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SUMMARY

This study evaluated the on-site energy consumption, energy and

life cycle cost, market prospects, institutional factors and primary or

resource energy efficiency of heat pumps for residential and commercial

applications. Only unitary equipment was considered; however, the

investigation-extended from conventional electric heat pumps now being

marketed to experimental gas thermal engine or absorption cycle machines

now under development. Other heat pumps were also considered as were

heat pump combinations with solar energy systems.

Calculations of the on-site and primary energy effectiveness and

cost of conventional and advanced heat pumps in comparison to electric

and combustion furnaces and baseboard heat (all with appropriate cooling

systems) were made by means of two hour-by-hour computer simulation

programs - one for a residential building, one for a commercial building.

These programs modelled in significant detail the various mechanisms of

building heat loss or gain based on inputs of weather data, data on

insolation, building geometry, structural characteristics, occupancy

schedules and the like. The heating and cooling energy consumption of

conventional and advanced heat pumps and other systems could then be

modelled and calculated in considerable detail. As test buildings, a

two-story frame single family residence (1850 sq. ft. of conditioned

area) and a two-story masonry office building (5580 sq. ft. of conditioned

area) were selected. These buildings were hypothetically moved about to

nine different-locations (cities) selected as representative of the

various climatic regions of the continental United States.



Energy costs, installed costs and life-cycle owning and operating

costs were then determined for the residential and commercial HVAC

systems compared as of the First or Second Quarter of 1977. Energy

costs were based on locally obtaining utility rates, accounting for base

load usage and demand charges, where appropriate. Installed costs were

based on a detailed estimate from a New Jersey area contractor and

include all costs of labor, materials, shipping and handling and local

taxes. Life cycle costs were also calculated assuming an 8% annual

inflation in energy costs and a lower rate of inflation in maintenance

costs.

Models of the residential and non-residential building market were

used to project market penetrations of electric and gas heat pumps on a

regional basis. The models account for replacements and conversions as

well as new construction and permit adjustment for factors such as air

conditioning demand and gas availability. The market projections were

then combined with primary fuels and energy consumption results to

arrive at estimates of energy savings potentially obtainable with introduction

of advanced electric and gas heat pumps. The study also considered

institutional factors such as consumer attitudes, building codes, gas

availability and other pertinent factors. The findings of the study

were as follows:

As expected, electric heat pumps were found to be more efficient

than any of the all-electric HVAC systems examined. High efficiency

residential electric heat pumps had performance factors in the 2.56-1.51

(0.78-0.43 on primary energy basis) range for heating and the 1.91-2.56

(0.61-0.82 on primary energy basis) range for cooling, constituting an

average 12% improvement over the standard heat pump representing 1975
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technology. In primary energy terms, electric heat pumps were comparable

to or slightly less efficient than the combustion heating systems combined

with electric cooling in regions with a significant heating load. In

very cold regions, the combustion systems were more efficient. However,

combustion system efficiencies were calculated based on Insulated supply

and return air ductwork. This is the observed practice with electric

but not with combustion heating systems in general. Calculations showed

that the performance of the combustion furnaces was considerably improved

with duct insulation. With uninsulated ducts, electric heat pumps would

probably have a slightly higher efficiency than the combustion systems.

Gas heat pumps now under development have a higher efficiency in a

primary energy sense than electric heat pumps, combustion furnaces or

resistance heating systems. However, if used to displace electric heat

pumps in new construction, gas heat pumps would accelerate the depletion

of the scarcest fuel--natural gas--while conserving the more abundant

energy resources.

Of the residential gas heat pumps examined, the gas-fired free-

piston and the V-type single cylinder Stirling-Rankine heat pump were

found to have performance factors in the 1.16-0.91 range for heating and

in the 0.68-0.66 range for cooling. The corresponding results for the

organic fluid absorption heat pump were lower: 0.95-0.87 for heating and

0.48-0.46 for cooling. The comparatively poor cooling performance of

the absorption machine has the result that, in areas with a significant

cooling requirement, a marked increase in natural gas consumption would

result if this heat pump were substituted for a conventional gas furnace

with high efficiency electric air conditioning. However, other forms of

primary energy would still be conserved everywhere.
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For commercial applications, the Rankine-Rankine and Brayton-

Rankine heat pumps have a higher primary energy efficiency (performance

factors 0.76-1.43 heating; 0.72-0.91 cooling) than electric heat pumps

or roof top air conditioners with gas or electric resistance heat.

Again, however, increases in natural gas consumption would result unless

used to displace existing gas equipment.

Life cycle cost studies showed that conventional residential space

conditioning systems are, in general, still more cost-effective than

most electric heat pumps, including the high efficiency models. When

inflationary effects on energy and maintenance costs are included in

life cycle costs, however, the electric heat pump systems appear com-

petitive with most of the conventional systems, with the exception of

the gas warm air furnace and central electric air conditioner. Because

of their high efficiency and the low price of gas compared to other

fuels, gas heat pumps would have lower energy costs than those of electric

heat pumps or other HVAC systems. Because of their increased complexity,

the first costs of gas heat pumps for residential application would

probably be higher than those of electric heat pumps. Thus whether gas

heat pump life-cycle costs would ultimately be competitive with available

alternatives is open to question. It is true that, in the one case

where a cost estimate was available for a residential gas heat pump

(the organic fluid aborption machine), it compared favorably with

electric heat pumps. However, since the system is in an early prototype

stage, it is likely that the cost estimate is rather optimistic.
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Life cycle cost analysis of commercial-size equipment indicates

that, except in cold climates where they compare favorably with roof-top

air conditioners with resistance heat, electric heat pumps are in general

costlier than available alternatives. The gas heat pumps, on the other

hand, would be cheaper to own and operate than any of the conventional

electric or fossil fuel systems. Since the gas thermal engine heat

pumps are more complex than electric heat pumps and because these results

are based on first cost estimates for equipment still in the "breadboard"

stage, some skepticism is in order. If high-efficiency advanced gas

furnaces in combination with electric cooling were successfully introduced,

the cost-effectiveness and marketability of gas heat pumps would be

impaired.

The general conclusion of this study is that no residential or

commercial HVAC system is universally to be preferred to any other if

energy effectiveness, life-cycle cost, building application and other

pertinent factors are considered. Therefore, legislative or regulatory

activity which favors one system over another would be counterproductive

from an energy conservation standpoint if freedom of choice is to remain

with the consumer. However, in a number of areas identified in the

study, Federal Government sponsorship of heat pump research could assist

in the evolution and market penetration of this energy-conserving technology.
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1. INTRODUCTION

1.1 Objective and Scope of this Study

The purpose of this study was to evaluate the performance, cost and

market prospects of heat pumps - both conventional and advanced - and to

assess research and development needs and make recommendations concerning

Federal Government policies and support of this type of space conditioning

technology. The study covered electric as well as experimental gas and

other types of heat pumps and examined equipment for residential and

commercial applications. Concerning the latter, unitary equipment of

the type applicable to light commercial, institutional or industrial

construction was investigated in preference to large built-up or applied

systems, since all but one of the experimental heat pump concepts en-

countered in the course of the study were of the unitary (i.e. self-

contained single package or split-system type).*

It is probably impossible to do a meaningful study of advanced heat

pump technology without investigating or at least touching on specific

designs, "hardware embodiments" or individual experimental heat pump

development projects. However, a distinction, albeit fine, must be drawn

between technology assessment in a broad sense such as is attempted here

and proposal or project evaluation in a narrow sense. The latter would

be beyond the scope, time and funding limitations of our study. There

is another reason for this distinction also: the availability of sufficient

information to support a specific judgement on the merits of a particular

project vs. a more general assessment of the technical concepts represented.

In some cases the technical or market information made available to us

was quite substantial; in other cases, presumably proprietary reasons

* See Section 1.4.
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prevented us from getting any but the most summary or cursory description

of the configuration involved or the basis of claims or statements made

about the feasibility or performance of these experimental heat pumps.

The rest of the details had to be pieced together as well as possible

from information available elsewhere. In all cases, but with obviously

varied success, the authors attempted to determine the factual basis and

degree of credence to be placed in performance and other data presented

as well as to conduct a very detailed analysis of the energy consumption

and economics of these systems in typical building applications. This

is the subject of the chapters that follow.

1.2 Background and Survey of Previous Work

In the last decade and the last several years especially, a con-

siderable literature has grown on the subject of heat pumps, although,

of course, a number of articles on the subject date back to much earlier.

In view of this, a discussion of selected technical literature describing

prior work should be helpful and one is provided. The review makes no

attempt to be comprehensive; rather, its purpose is to give the reader

some background and additional source material on the topic of heat pump

performance improvement.

A survey of the technical literature on heat pumps should properly

begin with the well-known monograph by Ambrose (1966). The author

discusses the thermodynamics of the Carnot and Rankine refrigeration

cycle, heat sources and sinks for the heat pump, typical configurations

and applications, energy estimation methods and residential and commercial

diversified demand characteristics. Additional discussions of heat pump
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fundamentals may be found in the ASHRAE Handbook of Fundamentals

(1972) and the "Equipment" and "Systems" volumes of the ASHRAE Handbook and

Product Directory (1975, 1976). Early efforts at electric heat pump

efficiency and reliability improvement are described in two ASHRAE

symposium publications (ASHRAE 1970, 1972) and in Edison Electric Institute's

final report on the Heat Pump Improvement Research Project (EEI, 1971).

A number of recent reports contain energy consumption and cost data

on heat pumps and other heating and cooling systems. Blacklaw and

Johnson (1973) conducted a study of heat pump performance, cost and-

reliability in the Seattle area on the basis of approximate heating and

cooling load and energy calculations. A number of case histories based

on interviews with homeowners of heat-pump-conditioned homes were included

in their study. Delene (1974) of Oak Ridge National Laboratory calculated

energy requirements and life cycle-costs in thirteen U.S. cities for a

1800 ft2 residential building heated with a heat pump, electric furnace,

gas furnace, oil furnace, electric ceiling or baseboard heat with air

conditioning, where appropriate. The Delene study utilized results

of energy calculations which assume steady state efficiency values of

60% for gas and 55% for oil. One conclusion of the Delene study was

that "no single residential heating system is-superior to all others in

all regions of the country," a conclusion that reflects the results

obtained by the authors of this study as well. A later study by Hise

(1975), also of Oak Ridge National Laboratory, discusses seasonal per-

formance in detail and presents a critical review of some of the literature

data on comparative energy consumption. Reliability is discussed in an

appendix to the Hise report. Additional more recent comparative energy

studies based on theoretical calculations have been published by Dunning

et al. (1974), and Dunning and Geary (1974) of Westinghouse.
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A precursor to this study, in certain respects, is the report entitled

Evaluation of the Air-to-Air Heat Pump for Residential Space Conditioning

by Gordian Associates (1976). That study, performed under contract to

the FEA, analyzed the reliability, market acceptance and energy effectiveness

of conventional air source electric heat pumps in comparison to electric

resistance and combustion heating and electric air conditioning systems.

