evaluated at different evaoporator and condenser temperatures
to suit the different coﬁditions‘of heat pump operation throughout the year
with the ﬁéin concern for energy conscrvatién dnd a minimnm power input.

The focal point in the determination of the applicablility of the
HP-ICES is the annual energy balance betweeé the heating and cooling require-
ments'and.the heating and cooling generated}by thelheat pump. Any discrepancy
between-tﬁe cooling require& and.cooliﬁg'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 determined the ice storage bin size.

If the "cooling" energy gene%ated by the heat pump exceeded the
~cooling requirements of the community, a system modification was madé with an
additional héat source for the systeﬁ, as happened in the case of Park Plaza
Bostonf In this case a dual fuel enéine driven heat pump with a heat recovery
system was selected and an evaluation of the engine and heat pump performance
was ﬁade to deterwine the new improvéd COPH of the engine-compressor package
as well as the cooling and the annua; average overall COP's.

The heat tecovered from the'éngine jacket water and exhaust gases
reduqed the amount of heat that the heat pump h;d to generate and consequently
reduced also the amount of ice generated and A  the size of the lce bin.

As the next step, tl;xe annual energy consumption was evaluated including the
energy requireq for the primary auxiliaries.

A conventional comparative system was selected which would be able to
satis{y the safié heating and cooling requirements as for the HP-ICES oystem
and the annual energy consumption for such a uystem wWas calculated.

To stress the outstanding benéfits of the HP-ICES a comparative raw
source energy consumption analysis was made in accordance with the ASHRAE

S%andard 90-75 section 12,

It would be advisable if a computer program werc developed with 2
capability to determine the performance of tﬁe ice generaﬁing heat pump on a
community s;éie using an annual storage system.

Feasibility of the HP-ICES from the energy poiﬁt of view alone is,
however, not sufficient for its wide acceptance and an eccnomic feasibility

study was performed to prove its overall desirability.
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fhe method used for evaluating and coﬁparing the gconoﬁics of the
HP-ICES system and a conventional system of éhe same heating and cooling
capacity uses a life cycle cost~analysis.

" the first Gost Of éach systen includes thé generation equipment |
and distributioh-system, but does ho; include the end-users equipment (air
haﬁdling units) or ﬁhe cost of land.

The HP-ICES system requires a large émbuﬁt of space for the storage. !

In the analysis, the cost of excévating the land,:constructing the
ice bin,yetc;,was taken into account. Itwasgssumed that the area of the land
used will be about the same for the two systéms, and that the large storage
will be under the buildings and will not také up additional land area.

Eqﬁipment prices and costs were obtained from the manufacturers and
contractors.

Energy prices were calculated.according to publié utility services.

Tﬁe life of the equipment was assumed to be 20 years and thellife of
the distribution systemland ice storage'bin'AO years. The mortgage period
and the period of the economic analyses were'both assumed to be 20 years.
The deﬁreciation life of the overall system (for the purpose of tax deductions)
was assumed to be 20 years. |

The salvage value of the equipmeﬁt after 20 years was assumed to be
20% of the first cost. For the'ice bin in tﬂe HP-ICES system, the salvage
value was assumed to be 407 of the initial cost of the ice bin (i.e. the cost
of excavation and ice.ﬁin construction).

Insurance costs were assumed to be about 0.5% of the first cost. The
costs of maintenance, labor, administraﬁion, etc. were estimated for each

‘pProject separately.
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The general inflation rate was assumed to be an average of 6% per
year. The &iscount rate used in evaluating the présent 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 incone téx bracket for the commercial system, assuming
ownership by a private corporation was assuméd to be 467%. The tax deductions
that a business can make werc allowed for.

The property fax was assﬁmed to be 17 per year.

An average price that £he'user would pay for each MBTU/HR, (million.
Btu per hour) of peak load, and for each MBTU of energy consumption over a
éefiod of 20 years was developed. The price considers profits and energy
escalation rates.

The price estimatés were based on the assumption that all the
energy produced will be used. Iﬁ was assumed that the capacity of the system
remains the same, i.e. there is no exéansion.