The study was based in part on data gathered from heat pump manufacturers,

electric utilities, HVAC contractors and other sources and presented

energy consumption and annualized owning and operating cost data from an

hour-by-hour computer simulation study of the Kray residence, one of the

thoroughly instrumented, actually occupied single family houses in

Columbus, Ohio used in ongoing research by Charles Sepsy of Ohio State

University.*

A study comparing zoned electric vs. central electric (including

the heat pump), gas and oil systems was conducted by Energy Utilization

Systems (1977?) showing the energy and cost savings obtainable with

zoned (i.e. individual-room-controlled) vs. a central space conditioning

system. With the current emphasis on system efficiency, this means of

minimizing energy usage is sometimes obscured.

Heat pumps have been the subject of a number of technical conferences

recently. The Oklahoma State University has organized two conferences

on heat pump technology held in 1975 and 1976 at Stillwater, Oklahoma.

There have also been two Purdue University conferences on improving the

efficiency of residential and commercial HVAC equipment (Goldschmidt and

"The or-site energy consumption calculations in the Gordian study for the
FEA (Gordian, 1976) were conducted by C. Sepsy of Ohio State University
while unAer subcontract to Gordian. Sepsy's basic model for residential
on-site energy analysis, subsequently substantially modified by Gordian,
was used in one part of the residential energy use phase of this study
as well.
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Didion, 1974 and 1976), as well as the conferences on compressor technology

held in 1972, 1974 and 1976. In 1975, the Pennsylvania State University

organized a conference on solar energy heat pump systems for heating and

cooling of buildings (Gilman, 1975). Proceedings of the above conferences

have been assembled or published.

In recent years a number of more fundamental studies of the heat

pump cycle have appeared in the literature. Hiller and Glicksman (1976)

developed a computer model to calculate the performance of various

components of the air-to-air heat pump refrigeration loop from a combination

of first principles and empirical correlations, where the latter are

necessary. The model employs steady state fluid flow and heat transfer

theory but goes into considerable depth, such as calculating two phase

fluid flow pressure drops in refrigerant lines, etc. The model was

validated by comparing calculated capacity and power consumption results

against the manufacturers' experimental data on three different heat

pumps and appears to be in good agreement with performance data measured

by the manufacturers. The authors applied the model to evaluate an

experimental early compressor suction valve closing device as an approach

to capacity modulation. To our knowledge, this is the most detailed

heat pump refrigerant loop simulation model described in the literature,

although some equally detailed proprietary design-type models are known

to be in use by several heat pump manufacturers and others.

One interesting approach to heat pump system modelling has been

undertaken by Carrier, as described in a paper by Groff and Bullock

(1976). Compressor capacity is simulated by a first-order transfer

function with different values for the start-up and shut-down time

constants; compressor power demand, on the other hand, is assumed to
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reach its steady-state value instantaneously, i.e. is modelled as a

step-function. Thermostat lag, defrost and other components of the

refrigeration loop are also modelled by transfer functions, the model

then being used to calculate demand profiles and energy consumption.

The utility of this method is, of course, dependent on available experimental

data to evaluate gains and time constants of the various system components.

A parallel field study is, indeed, underway in cooperation with the

Niagara Mohawk Power Corporation and should yield interesting results.

The transient in contrast to the usually measured steady-state

performance of electric heat pumps has been the subject of ongoing

experimental study at the National Bureau of Standards. Two papers on

these studies have been published (Kelly and Bean, 1976; Parken et al.,

1977) and will be discussed in subsequent chapters of this report.

A study of electric heat pump performance in the New Mexico area

was recently completed by Wildin et al. (1977). The study was partly

based on laboratory measurements of heat pump performance, partly on

calculations, and accounts for defrost and other heat pump energy

consumption aspects.

An analytical study of an optimum heat pump design for colder

climates has just been completed by Westinghouse under EPRI sponsorship

(Kirschbaum and Veyo, 1977 a,b,c). The study developed data on the

effect of component modifications and the combination of heat pumps with

solar collectors and thermal storage. It was apparently concluded that

only a few significant changes could be made in electric heat pump

design which would yield efficiency improvements at an acceptable first

6



cost and without detracting from equipment reliability. The Westinghouse

study considered heat pumps in conjunction with solar energy collection

and thermal storage systems as well. Chapter 3 of this report makes use

of some of Kirschbaum and Veyo's results.

A number of potentially interesting field investigations of electric

heat pumps are now underway. One such study is that of the load and use

characteristics of heat pumps in single family residences being conducted

by Westinghouse in cooperation with 12 participating electric utilities

(under EPRI and the AEIC Load research Committee sponsorship). This

study, involving a total of 120 heat pumps of recent make, is designed to

accumulate experimental data not only on energy use, but also on demand

characteristics and diversity.

The investigations cited above deal mainly with electric heat pumps,

although other heating and cooling systems have been considered in some

of them. In contrast, comparatively little information has been published

on gas heat pumps now under development. An AGA research project final

report on gas and electric heat pump concepts (Wurm, 1974) gives a good

basic review of the subject. The papers of Wurm and Rush (1975) and Wurm

et al. (1976) present theoretical and to some extent idealized analyses

of thermal engine heat pumps. Colosimo (1976) reviews the status of the

various AGA-sponsored gas heat pump development projects, a subject also

covered in a recent ASHRAE Journal article by Sarkes et al. (1977).

Coverage of the literature of thermal engines or absorption cooling is

beyond the scope of this review.

A simulation study of gas and electric residential heating and

cooling equipment, including the experimental free-piston Stirling-

Rankine and organic fluid absorption gas heat pumps and a pulse-combustion
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furnace, was conducted by AGA (Lewis, 1976). The study, based on modeling

the performance of gas and electric test homes in Canton, Ohio, found

operating costs of conventional gas furnace-electric air conditioning

combinations considerably less expensive than the electric heat pump,

and those of the advanced gas systems even lower. Life cycle costs

were not considered. As far as the gas heat pumps were concerned,

savings in gas consumption in comparison to furnaces were apparently

offset to some degree by higher parasitic electrical requirements.

Nevertheless, the gas heat pumps could theoretically heat and cool the

test home with less gas than a conventional gas furnace would consume

for heating alone.

This concludes the brief survey of some pertinent background material

to this study. The next section presents a classification of the

various heat pump concepts to be described in this report.

1.3 An Ad Hoc Classification of Heat Pumps

A "heat pump" is a device which extracts heat from a source at a

low temperature and, by the input of mechanical or electrical work,

rejects it to a sink at a higher temperature. Although only one type of

heat pumping device, the electric-motor-driven Rankine cycle heat pump,

is presently manufactured for residential and light commercial applications,

a number of other heat pump cycles or concepts can be and have been

devi-ed.

For the purpose of this study, the following ad hoc classification

of heat pumps will be used:

o Electric heat pumps,

o Thermal engine heat pumps,

8



o Absorption cycle heat pumps,

o Other types of heat pumps.

While this classification has obvious defects (at least to the purist),

it is convenient for the purpose of the discussion that follows. The

reader is forewarned that some of the heat pumps discussed may fit into

more than one category and that, therefore, their classification is

somewhat arbitrary. A more satisfying classification would have been

according to the type of heat pump cycle or heat pumping process (e.g.

Rankine, Brayton, Ericsson, absorption, hydration-vaporization, etc.),

but that would have made the report organization too lopsided since the

majority of the heat pumps under consideration are Rankine cycle machines.

1.4 Editorial Note:

This document is a final report of an investigation conducted in

the period of August 1976 - July 1977 under contract to the Energy

Research and Development Administration. The first complete draft of

this final report was issued in July 1977 and reviewed in October-

November of that year. In early 1978, an extension of this investigation

was commissioned by the sponsor (now reorganized as the Department

of Energy) mainly for the purpose of revising the heat pump dynamic

performance calculations in the report to incorporate the results

of new data on electric heat pump dynamic operation based on ongoing

research at the National Bureau of Standards. The results of these

revisions are incorporated in this final report. However, while this

was in progress a number of changes occurred in the status of the

9



technology described in this report. For example one manufacturer

has announced plans to introduce a two-speed electric heat pump for

residential applications; several others have introduced or are testing

dual-source solar assisted heat pumps with thermal storage. Changes

have occurred in the several gas-fired heat pump development projects

as well. For example, the steam turbine-Rankine cycle heat pump is

now being developed as a 100 ton built-up system; the organic absorption

cycle heat pump field tests have been delayed, according to information

available, and the Brayton-Rankine system reportedly encountered problems

with the rotating group. Work on the free-piston Stirling-Rankine

heat pump appears to be progressing on schedule. Since the field is

evolving so rapidly, it would have been impossible to incorporate

these and other changes in the text of the report. However, clarifying

footnotes are added where appropriate to update the descriptive material.
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2. METHODOLOGY

2.1 General Approach and Study Plan

As already stated in Chapter 1, the purpose of this study was to

evaluate advanced heat pump technology and to develop recommendations

concerning research needs in this area. The general approach adopted in

the investigation consisted of (a) a technical data-gathering phase

including visits to or other contacts with heat pump manufacturers, in-

stitutions or organizations conducting heat pump research and development,

utilities, trade and industry organizations and many others; (b) a

computer simulation study of on-site energy consumption of various

advanced heat pump and other HVAC systems in a single-family residence

and a small office building; (c) an energy and life cycle owning and

operating cost analysis; (d) an analysis of market and institutional

factors and (e) a study of the primary resource energy impact and effect

of heat pumps on utility load characteristics. The methods used in each

of the above phases of the study are described further in the following

sections.

2.2 Technical Developments Study

The analysis of technical developments presented in Chapters 3-7 of

this report was based on a program of visits to selected developers of

experimental heat pumps or other pertinent sources of data, augmented by

a survey of the technical literature and other published information on

the subject.

The purpose of this phase of the investigation was, of course, to

establish the exact status of development of the various heat pump
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concepts or technologies and to provide a base of data on their configuration,

capacity and coefficient of performance for energy effectiveness simulation

and cost studies. In connection with this investigation, visits were

made to the following:

o Allied Chemical Corp.

o American Gas Association

o Carrier Corp.

o Columbia Gas System Service Corp.

o Consolidated Natural Gas Service Co.

o Dunham-Bush Inc.

o Garrett-Airesearch Manufacturing Co. of California

o General Electric Co., Corporate Research and Development

o General Electric Co., Space Division

o Lennox Industries Inc.

o Mechanical Technology Inc.

o Oak Ridge National Laboratory

o Sunpower Inc.