For basic assumptiens see the correspnndiné sectionc, for example,
assumption on load were made before the load calculations, tha agnumption on

economics were made before the economic section, etc.
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'APPENDIX 1. MARKET SQUARE

1. Puwp . Selection

a. Heating Pump

Peak heating load 13,064,000 Btu/hr{

3,086,000 Btu/hr

Domestic hot water
Total 16,150,000 Btu/hr .

For primary hot ‘water loop select three pumps, one for each heat pump, 4T = 309F.

5,500,000 Btu/hr = 367 gpm
500 x 30 : :
Condenser pressure drop .= 25 ft.

Assume 2500 ft. equivalent pipe length (inclﬁding fitﬁings) 5 ft-per 100 ft.

Pressure drip of 2500 = 2500 x 5 = 125 ft.
' 100
Total Pump head = 150 ft.

Seléct Aurora three pumps 3 x 4 x 14, Series 410, double suction, 22 hp each

68% efficiency, 1750 rpm, NPSH 8 ft.

-

b. Bin Chilled Water Pumps (pumping from bin to primary loop)

3000 ton x 1.5 gpm/ton (4T = 169F) = 4500 gpm
Select two pumps to opeérate in parallel 2250 gpm each and one stand-by.

Assume 2000 equivaleut lincar -feet of

Piping: 5 % 2000 = 100 ft.
100

Static head: = 10 f¢t.
Total = 110 f¢t.

Select Aurora 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 opérate in summer time between chiller and bin)
. Three pumps 555 ton x 12000 Btu/hr = 830 gpm

160F (A T) x 500
Chiller pressure drop = 25 ft.

Assume 700 ft. of equivalent pipe length

700 x 5 = 35 ft.

100 :
Static head = 10 ft.
Total head 70 f¢t.

Select Aurora threcc pumps 15 x 6 x 15, Series 410,_douh1p suction, 18 hp cach,

2
d
wn
jar]

n

80% efficiency, 1150 rpm, 9 ft,

d. Condenser Water Pump ( for summer'operation with cooling towers)

Heat rejection of each 555 ton chiller 8,131,000 Btu/hr

8,131,000 = 1626 gpm

_ 10° x 500
AT = 10°F :
Condencer pressure drop = 25 fr.
Static head ;= 10 fr.
For a height of 250 ft. pressure drop = 500 x 5 = 25 ft.
: 100

Fittings = 20 ft.

Total pump hcad fi 80 rt.

Select Aurora three pumps, 8 x 8 x 11B, Seriles 410, double suction, 38 hp,

88% efficiency, 1750 rpm, NPSH = 15 ft.
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2. Pumping Energy Consumption

- TABLE APP-1.1 HEATING PUMP PUMPING ENERGY

HP-ICES PROJECT

CONSUMPTIbN DEMAﬁD
Hours of : Peak Total
Month DD Operation KWH Cost Demand | Cost Cost
January 871 727 29286 | 288 40 161 449
February 762 637 25660 | 253 40 161 414
March 626 523 21068 ‘268 40 161 369
April 288 241 9708 96 40 l6l 257
May 74 62 2498 ?5 20 81 106
June 0 0 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 519 434 17483 172 40 16l 333
December 834 697 28078 277 40 161 438
Total 4224 3530 142200 $14§8 $1358 62,796
Heating TL Hours = Heating Requirement - 27000 x 106 = 2077 FLH
- Heating Load 13 x 10°
Assume pumps operate during 3530 hours.

NOTE :

2077 x 1.7 =

The pumps were sized to accommodate the heating and DHW _Load

i.e. for 22 hp each.