The field investigation also included attendance at several technical

conferences where heat pumps were discussed. Other sources contacted

included Copeland Corp., Energy Research and Generation Inc., Fedders

Corp., General Electric Co. (Louisville, Ky. and Tyler, Tex.), Institute

of Gas Technology, Janitrol (then Division of Andro Corp.), Phillips

Engineering, Rovac Corporation, Siemens Corp., Sundstrand Corp., Tectonics

Research Inc., Westinghouse Electric Corp., (Pittsburgh, Pa. and Norman,

Okla.), York Division of Borg-Warner Co., as well as a number of individual

heat pump developers or other sources of information on heat pumps.
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Still applicable, too, was some of the information gathered for the FEA

heat pump study by the same authors (-Gordian Associates, 1976). An

extensive literature search was also undertaken for new heat pump concepts

and to update information already available.

Whereas unitary electric heat pumps are being manufactured and

marketed for residential and commercial applications and their performance

parameters are reasonably well established through laboratory and field

studies, only one gas heat pump has reached the prototype stage at the

present time. The others are in various stages of proof-of-concept and

feasibility evaluation, design analysis, component fabrication, testing,

performance mapping and have in most cases not operated as a complete

heat pump assembly. Data on the capacity and COP of the gas and other

experimental heat pumps are still, to a large extent, tentative and

subject to verification by measurements on prototype (and, ultimately,

production-type equipment). Whenever possible, the authors attempted to

verify the exact developmental stage of the system in question and the

basis for the performance data made available by the developers. This

was all the more important for the systems selected for later simulation

studies since the level of effort prescribed by the contract did not

permit modelling of each experimental heat pump from first principles,

and, therefore, the seasonal on-site energy consumption calculations (to

be described in Section 2.3) had to be based on heating and cooling

capacity, fuel and electricity consumption or coefficient of performance

data provided by the manufacturer or developer.

The amount of information made available to us varied considerably,

as already mentioned in Section 1.1. In some cases detailed equipment
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and component specifications, drawings and plans, sample experimental or

calculated performance points and other information was made available;

in others, only capacity and COP data were released. In some cases,

equipment or its components were exhibited or demonstrated; in others,

not even the system configuration was revealed due to proprietary reasons.

Thus the information presented herein had to be pieced together from

various data sources and represents our best information as of the date

of the investigation.

2.3 Energy Consumption Simulation Study

The purpose of the energy consumption simulation study was to

compare on an equal basis the electric and/or fossil fuel energy required

by the various heat pumps and other systems under consideration in

meeting the same seasonal heating or cooling load in identical selected

test buildings. For the residential-size HVAC equipment, the simulation

determined the hourly heating and cooling energy requirements of a

single-family, two-story frame dwelling having a heated area of 1850

square feet. For the evaluation of commercial-size HVAC equipment, a

two-story concrete masonry office building with a heated area of 5580

square feet was utilized. The calculations were performed for the test

buildings as if located in nine different cities representative of

various geographical and climatological regions of the continental

United States.

Two different computer programs were used in the simulation studies,

each capable of accepting actual NOAA weather data and data on building

and HVAC system characteristics and calculating therefrom hour-by-hour
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energy consumptions for the building and system in question. The residential

building and systems simulations were carried out by the use of a transient

simulation model originally developed by C. Sepsy of Ohio State University

under subcontract to Gordian Associates and subsequently substantially

improved and modified for the present study. The building thermal load

calculation part of that model is a modified version of the U.S. Postal

Service load program developed by the General American Transportation

Corp. and is a version of the one being developed under EPRI sponsorship

for residential building energy use simulation. The simulation model

used for the commercial building is the Edison Electric Institute's

AXCESS model modified to reflect system part load and dynamic efficiency

performance.

Simulation of specific HVAC equipment operating parameters was

computerized using manufacturers' performance data or prototype data for

advanced heat pumps as supplied by developers. The input energy to each

system required to maintain comfort conditions (i.e. satisfy heating and

cooling loads) in each building was thus calculated. In broad outline,

the computer simulation procedure is similar to that used in an earlier

heat pump study for the FEA (Gordian Associates, 1976). However, con-

siderable refinements of the methods used in the earlier study were

incorporated in the present work. Although most of the details of the

computer methods will be reported in appropriate parts of this report, a

general description of some important features is offered below:

o Both the residential and commercial building used represent
real existing structures for which detailed architectural
information was available. Important characteristics of
the buildings, such as the composite construction of
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walls and roofs, window areas, and foundation construction,
were thus readily available for the accurate estimation
of hourly heating and cooling loads by the computerized
load programs.

o Both the residential structure load calculation program
and AXCESS for the commercial building use accepted
ASHRAE load calculation algorithms. However, these have
been modified by the latest information currently available.
In addition, both load programs and system simulation
methods have been validated in previous investigations by
comparing computer results with measured data for existing
buildings.

A number of important factors, generally neglected in modelling HVAC

systems, but having important effects on energy consumption, were included

in the present study:

o Supplemental resistance heat required to temper cold air
admitted to a residential structure during the defrosting
of the outdoor heat exchanger or coil during winter
heating was included in the simulation of conventional
electrical heat pumps. Heat pump manufacturers' performance
data generally include compressor energy used during the
defrost period, when the heat pump cycle is reversed and
hot condensing refrigerant is used to melt ice on the
outdoor coil instead of being delivered to the indoor
coil for heating. The heat pump acts as an air conditioner
during defrost periods and air circulated through the
residence is cooled. The amount of supplemental energy
used to partially heat the cooled circulating air to the
comfort level is dependent upon too many variables to be
included in manufacturers' system performance data, but
the effect was modelled for each conventional electric
heat pump used in this study.

o At outdoor dry bulb temperatures below about 40°F and at
sufficiently high humidities, some residual frost is
always present on the outdoor heat transfer coil. An ice
layer of sufficient thickness will eventually reduce the
heating capacity of a heat pump due to reduced heat
transfer rates in the outdoor refrigerant evaporator.
The effect of outdoor coil ice film on heat pump operating
efficiency was modelled with data reported in the literature.

o The on-off cyclic operation of heating and cooling systems
has the effect of reducing operating efficiency below the
steady-state performance reported by equipment manufacturers
for heating and cooling. Recently published studies
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quantifying dynamic efficiency losses for conventional
electric heat pumps, natural gas and oil furnaces were
used to model cyclic effects. The gas and oil furnace
efficiency data also include stack combustion and infiltration
losses.

o Current installation practices for HVAC systems generally
require insulating basement supply and return air ductwork
for electric furnaces and electric heat pumps. No ductwork
insulation is generally required for fossil fuel fired
furnaces even if installed in combination with an electric
air conditioner, except in isolated cases to prevent
condensation inside supply ducts. The effect of heat
losses for uninsulated ductwork was examined and found to
be sufficiently high for the residential building to
significantly affect seasonal performance for heating and
cooling. A uniform modelling procedure including ductwork
insulation for all systems was adopted so that the energy
efficiency of all systems could be compared on the same
basis.

o Performance data for advanced heat pump systems were
generally available from developers for only a single
size machine currently under development, usually a 3 ton
cooling capacity heat pump for residential service and a
7.5 or 10 ton heat pump for commercial application.
Performance data for other size heat pumps required for
some cities were scaled from prototype data by a uniform
procedure confirmed in discussions with several manufacturers.
In only one case did a heat pump developer undertake the
task of scaling performance data for a prototype machine
to other sizes.

The residential load and system energy use calculation was run for

8760 hours for the test weather year, a year representative of typical

weather conditions in each city. To reduce computation expense for the

commercial load and system energy simulation, an hour-by-hour calculation

was run for every fifth day of each of four heating and cooling months:

January, April, July, October. The results were then extrapolated to

totals for the entire heating and cooling season. For both residential

and commercial buildings, the results consist of monthly, seasonal and

annual heating and cooling loads, on-site electric energy and fuels

consumed and seasonal performance factors (defined as net heating or

cooling loads divided by the sum of all forms of energy consumed by a
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system). The results of the analysis are then used to compare on-site

energy efficiency of the various HVAC systems examined and are presented

in Chapter 8. These results also serve as the basis for determining

primary fuel resources consumed by the various HVAC systems as described

in Section 2.6.

2.4 Energy and Life Cycle Cost Studies

This section deals with the economic viability of heat pumps,

conventional and advanced, in the residential and light commercial

building applications. In order to ascertain the potential market

acceptance of the heat pump, detailed installed costs and life cycle

costs were calculated. Through life cycle cost analyses (with and

without inflation) the effects of increased energy efficiency could be

compared with the general trend of higher installed costs of a heat pump

system.

Energy costs were determined for all systems for which a meaningful

hour-by-hour computer simulation of energy consumption could be performed.

Nine cities, representing the climatic regions of the United States,

were locations chosen for simulation. In this manner, the findings

could be used broadly throughout the country.

Cost information was obtained for equipment currently available,

either residential or light commercial. Most of the advanced heat pumps

are still in early stage of development; hence, equipment costs for

these are not generally available at the present time. However, the

developers of the organic fluid absorption gas heat pump (which reached

the prototype stage at the time of this writing) have made projections

of their estimated wholesale price. This, together with costs of labor

and materials for installation, was used in the life cycle cost analyses.
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Cost data reported herein are in general current as of the First

Quarter of 1977 or, in the case of the commercial systems, the Second

Quarter of 1977. Since it was our intent to have the cost analyses of

conventional heat pumps and other HVAC equipment represent current

commercial practice, regional representatives of the manufacturers whose

equipment is featured in this study were consulted to verify compatibility

of components and equipment sizing procedures. Dealers or the manufacturers

themselves were the source of equipment and installation cost data used.

The exception was the cost of room air conditioners which was obtained

from the Sears and Roebuck Co. Summer 1977 Catalogue. The installed cost

obtained consisted of the following major elements:

o Material component prices and installation man-hours
required for HVAC equipment;

o Ductwork (insulated and non-insulated), material price
and installation man-hours;

o Chimney, where required;

o Oil tank, where required;

o Electrical service change, where required;

o Labor costs for installation;

o Freight costs;

o Applicable state and local sales and/or use taxes;

o Installing contractor's fee.

Labor costs (sheetmetal workers and other HVAC laborers) were taken

as representative of the Philadelphia area, since most of the installed

costs were obtained from a central New Jersey contractor. For other

cities, appropriate wage rates were taken from data published by the

Bureau of Labor Statistics for Winter 1976. Regional variations in
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first costs thus reflect differences in labor rates, shipping costs and

local taxes as well as equipment size differences, where appropriate.