Since, however, DHW will be calculated
separately, reduce the pumping power in ratio

13000000 x 22 x 3

16,000,000

= 54 hp

Thus, the pumping power comnsumption

="3530 hours x 54 x 0.746

= 142,200 KWH

The ‘kWh (or the operating hours) were distributed by month in the same ratios

© ae the dcgrcc doyc..
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TABLE APP. 1.2 -

BIN TO PRIMARY CIRCUIT
PUMP ENERGY CONSUMPTION

HP~ICES PROJECT

Two pumps 70 hp each =45?.2 (say 55 KW)

Annual KWH = 110 x 1600 = 176000 KWH

-184-"

CONSUMPTION DEMAND
, : Actual Peak Total
Month % KWH KWH Cost § | 7KW KW_ Cost$ | Cost$
January 0 0 0 0 0 0
February 0] 0 0 0 0 0
ﬁarch 0 .0 0 0 0 0
April 8 14080 139 50 55 221 360
May 12 21120 | 208 [100 | 110 442 650
B June 18 31680 449 1100 | 110 570 | 1,019
July 18 31680 | 449 |100 |110. 570 | 1,019
August 18 31680 449 100 | 110 570 | 1,019 _
September 18 31680 449 | 100 110 570 1,019
October | 8 14080 199 50 55 285 484
November 0 4] 0 0 0 0
December 0 0 0 0 0 0
Annual 176000 $2342 $3228 | $5,570
Equivalent Full Load Hours Ccoling = 939"
é ‘?; Asgumé Pumﬁs dberatg 939 X 1;7 = 1596 (say 1600 hours)




TABLE APP. 1.3  CHILLER TO BIN PUMPING POWER

(With DHW Gereration and Heat
Rejection to Cooling Tower)

HP~ICES PROJECT

‘Domestic Hot Cooligg Tower
Water Genera}ion Ope;ation _
Eours of*f . ) Total Cost
Month Operation ' KWH Hours*#* | KWH KWH $
~Jénuary '
February | ;
March g
April ’
May 158 2212 2212 22
June 87 1218 lZlé _ 17
July 89 1246 1246 18
August 71 994 240 10,080 11074 157
September 95 1330 316 13272 14602 207
October 268 3752 86 | 3612 7364 104
.. November ;
December
Total 10752 ‘ 26964 37,716 $25
Annual

*With one pump operating

For May 901 x 10° Btu

Cobling Requirement = .
475 ton x 12000 Btu/hr/ton

Cooling Capac¢ity

Hours =

158 hoﬁrs; 18 hp = 14 KW

#**WJith three pumps operating

For August 4810 x 106 Btu
3 x 555 ton x 12000 Btu/hr/ton

Hours = Cooling Requirement =
Cooling Capacity

240 hours ; 3 x 14 = 42 KW
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TABLE APP 1.4 DOMESTIC HOT WATER PUMPING ENERGY

HP-ICES PROJECT

6,069,000 Btu/hr

*% Agssume one heating pump 22 hp = 0.746 x 22 = 17 kW

~186~ -

Compressor
Energy Heat. - Hours* Pumping ** Energy
) Requirement Rejection of Pump Demand | Consumption Cost| Total

Month Btusx 106 Btu/hr Operation KW KWH ... $ | cost
January 1010 6,069,000 166 17 2822 28 96
.February 919 6,069,000 151 17 2567 ¢ | 25 93
March 881 6,069,000 145 17 2465 24 92
April 804 6,069,000 132 17 2244 - 22 90
May 738 7,672,000 96 17 1632 16 84
June 666 7,672,000 76 17 1292 ‘ 18 106
July 686 7,672,000 79 17 1343 19 107
August 544 7,672,000 62 17 1054, . 15 103
September 515 7,672,000 59 17 1003, 14 102
October 673 7,672,000 77 17 109, |19 | 107
Nowemher | 817 6,069,000 134 17 2278 : 22 90
Decemher 958 6,069,000 157 17 2669 - | 28 94
Annual 9211 22678 ©48 [$1,164

* Energy Rquiremeﬁt

Heat Rejection of one, Hecat Pump
For January 1010 x 106 Btu = 166 bours
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/

PUMPING POWER FOR CONDENSER WATER PUMPS

TABLE APP 1.5
} AND COOLING TOWER FANS :(KWH)

t

: Hours of..- - |. . : . )
Month. Operation* | Pumps (85KW) . | Tower (56KW) Total Cost$
August - 240 20,400 {13,440 33,840 480
September 316 26,860 117,696 44,556 631
October g6 7,310 4,816 12,126, 172
Total 54,570 ;35,952 90,522 {41,283

*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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Appendix 2

1. Pump_Selectioné

a. Heating Pumps’

Heating delivered

27.26x10% Btu/HR

27.26x10°  Btu/H8
500%30

Hot water gpm

1817 gpm
Head from schematic 150 ft. : o : T i

Houfs of operation, (see table below)

TABLE - APP 2.1 °
Number of Hours of Temperatures Below 57

Month N |p |t |F M ja M |[T]|T:a|s |o Total |
Number
of Hours . 691 | 742 | 744 | 672 ) 735| 217 147 | 57 61| 11 | 115] 209| 4401
We deduct the hours in July and August and come up with
4329 hours.
Ref. Engineering Weather Data.