Maintenance cost data were provided by the National Environmental

Systems Contractors Association (NESCA) and represent conditions as of

Third Quarter of 1976. They represent the average retail price of a

full service contract to the consumer. A maintenance fee for the baseboard

heaters, as recommended by NESCA, has also been included. The room air

conditioner maintenance fee was obtained from Sears. Maintenance costs

were assumed not to vary regionally for purposes of these calculations.

An estimate of the cost of a full service maintenance contract was

obtained from the New Jersey HVAC contractor previously mentioned (Tri-

Boro Environmental Systems), and represents prices as of the Second

Quarter of 1977.

For purposes of life-cycle calculations, depreciation periods for

the various components of each system (e.g. the HVAC equipment, ductwork,

chimney, etc.) were taken from the ASHRAE 1975 Systems Handbook and

Product Directory, or represent Internal Revenue Service recommended

practices.

Current state and local taxes were obtained from the sales tax

departments of the individual states in which the facilities were located.

A contractor's fee was also applied to determine an installed cost.

Where possible, equipment costs and contractor's fees were verified by

discussions with other contractors, with manufacturers and by comparisons

with data reported in the Means 1977 Building Construction Cost Data

Book.

The cost data reported in the study features equipment manufactured

by General Electric Co., York Division-Borg Warner Corp., Carrier Corp.,
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Lennox Industries, Inc. and Janitol Division-Tappan Company. These

companies provided cost information, equipment design specifications,

and recommendations concerning installation procedures.

Current rate information, used in determining all energy costs was

obtained by contacting the electric and gas utilities servicing each

city involved in the simulation study. Oil prices were obtained from

usually two private oil companies in the city. The results of the life

cycle owning and operating cost analyses appear in Chapter 9.

2.5 Market and Institutional Factors Study

The objective of this segment of.the study was to develop an under-

standing of the space conditioning markets and products, to project the

potential market and the expected market share or growth rate for the

advanced heat pumps, and to estimate the approximate time schedule of

advanced heat pump product introduction. A further goal was to determine

the influence of variables such as consumer income level, traditional

financing methods, building codes, consumers' and local officials'

attitudes as influencing heat pump market penetration, and to identify

both accelerating and retarding factors affecting the market prospects

for advanced heat pumps.

The approach utilized in the determination of the market prospects

for advanced heat pumps was to develop a model of the residential and

nonresidential building market for HVAC equipment.

The market models (there are two, because of differences in available

input statistics on residential and nonresidential construction) accept

input data on new building starts, and calculate projected electric or
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gas heat pump installations in the new construction, conversion and re-

placement sectors of the total market. The conversions and replacements,

it should be noted, are calculated as a fraction of the new construction

market based on historical data on electric heat pump and gas furnace

conversions and replacements. New building construction information is

available in the form of number of housing starts or dollar-value put in

place for the residential and nonresidential market sectors, respectively.

Market-limiting factors such as regional availability of gas as a heating

fuel and the demand for air conditioning were accounted for. Estimated

penetration rates for the heat pump products in question required by the

model were determined on the basis of historical penetration rates (as a

function of years from first market introduction) for nearest analogous

products. Thus, a high-growth-rate and low-growth-rate projection is

calculated. Estimates are also made of the expected regional distribution

of the products involved by four major U.S. census regions.

Determination of the institutional factor impact included collection

and evaluation of data on lending institutions, energy availability and

costs, consumer attitudes on heat pumps and energy conservation, building

trends, consumer income and demographic factors.

Market and institutional factor-related data were obtained from a

number of sources.

Equipment manufacturers and developers contacted were General

Electric Co., Carrier Corp., Consolidated Natural Gas Service Corp.,

Garrett-Airesearch Corp., and Allied Chemical Co., who provided projections

concerning the space conditioning market for conventional and advanced

systems as well as data or explanations of their market analysis for
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advanced heat pumps.

Electrical utilities contacted were Arkansas Power & Light Co., who

provided information on heat pump consumer attitudes and demographics,

Mississippi Power & Light Co., who gave information on their heat pump

marketing program and on key buying influences, and Columbia Gas System

Service Corp., who gave information of the market acceptance of gas air

conditioners (significant as to possible impact on the gas heat pump).

Trade association data sources included American Gas Association,

Edison Electric Institute, Gas Appliance Manufacturers Association, Air-

Conditioning and Refrigeration Institute and National Environmental

Systems Contractors Association, who gave information on space conditioning

equipment shipments, new, replacement and conversion installations, and

equipment maintenance. The National Association of Home Builders,

Manufactured Housing Institute and the National Lumber Building Dealers

Association provided data and information on residential and nonresi-

dential building new construction.

Additional information on historical data and projections of resi-

dential and nonresidential buildings and space conditioning systems was

obtained from the U.S. Department of Commerce - Census Bureau, Smith

Barney, Harris Upham, Ryan Homes and Lowe's Companies.

Information on natural gas concerning present and future supply,

curtailments, prices and allocation policy was obtained from American

Gas Association, Federal Power Commission, Bureau of Mines and U.S.

Geologic Survey.

Literature and trade publications used as information and data

sources were Air Conditioning, Heating and Refrigeration News, Electrical
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World, Heating/Piping/Air Conditioning and Professional Builder.

In addition, discussions were held with a number of heating and air

conditioning contractors, home mortgage bankers and realtors, code

officials and building code organizations, state energy conservation

offices, and home builders and home insulation suppliers. Other perti-

nent contacts are cited in the body of this study. The results of the

investigations into the market prospects for advanced heat pumps are

presented in Chapter 10. Institutional and other factors are discussed

in Chapter 11.

2.6 Primary Energy Resource Impact Study

The objective of this phase in the evaluation of heat pumps and

other HVAC systems was the assessment of their impact on primary fuel

resources - and particularly scarce fuel resources such as oil and natural

gas - due to penetration of these systems into residential and commercial

space conditioning markets. In order to assess these consequences,

estimates of primary fuel usage were first made in two ways: on the basis of

a single house or commercial building in each of the nine test cities

and on the basis of fuels and energy consumed per square foot of floor

space for the test buildings in each of the nine U.S. census regions.

By comparing primary energy resources consumed by the different HVAC

systems, specific HVAC systems capable of conserving scarce primary

fuels can be identified and an estimate made of the total quantities

of energy saved.

Primary energy consumption by space conditioning systems in each

of the nine cities was determined from calculated onsite fuels and electric
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energy consumption, taking into account such factors as electric generating

plant heat rates, and transmission and distribution losses. A single

energy value is produced, representing total equivalent primary energy

consumption. Conversion of onsite energy consumption to primary energy

consumption, by type of onsite fuel or electric energy used, was cal-

culated as follows:

o Electric energy: onsite consumption was increased by 9%
to account for transmission losses and then converted to
primary energy consumption using average generating plant
heat rates in the region in which the city is located;

o Natural gas: onsite consumption was increased by 8% to
account for distribution losses;

o Oil: no distribution losses were assumed.

Primary fuels and electric energy consumed on a census region basis

were also determined. The method used first correlated onsite energy

consumed by each HVAC system examined in each test city with a function

combining design load for the building, heating or cooling degree days

in each city and the difference between design temperature and comfort

temperature. A similar function is recommended by ASHRAE (1976) to

estimate seasonal fuel consumption for heating systems. This correlation

permits an estimate to be made of energy consumed by each HVAC system

for the residential and commercial building in each state, based upon

estimates of annual heating and cooling degree days for each state.

Weighted average heating and cooling degree days for each state were

calculated using the distribution of detached single family residences

and commercial buildings within each state as the weighting factor. The

estimated energy consumption by the different HVAC systems examined in

each state was then combined to obtain weighted average energy consumptions

for each of nine census regions, the weighting factor being the total
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number of detached single family residences or commercial buildings in

each state comprising a census region. Primary fuel and electric energy

consumption for each HVAC system in each census region was determined by

accounting for generation, transmission and distribution losses by

energy type as described above. However, the quantities of electric

energy produced at the generating station were converted into primary

fuels using published data on average fuel heating values and the seasonal

mix of primary fuel resources used by generating plants in each of the

nine census regions.

The final result of this process is a list consisting of the quantities

of each of three primary fuel resources (pounds of coal, gallons of oil,

cubic feet of natural gas) and two primary electric energy resources

(kWh of nuclear and hydroelectric energy) consumed by each HVAC system

examined in each of the nine census regions. These results are used in

conjunction with assumed market penetrations of each HVAC system for the

time period 1980-2000 to produce estimated quantities of primary resource

consumption.

2.7 Other Studies

In addition to the major phases of the study described in the

previous sections, other questions examined were, for example, the role

of heat pumps in solar energy building heating and cooling systems, the

effect of heat pumps on electric and gas utility load characteristics,

etc. Solar energy technology in building heating and cooling is probably

one of the most intensively investigated fields at the present time and

only an overview of some of the aspects pertinent to heat pumps is

provided. On the other hand, comprehensive and sufficiently penetrating
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studies of the effect of heat pumps on utility load characteristics have

not yet appeared in the literature. Unfortunately, although the tools

were available for a more thorough and quantitative investigation of

this issue, only a qualitative study fell within the scope of this

project.
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3. ELECTRIC HEAT PUMPS

3.1 Introduction

This chapter is concerned with the approaches to efficiency and

reliability improvement of electric heat pumps - the only type of heat

pump being manufactured and applied today in residential and light

commercial buildings. Emphasis in this chapter is on unitary equipment;

i.e., equipment manufactured in one or more complete assemblies designed

to be operated as a unit. Applied or "built-up" heat pump systems are

not considered in this report. However, the reader should note that

because these heat pumps are assembled from components at the building

site and because of the size (i.e. refrigeration tonnage) and the large

capital investment usually involved in single installations, large

built-up heat pump systems have frequently offered more opportunities

for innovative engineering and efficiency improvement than unitary

equipment. Indeed, many of the technical approaches that have been

suggested for improved efficiency of unitary heat pumps are already

being practiced in built up heat pump systems at the present time, as a

recent study has noted (Crane et al., 1976). On the other hand, unitary

equipment offers a more difficult challenge to the industry to improve

equipment performance and reliability at a cost which is competitive

with market alternatives.

The electric heat pump was commercially introduced in the early

1950's, although reports of construction and installation of experimental

units date back to the 1930's. At first conceived as little more than

air conditioner with a capability reversing the direction of refrigerant

flow in part of the refrigerant loop, the heat pump began its initial
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market penetration in the South where post-World-War-II affluence brought

about an increasing demand for comfort cooling. Since these areas also

have a small-to-moderate winter heating requirement, the ability to

offer electric cooling and heating in the same package seemed an ideal

way for electric utilities to improve or at least counter the deterioration

of their annual load factor and compete with then readily available

cheap gas heat.