AFM - 88-8 Chapter 6 June, 1967.

b. Domestic Hot Water
GPM = 35,800,000
30x500
= 2387

25 ft. pressure drop in.condenser

25 ft. pressure drop in heat exchanger
100 ft. piping and fitting -

Total = 150 ft.

No. of hours of operation

3

monthly load = 6245x106
peak load 35.8x100

+174.8. hours per month ’
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c. Chilled Water Pumps

GPM = "1755 x 12,000. = 2632
500% (56~40)

Head = 150 fe.

Hours distribution of percentage

d. Condenser Water Pumps

€M = 26.0x10° .= 5200
10x500 :

Head = 80 ft.

e. Cooling Tower Fans

1755 Ton - 110 HP

_192_
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TOTAL ENERGY SYSTEMS

4 N . — - -

4TAT BALANCE~38DD8Y DUAL FUEL

— 6 © et — e m— -

T2mp. °F. ' . R Heat in BYU/8hp/Hr. -
i s
le)
“ g oY
- - ' = c = - O o .
3 Sl 35| S &g 3. 85 S |32 |8z %% 2
s | g | 2|82 | % |53 |85 |8:s| 2 |f5 |52 03232
C - ) o= a ac: |.D Q,; ort W W wa | =2 =
4 &5 720 160 165 170 25 2546 | 2800 1930 | 4313 100 219 12000
50 2546 1710 1140 2555 50 99 8100
75 2546 1440 960 | 2155 33 66 7200
100 25406 1350 900 | 2020 25 59 63900
-110 2546 1350 900 | 2020 23 61 6500

5-12| 720 | 160 | 165 | 170 25 | 2546 | 2770 | 1850 | 3990 | 100 | 164 | 11400
50 | 2546 | 1710 | 1140 | 2460 | 50 | 94 | 8000

- 75 2546 | 1440 960 | 2070 33 51 7100
. 100 2546 | 1350 9C0 | 1935 |. 25 44 6800
110 2546 | 1350 900 | 1935 23 44 6800

-4 %5 3C0 200 | 165 170 25 .| 2546 | 3480 | 2340 | 5110 108 116 137090

: 50 2546 | 2130 | 1440 | 3100 54 130 9400
75 2546 | 1715 | 1155 | 2520 36 128 8100
100 2546 | 1550 | 1050 | 2295 27 | 122 7600
110 2546 | 1560 | 1050 | 2295 | . 23 126 7600

6-12 | 590 | coe 165 170 25 | 2546 | 3250 | 2200 | 4700 | 108 56 | 12300
’ | 50 | 2546 | 2130 | 1440 | 2080 54 50 |. $300

| 75 | 2546 | 1715 | 1155 | 2490 36 58 8000

100 | 2546 | 1560 | 1050 | 2250 27 67 7500

: ‘ 110 | 2545 | 1560 | 1050 | 2250 | 23 71 7500

255 | 720 i80 | 230 185 25 | 2546 | 1755 | 2630 | 4580 62 427 | 12000
50 | 2546 | 1040 | 1560 | 2710 50 194 8100

75 | 2546 | 875 | 1315 | 2280 33 151 7200

100 | 2546 | 820 | 1230 | 2140 25 139 | 6300

. 110 | 2546 | 820 [ 1230 | 2140 23. | 141 { 6900

6-12 | 720 | 160 | 230 185 5 | 2546 | 1680 | 2520 | 4300 62 | 292 {11400
50 | 2546 | 1040 | 1560 | 2680 50 | 124 | ‘8000