The rest of the early history of the heat pump and the heat pump

industry is well known and needs no repetition here. What is less known

is that some manufacturers have made considerable progress in equipment

performance and reliability since the early days and, while still consid-

erable variation in product quality exists among manufacturers, efficient

and reliable heat pump equipment is now available (Gordian Associates,

1976). Especially notable have been the advances in energy efficiency

in the last several years, as this study will document.

3.2 Aspects of Electric Heat Pump Design and Operation

Before discussing the possibility of heat pump performance improvement,

it is necessary to review certain fundamental aspects of current heat

pump design and operation in order to understand why performance improvement

might be desirable in the first place. Since many sources of information

on fundamental principles of heat pumps are available (e.g. the ASHRAE

Handbook of Fundamentals or the several volumes of the Handbook and

Product Directory, this section will dispense with a discussion of ideal

thermodynamic cycles and proceed, instead, directly to the question of

capacity and efficiency variation with outdoor temperature.
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3.2.1 Capacity and Efficiency

It is well known that the heating and cooling capacity and coefficient

of performance of the electrically driven Rankine cycle heat pump vary

as functions of the outdoor temperature. Exhibit 3-1 shows the temperature

dependence of heat pump heating and cooling capacity, normalized by the

total rated cooling capacity at 95°F outdoor dry bulb temperature, for

air source equipment of three different manufacturers*. It is apparent

that the heating capacity of the heat pump decreases with a decrease in

the ambient temperature and the cooling capacity decreases with an

increase in the ambient temperature. This is just the reverse of the

temperature variation of the heating and cooling demand of most buildings.

Exhibit 3-2 shows the variation with ambient temperature of the heating

and cooling COP. Again, the heat pump is least efficient when the

heating or cooling demand is the greatest. A brief summary of the reasons

for this behavior is given below:

The thermodynamic cycle parameters of interest in determining the

performance o fa Rankine cycle heat pump are (a) the evaporator refrigeration

effect Hre, (b) the work of compression (adiabatic head) W and (c) the

condenser heat rejection Hc. The refrigeration effect is the specific

enthalpy difference between the compressor suction vapor and the evaporator

inlet fluid; the condenser heat rejection (which may include subcooling)

is the specific enthalpy difference between compressor discharge vapor

and condenser (or subcooler) effluent. Since these quantities are

* The data represent a General Electric 10 ton single package heat
pump, a Carrier 4 ton split system heat pump and a York 2 ton
split system heat pump.
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defined in terms of a function of state, they may be calculated from

measured values of refrigerant temperature and pressure (and quality, if

appropriate). As such they will be the same for an ideal or a real

cycle operating between the identical state points. The specific work

of compression, on the other hand, is path-dependent. If calculated on

the basis of an isentropic path, the appropriate compression nc and

mechanical efficiency nm must be applied; if from a polytropic path, the

appropriate index or indices must be known as well.

Since the above quantities are intensive, they must be multiplied

by the mass flow w of refrigerant circulating in order to get absolute

capacity and energy requirements. The actual mass flow of refrigerant

is given by w = p~lDnv. where p1 is the mass density at compressor inlet

conditions, D is the displacement rate (e.g. in cubic feet per hour) and

nv is the volumetric efficiency defined as the ratio of the actual to

the ideal mass flow rate. The displacement rate for a reciprocating

compressor is, of course, a function of the cylinder bore and piston

stroke, the number of cylinders and the cycle frequency. The volumetric

efficiency decreases with increasing fractional clearance volume c and

the 1/k power of the internal compression ratio r (k is the ratio of the

isobaric and isosteric specific heats of the gas in question.

In terms of the above quantities, then, the heat pump heating

capacity Qh is given approximately by

Qh = wHc
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whereas the cooling capacity is

Qc = wHre

In proper units, compressor horsepower is

Wact = wW/(ncnm)

to which must be added indoor and outdoor fan energy consumption in

order to get the total energy requirements (exclusive of supplemental

heat).

As a first approximation, it may be assumed that the condenser heat

rejection and evaporator refrigeration effect do not vary significantly

with temperature as follows:

o The specific work of compression (adiabatic head) increases
with compression ratio (raised to a fractional power) and
inlet gas temperature. Total power requirements increase
of course, with the mass flow rate of fluid being compresses;

o Fluid friction losses (in terms of power expended) increase
with gas density and the cube of the flow rate;

o Mechanical losses (e.g. piston and bearing friction) increase
with compression ratio.

In the heating mode, a decrease in compressor power requirements is

observed as the ambient temperature drops. This is the result of decreases

fluid and mechanical friction due to a lower fluid mass flow rate as

well as a decreased volumetric efficiency. In the cooling mode, the

same factors operate, although the temperature dependence is less

severe.

Valve, valve porting, internal piping and muffling pressure drops

are another consideration. The compressor "pumping" energy to overcome
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internal fluid friction losses varies as the product of the mass flow of

refrigerant fluid and the pressure drop (the latter increasing as the

square of fluid velocity - or flow rate, if the flow area remains constant).

In the above discussion, clearly the dependence on ambient temperature

of motor and other losses and thus the capacity and power requirements

have been neglected. The winding temperature of a hermetic motor cooled

by suction gas (as heat pump motors are) must clearly increase as the

ambient temperature drops since less mass flow of refrigerant is available

to cool the motor. A hotter motor means hotter suction gas entering the

compression cylinder and an increase in the specific work of compression.

The reason for the decrease of heat pump heating capacity and COP

with ambient temperature may be explained as follows: the lower the

ambient temperature of the air entering the outdoor coil (evaporator)

(Exhibit 3-3), the lower the evaporator temperature has to be to maintain

a sufficient temperature difference for heat transfer to the vaporizing

fluid. As the evaporator temperature drops, the evaporator equilibrium

pressure decreases but the compression ratio increases. The effect on

the refrigerant mass flow is thus twofold: (a) the inlet gas density

decreases due to a lower pressure (at roughly constant superheat) and

(b) the volumetric efficiency decreases due to a higher compression

ratio. The result is a lower mass flow of refrigerant and an increase

in the specific work of compression.

In the cooling mode (Exhibit 3-4), cooling capacity and COP decrease

as the outdoor temperature rises. The outdoor coil, now the condenser,

must be maintained at a temperature 10-15 degrees F higher than the

38



entering ambient air for adequate heat transfer. As the condensing

temperature rises with higher ambient temperature, the compression ratio

increases increasing the work of compression and decreasing the volumetric

efficiency. The attendant decrease in cooling capacity and COP is

compensated somewhat by the higher suction gas density.

The latent heat removal or dehumification capacity of the heat pump

also varies with temperature. When the evaporator (or indoor coil)

temperature is low (typically, say, 45-50 F), there exists a sufficient

vapor pressure difference between the warmer, more humid entering air

and the cooler stagnant vapor film over the condensed liquid water at

the coil surface to cause rapid mass transfer, the heat of water vapor

condensation being absorbed by the evaporating refrigerant along with

the sensible heat of the air being cooled. With increasing outdoor coil

temperature and increasing evaporator temperature indoors, the bulk air

to surface film water vapor pressure differential at the indoor coil

decreases and the dehumidification rate drops. That is, the latent heat

removal or cooling capacity of the heat pump decreases with increasing

outdoor temperature.* When the coil temperature approaches entering air

wet bulb temperature, moisture removal capability ceases. This fact is

of concern in assuring cooling comfort and may impose an upper limit on

the indoor heat exchanger size (and thus a limit on one means of efficiency

and capacity improvement).

* On the other hand, at given outdoor entering air temperature, the
total capacity is higher the higher the indoor wet bulb temperature
due to increased condensation rather than sensible heat transfer.
See the total and sensible cooling capacity curves in Exhibit 3-1.

39



3.2.2 Controls

Unitary heat pumps employ a number of controls for operational mode

activation and termination, motor-compressor protection, refrigerant

flow regulation, defrost initiation and termination, indoor and outdoor

temperature sensing and, in recent models, user's and servicer's diagnostics.

Developments in solid-state sensing and switching devices have substantially

increased the speed of response and reliability of motor protection

devices. Microprocessor technology, too, appears to be gaining a place

in small HVAC system control schemes, enabling the monitoring, analysis

and regulation of a larger number of parameters than before. For example,

the York CHAMPION heat pump (see York, 1975) uses a solid state logic

module which monitors the following:

o Air temperature entering outdoor coil (thermistor);

o Compressor discharge line temperature (thermistor);

o Liquid line temperature (thermistor);

o Pressure differential across outdoor coil (differential
pressure switch).

Other features provided includes an adjustable balance point

control, with settings in the 23-430F range, which prevents supplemental

resistant heat operation above the balance point (in lieu of a field-

installed outdoor thermostat). Plug-in contacts also allow interconnection

with a servicer's diagnostic device to facilitate corrective maintenance.

In addition to motor-protection and other devices having an obvious

effect on equipment reliability, several control elements (valves)

influence heat pump capacity. Therefore, some characteristics of cap-

illaries, thermostatic expansion valves and subooling valves will be

discussed below.
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A capillary tube (a small diameter coiled tube in the liquid line

leading to the coil serving as an evaporator) produces a pressure (and

corresponding temperature) drop in the entering fluid. Because the

capillary is basically a device which presents a fixed constriction to

refrigerant flow, it is unable to significantly adjust mass flow to

changing upstream or downstream pressure conditions in a manner desirable.

According to Copeland Corp. (1975), if a capillary on the outdoor unit

is sized to give 10-15 degrees F superheat at moderate evaporator temperature,

it will allow just enough liquid to pass at low evaporator temperature

to improve compressor cooling and oil return.*

A thermostatic expansion valve, on the other hand, varies the flow

constriction (pressure drop) to maintain a constant amount of superheat

in the evaporator effluent vapor. While thermostatic expansion valves

were in many cases earlier available only in the larger split-system

heat pump sizes, several manufacturers now use thermostatic expansion

valves for both the outdoor and indoor coil or for the outdoor coil only

in the smaller residential size equipment as well. Thermostatic expansion

valves are thought to provide better evaporator flow control, but at low

mass flows and low evaporator temperatures unduly restrict refrigerant

flow if set for constant superheat. The result is that the excess

liquid refrigerant not admitted into the evaporator is stored in the

condenser restricting the coil area available for condensation and

increasing condenser pressure.

* Note that the bulletin in question advocates use of a slight amount
of liquid flooding at low temperature to insure adequate cooling of
the motor-compressor.
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Thermostatic expansion valves use a metal diaphragm and a sensing fluid

charge, which may be a source of failure.