75 | 2v46 | 875 | 1315 | 2240 33 91 7100

100 | 2546 | 820 | 1230 | 2100 25 79 6800

110 | 2546 820 | 1230 | 210¢C 23 81 6800

4&5 | 900 | 200 | 250 185 2% | 2546 | 2300 | 2970 | 5410 | 108 | 365 | 13700

50 ‘| 2546 | 1410 | 1820 | 3310 54 260 9400
75 2546 | 1130 | 1469 | 2680 36 263 8100
100 2546 | 1030 |} 1330 |- 2420 | 27 247 7600
210 2546 | 1030 | 1330 | 2420 23 251 7600

6-12 900 200 2350 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 : ' TA3LE 7

4 | EXHAUST TEMP, °F,
ENGINE TEMP, °F. Blower | Exhaust tNGINE LOn0
Model Cyl. | RPM Oil Watcr, CFM Lb./Hr. 1.0 0.75 | 0.50 | 0.25
38D8% 4 720 170-185 165 2,450 11.250 |
38DD8% 5 3,100 14,230 Model 38D8%
6 3,500 16,060 620 520 | 420 330
. 8 -4,550 20,880
9 5130 | 23,550 Model 38DD8%
10 5700 | 26.160 620 €10 550 450
12 7.500 34,420 :
38D8% a 900 170-185 165 3,060 14,050 650. 540 430 330
38DD8% 5 3,875 17,790
6 4,800 22,030
8 6.160 28,270
9 7.000 32,130 Model 38DD8%
10 7.675 35,230
| 12 9,375 43,030 650 630 570 450
4 720 185 230 2,450 11.250
3 3,100 14,230 640 540 440 350
3 3,500 16,050
3 4,550 20,880 Model 38DD8%
9 5130 | 23,550
10 5,700 26,160 640 630 570 470
12 : - 7.500 34.420
ry 900 | 185 250 3,060 14,050
5 . 3,875 17,790 670 560 460 350
5 4,800 22,030
3 6,160 28,270 : Model 38008% | _
o 7,000 32,130
10 7.675 35,230 €70 650 590 480
_ 12 9.375 43,030
5835848 4 720 170-185 165 2,050 9.210 600 590 570 470
5 2,560 11,750 :
5 3,070 14,100 ‘
3 4,100 18,820 =
2 4,610 21,160 A
10 5,120 { 23,500
12 6,140 | 28,180 S
S3D53% 4 900 170-185 165 2,560 11,750 | 530 610 | 530 | %89
5 3,200 14,690 :
6 3,840 17,530
3 5,130 23.550
3 5760 | 26,440
10 6,400 | 29,330
12 , 7.680 | 35,250 _
337D8lg—Int. Slower| - 6 720 170-185 165 4.4C0 20,200 680 630 680 620
4/4 Blower| 9 ' 6,600 30,300 700 670 550 - | 400
int. Blower| 12 8.800 40,400 | 680 680 680 620
38TD8%—Int. Blower| 6 900 170-185 | 155 5,500 25.250 700 700 700 640
4/4 Blower| 9 8,250 37.870 730 730 600 430
Int. Blower| 12 11,000 50.500 700 700 |- 700 164D
367DG% -Int, Blower| 6 720 185 250 4,400 20,200 700 700 700 €40
4/4 Blower| 9 - 6,600 30,300 720 690 570 420
Int. Blower| 12 8,800 | 40,400 700 700 700 640
38TD8W—Int, Blower| & 900 185 250 5.500 25,250 720 720 720 660
4/4 Blower| 9 8,250 37,870 750 750 620 450
int. Biewer| 12 11,000 50.500 720 720 720 | 650
38TDD8%—2/3 Blow.| & 720 170-185 | 165 4,400 | 20,200 750 770 770 700
4/4 Blow.| 9 : 6,600 | 30,300 700 690 650 600
2/3 Blow.| 12 8,800 | 40.400 750 770 770 700
38TDD8'% -2/3 Blow.| 6 900 170-185 165 5,500 25,250 760 780 780 720
4/4 Blow.| 9 ‘ . 8250 | 37.870 730 720 690 630
. 2/3Blow.| 12 .| 11000 50,500 760 780 780 720
38TDC8%—2/3 Biow.] 6 720 185 250 4;400 | 20,200 770 790 790 720
4/4 Biow.| 9 6.600 30.300 720 710 680 620
2/3 Blow.| 12 8,800 40,400 770 790 790 720 -
38TDD8'%—2/3 Blow.| 6 900 185 250 5,500 25,250 780 800 800 740
4/4 Blow.| 9 8,250 37.870 750 740 710 660
2/3 Blow.| 12 11,000 50,500 | 780 800 800 740
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TOTAL ENERGY SYSTEMS

ENGINE PUMP DELIVERY TABLE &
cPM
Engine i Rated Fump Delivery

Model Cyl. RPM Soft Water Lube Oil
38D8Y% 4 720 215 200
- 38DD3Y4 5 720 265 200
38D58Y; 6 720 320 200
& 8 720 430 250
38TD8Y . 9 720 480 (1) 250
38TDD8Y; 10 720 530 300
(6. 9 & 12 Cyl. only) 12 720 640 {2) 360 .
4 900 270 250
5 900 330 250
6 900 400 25Q
3808, . 8 900 - 540 310
Q 200 600 (3) 310
10 900 680 375
12 €00 £00 (&) 450

Maximum -temperature differential through engine—
Water — 10° All engines. :

Qil

— 30° All engines.

(1) 300 on 33TD8Y & 38TDD8Y%
(2) £00 cn 38TD8% & 387D08'4
(3) 375 on 337D8% & 38TD08%

(&) 500 cn 38TDSY% & 38TDD8Y

-air and gas fuel.

-1Y5-

Auxiliary systems are required by all engines. The following pages show
diagrams of the various systems as applied to Fairbanks Morse engines.
The systems covered are jacket coolant, fuel oil, lubricating oil, air cooler,
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APPENDIX 3

‘ECONOMICAANALYSIS PROGRAM
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APPENDIX 3 - ECONOMIC ANALYSIS PROGRAM

METHOD USED IN THE LIFE CYCLE COST ANALYSIS

The basic formula used is.the following:
If a cost inflates at a rate r, and the discount rate is d, then the

total Present Worth (P.W.) of payments of one dollar every year over a life

cycle of n years is-given by the Present Wd}th Factor (PWF):

PWF(n,r,d) = (d 5 [ <1+4> , for r # d

.
(T+"

, forr =d

For énergy costs, the inflation rate is the fuel price escalation rate.
For oﬁher costé, it is taken as the general inflation rate.

For mortgage payments, the details are as follows.' For an amount of
1 dollar borrowed for f yearé at an interest rate of‘i with a discount rate d,

the Present Worth of Y annual payments is the following:

MPF

Present Worth Factor For Total Mortgage Payments

[+« o]

(1+d)Y

- d 1 - 1
( (1+1)Y |

0f this, the Present Worth of the loan interest payment as a fraction.

1]
A

of the loan principal amounts to the following:
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"(PW of Total Mortgage'Loan Interest)/Loén Principal

INT =
.
1 !
= i [l T+ Y -
a T 1
i1 - =y
L (1 + i) J
Lol o )
1 1 - (l_t_L> SR
el T T @
& MPF - P.W.F.(Y,i,d) [ S S |
o L. <T£_)Y

The Present Worth of the capital cost over the life cycle is the

following:

~ P.W. of Capital Cost Before . .
} = -DP + (FC - DP) (MPF).

"Income Tax Deduction

In evaluating the Present Worth of the Insurance costs, the Maintenance

3

Cosﬁéi and tﬁe‘?roperty Tax, the inflation rate assumed 1SAthe-genefa1 inflation

rate.

The depreciation is calculated using a straight-line depreciation
method, ovet the assumed depreciation lifetime.

b

. =200-
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The net life cycle cost is given by the following
= [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 corporation:

Income Tax Savings ="
(Income Tax Rate) [Depreciation + Energy Cost + Loan Interest

+ Insurance & Maintenance Cost + Property Tax]

The Return on Investment is the value of the discount rate at which the

life cycle savings become zero. The discounted Payback Period is defined as

the reciprocal of the Return on Investment.

=201~
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