An additional refrigerant control sometimes incorporated in the

heat pump design is a pressure activated subcooling control valve. A

pressurized bulb senses the condenser effluent temperature from its set

point of 10-15°F from saturation temperature, hence the extent of liquid

subcooling.

3.2.3 Coil Freezing and Defrost

In the heating mode, the heat pump evaporator at certain conditions

of ambient dry and wet bulb temperature experiences coil freezing. Data

from General Electric, quoted by Wildin et al. (1977), show that the

highest number of defrost cycles seem to occur at air temperatures

between 320 and 40°F. Coil freezing seems not to occur, on the other

hand, if the relative humidity is below about 60%. Coil freezing can be

especially severe if sleet or rain blows onto the evaporator coil.

However, little is known quantitatively about conditions causing frost

formation, rates of frost layer and density increase and its effect on

heat transfer rates, although there has been some research on the subject

(Gates et al., 1967; Huffman and Sepsy, 1967; Parish and Sepsy, 1972).

While a moderate* amount of frost on the evaporator may, indeed,

enhance heat transfer through increased roughness-induced turbulence and

increased surface area, too much frost or ice can block or at least

* How much freezing can be tolerated is a matter of contention. One
controls manufacturer claims that up to about 75% coil air flow blockage
can be permitted as due to low mass flow rates on heating there is
excess coil area anyway (West, 1976).
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significantly reduce the air flow over the coil, allowing suction gas

temperatures to rise. At this point in the operation, a defrost cycle

has to be initiated-to remove the ice.

The most common method of defrosting the outdoor coil is by cycle

reversal; that is, the reversing valve is actuated and the heat pump is

switched from a heating to a cooling cycle, while resistance heating

elements are energized to temper the cold air being input to the conditioned

space. Defrosting is accomplished by the high temperature vapor from

the discharge side of the compressor entering and condensing in the

iced-over outdoor coil and requires on the average 3-5 minutes (but

sometimes longer) depending on the method of defrost control, heat pump

design and other factors.

Another method of defrost is also possible (and is actually employed

on the recently introduced Janitrol heat-only heat pump): injection of

hot discharge gas directly into the evaporator, bypassing the condenser

(Janitrol, 1976). This method has the advantage of not requiring cycle

reversal with the attendant reversal of high and low-pressure coils of

the system and the sudden surging of liquid into the accumulator and and

compressor. On the other hand, due to reduced heat transfer, longer

defrost cycles may result with a corresponding loss of efficiency.

3.2.4 Transient Operation

Although, in the past, theoretical performance analyses of heat

pump operation were usually carried out under the assumption of steady

state operation, actually much of the operation of the heat pump occurs

in the transient mode. This may be attributable to several factors, most

important among them being:
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o On-off cycling under conditions where heating or cooling
capacity exceeds demand;

o Cycle-reversal in the course of coil defrosting;

o Cycling induced by the thermostat dead-band (i.e. control
limits), inadequate heat delivery due to dirty air filters.etc.

Recent experiments conducted by the National Bureau of Standards

(Kelly and Bean, 1976; Parken et al., 1977) and elsewhere show that the

manufacturer's rated steady-state COP is achieved in actual operation

only when the heating or cooling load is high and the equipment is

operating near its maximum capacity. At low loads, the necessity for

overcoming thermal and mechanical inertia in the system apparently

consumes some of the energy otherwise available for heating or cooling.

Indeed, according to laboratory measurements by Parken and others, as

much as a 30% loss in actual over steady state heating or cooling COP

occurred at loads of 15-20% of the rated heating or cooling capacity.

At loads of the order of 80%, the difference was only 4-5%. A source of

efficiency loss on heating is, of course, coil freezing and periodic

defrost.

While Parken's measurements were obtained on a single 3-ton heat

pump and Kelly's on a 5 ton heat pump and thus may not accurately re-

flect the performance of equipment of other manufacturers, they, nevertheless

point out an important source of performance loss not widely recognized,

since analyses of heat pump instantaneous performance under part-load

conditions (e.g. at temperatures other than at which rated capacity is

achieved) assume that steady-state conditions are attained as far as the

equipment and its immediate surroundings are concerned.
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3.3 Approaches to Efficiency Improvement

It is apparent (cf. Section 3.2) that, while overall increases in

efficiency are not to be scoffed at, the improvement of low temperature

capacity as well as the COP of the heat pump is a must for more widespread

applications in colder regions.

The sources of thermodynamic inefficiency in a Rankine cycle heat

pump refrigeration loop have been well documented (see Spofford, 1959;

Dubberley, 1961; Ambrose, 1974) as have the general technical approaches

to overcoming them. In broad outline, they are as follows:

o Increase efficiency of refrigeration loop components,
decrease heat leaks and fluid pressure losses (e.g.
improve compressor and fan motor efficiency, increase
heat exchanger effectiveness, etc.);

o Improve thermodynamic "quality" of heat sources and (e.g.
evaporator-side thermal storage, air conditioner condenser
evaporative pre-cooling, etc.);

o Improve capacity modulation of heat pump to better conform
to building heating and cooling load.

Specific component or other improvements proposed fall into one or more

of the above categories.

In most but not all cases, the technology for accomplishing the

above improvements is either available or could be readily developed

provided a perception of sufficient market demand existed to support the

research and development required and that there was reasonable confidence

that the presumably higher first cost of the more efficient equipment

would not be a deterrent to purchase. In a limited number of cases, im-

provements must await the development of some critical device or system

(e.g. a variable speed mechanical gear system for a hermetic reciprocating

compressor).
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In recent months, a rather comprehensive analytical study of heat

pump efficiency and reliability improvement was completed by Westinghouse

(a major heat pump manufacturer) under EPRI sponsorship (see Kirschbaum

and Veyo, 1977). The study goes into considerable detail on the possible

"hardware" changes required for an optimal (in a life cycle cost sense)

electric heat pump for Albany, New York - Boston, Mass. -Denver, Colo.

climate (although some possible improvements are not described due to

"patent interest"). Given the detail of the study, there would seem to

be little purpose in our providing another "laundry list" of improvements.*

Instead, the sections following will simply summarize the available

technical literature on this subject and comment on aspects of special

interest.

3.3.1 Compressor Modifications

Hermetic compressor development appears to be directed toward (a)

improved reliability, (b) improved COP at all load conditions and (c)

improved low-temperature heating capacity. The paragraphs below will

attempt to summarize the various concepts that have been advanced.

Hermetic compressor losses are either mechanical or electrical in

nature. According to Massa and Ralph (1974) (see also ASHRAE, 1975),

major compressor losses are:

* A less detailed survey of possible heat pump advances was conducted
by Crane et al. (1976). However, most of the means for electric
heat pump eff-ciency improvement described appear to have been
taken from a paper by Comly et al. (1975) and the latter is recommended
for details.
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o 'Valve, valve port, suction and discharge tube and muffler
pressure drops;

o Internal leakage of discharge gas to suction side of
compressor;

o Friction, hermetic motor and compression cylinder conduction
heat losses to suction gas;

.o Valve inefficiencies (mechanical);

o Oil circulation work loss;

o Clearance volume (compressed gas re-expansion loss);

o Anisentropic compression.

Mechanical friction losses and other inefficiencies can be reduced by

valve and valve port redesign, reduction of bearing forces on contact

surfaces, etc. It is doubtful that much room for improvement exists in

the above areas, given a competent design to begin with. In addition,

better matching of motor torque-efficiency characteristics to loads

encountered especially in colder-climate heating operation, use of heat

shields between the compressor high and low pressure sides, use of

ringed instead of plug-type pistons is already being implemented or

considered (Massa and Ralph, 1974; Kirschbaum and Veyo, 1977). Minor

decreases in clearance volume may possibly be achieved by cylinder and

piston redesign. However, it is doubtful that much can be done to

improve isentropic efficiency (i.e. a closer approach to a reversible

adiabatic process), given the basic reciprocating compressor configuration

and materials of construction, since strength, durability, ease of

fabrication and cost are also important considerations.

Compressor efficiency may also be increased by elimination of

suction gas cooling of the hermetic motor and compressor. Riffe (1977)

of Westinghouse has proposed that desuperheated and partially condensed
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refrigerant be piped into a heat exchanger coil in the compressor oil

sump. Heat absorbed from the oil would be transported to the condenser

coil and supplied to the indoor air in the heating mode or rejected to

outdoor air in the cooling mode. Since motor cooling is now provided by

the oil, the suction gas can be introduced directly into the suction

muffler and cylinder head, rather than being directed over the motor

windings to provide motor cooling. This allows operation with cooler

(or less superheated) suction gas with an attendant decrease in compression

ratio and increased volumetric efficiency. A possible problem in implementing

the oil cooler concept is that in a heat pump the condenser or "high

side" coil is alternately the outdoor or indoor heat exchanger, depending

on whether the heat pump is in the cooling or heating mode, respectively.

This would obviously require a more complex plumbing and valving system.

Nevertheless, the idea may have merit in single-package heat pumps.

Application to split system heat pumps (especially with the compressor

in a separate package) may not be feasible.

Hermetic Motor Efficiency Improvement

Improved hermetic motor efficiency can also improve system COP and

capacity by reducing heat leakage to suction gas and the consequent loss

of volumetric efficiency. Motor maximum efficiencies are fusually 85%

or less for single-phase and 90% or less for three-phase motors normally

used in heat pump compressors. Motor efficiency can be improved by

increasing the "stack" height, providing more capacitance, using a

better (higher magnetic permeability) grade of steel in the stator and
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by a number of other modifications (Johnson, 1974). Kirschbaum and Veyo

(1977a) discuss the efficiency-torque characteristics of single and

3-phase hermetic motors. The authors imply that it might be possible to

get a closer match between the torque at which motor maximum efficiency

occurs and the load conditions representing most of the heating cycle

operating hours of the heat pump. However, it appears that little

opportunity exists for substantial electric motor efficiency improvement

without undue additional first costs. If, in addition, cost considerations

force manufacturers to substitute aluminum wire for copper in stator

windings, lower motor efficiency would result due to the lower electrical

conductivity of the former. Three phase motors have higher efficiency

than single phase motors; however, their use in equipment for residential

applications is impractical for obvious reasons.

One possible method for motor efficiency improvement is use of

ceramic-metallic composite core materials of higher magnetic permeability

than the iron in use today. However, discussions with one compressor

manufacturer indicate that this technology is at least five years from

realization.

3.3.2 Capacity Modulation

As was described in Section 3.3.1, only a limited degree of further

efficiency improvement appears to be possible with the basic constant-

speed hermetic reciprocating compressor design. However, even if these

improvements were realized there remains the basic problem of the mismatch

between the variation with ambient temperature of typical building heat

losses (or gains) and the heating (or cooling) capacity of the vapor
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compression cycle heat pump. This mismatch is the cause of basically

two types of efficiency losses: the loss due to the necessity for

supplementing the compressor at low outdoor temperatures with resistance

heat at a COP of 1 and (b) the loss due to equipment cycling* under part-

load operation. The former has been recognized for a long time in accounting

for energy consumption of buildings heated with heat pumps. Evidence

of the latter has only recently been published as a result of measurements

being carried out at the National Bureau of Standards (Kelly and Bean,

1976; Parken et al., 1977) and is not ordinarily factored into energy

estimation calculations. Hence, one method of heat pump efficiency improvement

is capacity modulation to conform with actual heating and cooling load

variation with ambient temperature.

Two-Speed Compressor

One method of compressor capacity modulation is by speed-halving,

i.e. by switching from a two-pole to a four-pole motor configuration.

Lennox Industries in 1973 introduced into their larger-tonnage unitary

air-conditioner line (Lennox News, 1973) a two-speed hermetic compressor

which generates 15 tons of refrigeration at a synchronous speed of 3600

rpm and 7.5 tons at a synchronous speed of 1800 rpm.** Claimed advantages

for this method of capacity control include reduction in mechanical

friction and refrigerant gas pressure drop losses, producing more than a

50% decrease in power requirements as capacity is halved (Cawley and

* Not all of the transient character of the capacity can be attributed
to the compressor, of course. Heat exchangers, fans, thermostats all
have their transients as well. Another cause of efficiency loss is the
effect of frost on heat transfer.

** Rated at 45°F evaporator, 125°F condenser, 65°F return gas and zero
subcooling temperature.
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Pfarrer, 1974). An additional benefit appears to be increased life of

refrigeration oil due to lower average discharge temperatures in two-

speed mode operation.

The two-speed compressor in question utilizes a 3-phase motor.

Recently, the company developed a single-phase two-speed hermetic motor

as well and has introduced a 3½2 ton two-speed air conditioner utilizing

this technology (Lennox, 1977).

While no manufacturer appears to have as yet introduced a two-speed

compressor in a heat pump line*, contacts with several indicate that

prototype two-speed heat pumps are now being field tested.

Other methods of capacity modulation have also been employed in

commercial-size unitary air conditioners. These include cylinder unloading

by suction valve lifting mechanisms, discharge gas bypass to the evaporator

and compressor discharge-to-suction side pressure equalization. The second

method, it should be noted, bypasses the condenser and produces

no power reduction at all (Cheney, 1974.). While these methods may

reduce the compressor pressure ratio and thus the work of compression,

only speed-variation of the methods discussed can reduce mechanical and

fluid friction. Thus, the two-speed compressor is reported to improve

compressor rated EER by 3.3% whereas a cylinder unloaded compressor sustained

a 32% EER loss in going from full to half-capacity operation (Lennox News,

1973).

* As the final draft of this report was being completed Lennox Industries
announced the introduction of a two-speed single-phase heat pump for
residential applications.
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The Rotary Compressor

Although most of the unitary heat pump manufacturers utilize

welded hermetic reciprocating motor compressors in their heat pump

equipment, Fedders has introduced a split system product with a welded

hermetic rotary motor compressor (Boxer, 1976). Advantages claimed for

the rotary as opposed to the reciprocating positive displacement com-

pressor are (a) simplicity of construction (fewer moving parts, more

rugged rotor, single discharge valve, etc.), (b) better ability to withstand

liquid slugging and (c) denser suction gas as suction gas motor cooling

is not used. The greater amount of refrigeration oil claimed as a benefit

as far as compressor protection is concerned can serve to reduce refriger-

ation capacity and efficiency elsewhere in the system by decreasing

evaporation rates and inhibiting heat transfer. Other disadvantages of

the rotary compressor are (a) the greater possibility of leakage of

high pressure gas to the low pressure side past rotor and vane clearances,

(b) greater heat losses to ambient air due to a "hot shell" design

(in the case in question) and (c) the possibility of clearance volume

increases (with attendant volumetric efficiency loss) due to vane

and system wear. According to Kirschbaum and Veyo (1977c), the

rotary compressor is being considered by other heat pump manufacturers

for possible adoption in the heat pump.
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3.3.3 Heat Exchanger Effectiveness

Since thermal effectiveness is a measure of the thermodynamic

availability loss in a heat exchanger, improved heat exchange is clearly

one means for improving overall system performance. Heat exchanger

effectiveness for an evaporator or a condenser is an exponential function

of the number of heat transfer units UA, where U is a suitably averaged

overall air-side based heat transfer coefficient and A is the corresponding

heat transfer area; that is e=E (UA; geometry), cf. Kays and London

(1964). Hence, increasing the overall heat transfer coefficient (e.g.

by increased air flow - since the air-side heat transfer resistance is

liable to be controlling in most cases of practical interest) or the

coil area will produce the desired result.

Taking up first the question of increasing the coil area, it should

be noted that this, indeed, is what many manufacturers have been doing

in the last several years. According to West (1976), outdoor coil areas

of some manufacturers' equipment have nearly doubled since 1973. Comparing,

for example, General Electric Co.'s new high-efficiency (1977) WEATHERTRON

"Executive" heat pump with its earlier (1976) 2-ton heat pump, nearly

60% more coil face area per Btu's of nominal (cooling) capacity is

provided with the newer model, as shown below:
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Trends in Electric Heat Pump Heat Exchanger
Area as Contributor to Higher COP*

1976-Model 1977-Model

Nominal cooling capacity, Btuh 24,000 26,000

Outdoor coil face area, ft2 8.5 14.5

Face area/capacity ratio,
(ft2/Btuh) X 104 3.5 5.6

Heating COP
17°F 1.6 1.9
47°F 2.5 2.7

Cooling EER, 95°F 7.0 8.1

Increasing the coil area obviously increases heat exchanger cost.

Besides cost, however, there are other limitations to increasing the

size of the heat exchangers. Pietsch (1974) has discussed the problem

of decreased dehumidification capacity in the cooling mode resulting

from a larger indoor coil and an attendant higher coil temperature.

Increasing the outdoor coil (the condenser, in the cooling mode)

requires an increased amount of refrigerant charge. According to Pietsch,

empirical data on system reliability show loss of reliability beyond a

certain charge quantity (due in part to increased probability of liquid

slugging). Hence, this approach has its restrictions.

Increased airflow (i.e. coil face velocity) for both the indoor and

outdoor coil is also a means of improving heat exchanger effectiveness

through its effect on U, the overall heat transfer coefficient. Since

the refrigerant side condensing or boiling heat transfer coefficient is

much greater than on the air side*, the air side film coefficient is

controlling, i.e. U"hair, the latter varying approximately as the eight-

tenths power of the face velocity, hair ~ u 0.8. Fan power, however,

* Not all of the COP improvement shown is, of course, attributable solely
to increased coil area.
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increases as the cube of the air flow and increased noise is also a con-

sideration. If the coil in question is the indoor coil, chill drafts

and condensate blow-off in the cooling mode are a possible problem as

well as the fact that most heat pump indoor coils already approach the

ARI maximum of 37.5 cfm per 1000 Btuh, according to Pietsch.

3.3.4 Fan Efficiency and Power Requirements

Another major source of energy loss* is outdoor and indoor fan

power consumption; hence decreasing fan power requirements is bound to

improve the COP. Fan "air watts" are a product of heat exchanger pressure

drop and volumetric air flow rate and thus vary as the cube of air

velocity. Fan power is the product of the "air-watts" times the reciprocal

of the motor efficiency. In Section 3.3.3 it was noted that the heat

transfericoefficient increases (which is one way of increasing coil

effectiveness) must come at the expense of increases air velocity,

which means increasing the air side pressure drop and the fan power

requirements. On the other hand, it may be possible to maintain the

normal capacity with a slower larger-diameter fan at considerable

savings in power, as is illustrated in the following comparison of the

General Electric 1977 high-efficiency or "Executive" heat pump to its

1976 model in Exhibit 3-5.

*While obviously necessary to provide air movement in a practical system,
fan power represents,another source of loss of thermodynamic availability
in implementing an ideal Rankine cycle heat pump.
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3.4 Other Electric Air-Source Heat Pump Concepts

The previous sections have concentrated on conventional (i.e.

resistance heat supplemented heating and cooling mode) heat pump design

characteristics and efficiency improvement. This section focuses on

some interesting variations, dealing with hybrid heat pumps (i.e. those

using combustion sources as supplemental heat), heat-only heat pumps and

other types.

3.4.1 Heat Pumps with Combustion Supplemental Heat

Heat pumps using a combustion furnace for supplemental heat (termed

"hybrid" heat pumps in this report), introduced a number of years ago,

seem to be attracting increased market interest for principally two

reasons:

o Hybrid heat pumps are applicable to the refit market as
add-ons to existing gas or oil furnaces*;

o Hybrid heat pumps have a better annual load factor (ratio
of average power demand to peak demand) than resistance
heat supplemented heat pumps.**

With the exception of certain control components designed to regulate

compressor and furnace operation, essentially standard split-system heat

pump components are utilized: a heat pump outdoor unit with fan and

heat exchanger, the compressor (a separate unit in some models) and the

conditioning or indoor coil for the air handler. The system is operated

in the heat pump mode above the balance point, the furnace being switched

* Hybrid heat pumps are designed to be added on to electric as well
as combustion furnaces. However, only the latter applications
are nf interest here.

*While a combustion-supplemented or hybrid heat pump clearly alleviates
the low electric load factor problem of a resistance-heat-supplemented
heat pump, it decreases the load factor of the gas furnace (if that is
the fuel used) by reducing overall gas consumption without affecting
the peak demand. Nevertheless, in a period of diminishing gas (and oil)
supplies, allowing the gas utility or fuel oil distributor to "stretch"
his full supply among his existing customers (and thus stay in business)
may be a potential benefit.

56



on when supplementary heat or air-tempering is required during the heat

pump defrosting. Present generation models switch the compressor off completely

below the balance point (Lennox, 1976; Carrier, 1976). However, improved

models being developed would permit alternating heat pump compressor and

furnace operation (to a low temperature - say 0°F).

Thus, technology is obviously of especial interest in colder climates,

where the traditional means of heating existing buildings is largely

natural gas, LPG or fuel oil, but a requirement for comfort air-conditioning

(say, as an add-on) arises. Even in the coldest climates, there are a

sufficient number of heating days above the balance point of a con-

ventionally-sized heat pump to make this system worthy of consideration.

3.4.2 Heat-Only Heat Pump

Another development of interest is the heat-only heat pump. In

Europe, the heat-only heat pump, as an alternative to electric resistance

heat, is basically the only type of heat pump under consideration as

air-conditioning is not a widespread requirement there (Philips Research,

1977; Fikri, 1975). In the United States, Janitrol (now a division of

Tappan Co.) has introduced a single size (37,000 Btuh nominal cooling

capacity) heat-only heat pump designed as mainly an add-on to a resistance

or combustion furnace

(Janitrol, 1976).

Features of interest in the Janitrol heat-only heat pump, the

WATTSAVER, are use of compress or discharge gas for evaporator defrost

(instead of hot condensing liquid) and the fact that having to design

for heating mode operation only enables the engineer to use certain
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appraoches to achieve high heating COP but which might be detrimental to

cooling performance in a conventional heat pump. Indeed, the heat only

heat pump, compared to conventional ones, shows superior low and high

temperature heating performance, as may be seen from the table below:

Comparison of Heat-Only Heat pump with
Conventional Heat Pumps

Nominal Heating
Capacity at 47°F COP

Btuh 17°F 47°F

Heat-only 37,000 2.3 3.2
Conventional A 37,500 2.1 2.8
Conventional B 39,000 2.0 2.8
Conventional C 37,500 2.1 3.1

Sources: Carrier Corp., Janitrol, General Electric and York technical
bulletins.

One possible difficulty, indeed the major one, to a heat-only heat pump

approach is that the first cost, which for a conventional heat pump can

be paid off through energy savings over the entire year, must be re-

covered over heating season operation only. Hence, the cost-effectiveness

of this system in comparison to alternatives is open to question, unless

subsequent designs can effect substantial cost reductions. However,

this question is outside the scope of this chapter.

3.4.3 An Advanced Concept Air-Source Heat Pump

An innovative heat pump design has been developed by Mechanical

Technology Inc. Originally destined for mobile home applications, the concept*

is now being developed for application to small (i.e. of the 1200 ft2 heated

area) "energy-efficient" site-built residential housing as well (MTI, 1976).

* Because of secrecy agreement with the developers, the authors cannot
provide a description of this project herein.
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The MTI heat pump represents quite a radical departure from conventional

electric heat pump designs. Features of interest are unfortunately pro-

prietary and cannot be described further here, except that unconventional

heat exchange and compression concepts are used.

Possible disadvantages of this approach are (a) that the compressor

is of the open type (i.e. refrigerant loop is not hermetic) and a dynamic

shaft seal is required, (b) the design involves high bearing stresses

and starting torque and (c) interior thermal leakage from the cold to

the hot side via the metal shell. Nevertheless, further development of

this and successive generations of this machine should prove interesting.

3.5 Water and Dual Source Heat Pumps

Although most of the unitary equipment manufactured and installed

in this country is of the air-to-air type, water source (e.g. water-to-

air) heat pumps are growing in market importance because of their adaptability

to water-based solar heating systems, to multizone or multi-unit applications

where energy recovery is a possibility and because of certain other

inherent technically attractive features*.

First, water source equipment offers higher COP's (and a smaller

variation of COP with source temperature), at least in principle, since

the source temperature is maintained at 32°F of higher**. The source

of the heated water may be lake, river or well water (sources with

obvious limitations in terms of availability, equipment cost, etc.), a

solar or off-peak thermal storage system or, usually in commercial or

* Water-to-water heat pumps are common in applied or built-up heat pump
installations where internal heat sources or heat or cold reclaim is possible.

** If this has to be accomplished by use of resistance heating of the water,
theoverall COP will be no greater than one.
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multi-unit residential installations, a common water loop for heat and

cold reclaiming.

A second desirable feature has already been mentioned: compatibility

with a water tank thermal storage system. This allows a water-source heat

pump* to be used in solar heating or cooling systems or otherwise utilize

thermal;storage (say, for load management). Water source heat pump

evaporator coils do not experience frost problems (unless ice-making

is a design feature of the system), a factor further contributing to

their high seasonal efficiency.

In solar heating and cooling system application, water-source heat

pumps suffer from a limitation in that condenser heat on the cooling

cycle must be rejected to water or in the absence of a water-based heat

sink, to air via an air-cooled heat exchanger**. This latter requirement

may involve additional fan or pumping power diminishing the COP.

A dual (water and air) source heat pump circumvents these disadvantages

in that the heating cycle evaporator heat exchanger can be immersed in

water or air. This enables the water loop to be used during at

least that part of the heating cycle when the water temperature exceeds

that of the ambient air and the air coil to be used in warm heating weather

or for cooling operation. Several major manufacturers are believed to be

developing dual-source heat pumps; however, no major manufacturer has this

equipment on the market at the present time.

* An example of water-source heat pump application is the Annual Cycle
Energy System (ACES), now being demonstrated at the University of
Tennessee (see Fischer, 1977). However, the cost-effectiveness of this
type of system for residential buildings has yet to be demonstrated.

** In some cases, nocturnal heat rejection by evaporation or thermal
radiation to the night sky is a possibility as well. Again however,
auxiliary power consumption is usually involved.
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3.6 Brayton Heat Pump

The electric heat pumps previously described utilize a fluorocarbon

refrigerant-based Rankine cycle as the refrigeration system. However,

other refrigeration cycles obviously also exist and are suitable for

heat pumping, at least in theory. Some of them have been used in aircraft

air conditioning. The Brayton refrigeration cycle, for example, uses a

permanent gas (e.g. air) which in the ideal cycle is compressed and

expanded isentropically, the heat exchange processes being isobaric

(e.g. Wurm, 1974). The Wurm report has analyzed Brayton cycle machines

in great detail from both the theoretical and practically achievable

performance standpoints. In this section, a rather novel air-cycle

machine is described which is under development by Rovac Corporation

for automobile air-conditioning applications, but is also under consideration

for residential heat pumping.*

The Rovac heat pump consists of an elliptic-cylinder-shaped stator

housing, in which rotates a circular rotor. The rotor has a series of

radial vanes which are controlled to maintain near contact (to ± 0.001

inch) with the stator wall as the rotor rotates. In the closed system

design version, a cooler and heater heat exchanger is employed, as well

as a regenerator (Rovac, 1976). The stator-rotor system, called the

CIRCULATOR, forms a compressor-expander unit which, togther with the

heat exchangers, constitute the closed refrigeration loop. The rotor

is shaft-driven by an external power source - an automobile engine in

the automobile air conditioning version.

* Laboratory versions of the Rovac heat pump are driven by an electric
motor through an external shaft. For this reason, the system is considered
to be an electric heat pump. The original version of the Rovac system was
designed as an automobile air-conditioner to be driven by a power take-off
from the automobile engine.
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A novel feature of the Rovac system is the injection of water in the

compression and expansion sections of the CIRCULATOR for added efficiency.

Evidently the water vaporizes during the compression stage, keeping its

temperature rise down; on entering the expander it condenses (and even

freezes). Advantages claimed for this system (other than that fluoro-

carbons are not used) are high COP's (2.6 at 17°F; 3.4 at 47°F; and EER 11.9)

for the electrically driven residential unit and ease of capacity modulation

by pressure ratio change.

Possible disadvantages of this approach are (a) the non-hermetic

refrigerant loop, (b) the necessity for more heat exchanger surface due

to the sensible heat transfer processes of the air cycle refrigeration

machine, and (c) the problem of heat leakage, seals and wear of the rotary

compressor-expander. The above heat pump COP's are projected; for the

automotive air conditioner now being tested the EER was lower.
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3.7 Summary

The post-Arab-oil-embargo years have seen rapid development in

unitary electric heat pumps. However, a number of exiting possibilities

for further development still lie ahead as market demand for electric

heat pumps expands and heat pump research and development intensifies

under competitive and, possibly, government pressures. Most of this

development will no doubt be undertaken by the industry as part of

normal product evolution and improvement.

Increased sensitivity of the manufacturers to the problem of low

load factor that the resistance heat supplemented electric heat pump

presents to the utility (and the projection that increased numbers of

electric utility systems in this country will be winter-peaking by 1980

due to growth of electric heating load) appears to be encouraging the

search for other means of supplementing the capacity of the Rankine

cycle heat pump at low outdoor temperature. A number of manufacturers

have developed and introduced heat pumps that may be added on to gas or

oil warm air furnaces - the latter then supplying the supplementary heat

during peak heating hours. Another possible solution, now being intensively

researched, is thermal storage as a means of load management. It is

believed that the emerging demand charges for residential electric

service may spur this development, although in some cases the goals of

demand reduction and energy usage reduction may not be entirely compatible.

Thermal heat or cold storage systems (unless in the conditioned space)

would be subject to heat leaks to or from the surroundings and may decrease

the efficiency of a heat pump at the expense of improving its load factor.
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If the storage is replenished solely via the heat pump cycle, as opposed

to reliance on resistance heat, this efficiency decrease may not in fact

occur.
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EXHIBIT 3-1

NORMALIZED HEATING AND COOLING CAPACITY OF TYPICAL HEAT PUMPS
(Based on Total Cooling Capacity at 95oF Outdoors)
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EXHIBIT 3-2

HEAT PUMP HEATING AND COOLING COP
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EXHIBIT 3-3

HEAT PUMP REFRIGERANT LOOP SCHEMATIC-HEATING MODE
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Source: Westinghouse Electric Corporation (by permission).



EXHIBIT 3-4

HEAT PUMP REFRIGERANT LOOP SCHEMATIC-COOLING MODE
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EXHIBIT 3-5

DECREASED OUTDOOR FAN POWER AS CONTRIBUTOR TO HIGHER COP*

1976-Model 1977-Model

Nominal cooling capacity, Btuh 24,000 26,000

Outdoor fan (propeller):**
Diameter, inches 18 22
Motor horsepower 1/3 1/6
Motor speed, rpm 1075 825
Airflow at O"w.g., cfm 2600 2550

Outdoor coil:
Face area, ft2 8.5 14.5
Face velocity, ft/min 301 176

Heating COP
170 1.6 1.9
470 2.5 2.7

Cooling EER, 95°F 7.0 8.1

* Not all of the COP improvement shown is, of course, attributable to
decreased outdoor fan energy.

** No change in indoor fan, which is centrifugal, 9"X9", 1075 rpm and
has a 1/4 horsepower motor. Rated air flow 800 cfm.
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4. THERMAL ENGINE HEAT PUMPS

4.1 Introduction

Although the electric heat pump employs an electric induction motor

hermetically sealed into the refrigerant loop to drive the Rankine cycle

compressor, clearly other means of providing compressor shaft power can

be used as well. Indeed, using a prime mover such as a thermal engine

as a power source has the considerable advantage in that engine waste

heat rejected in coolant or exhaust gas can be used to supplement the

refrigeration cycle output in the heating mode, thus substantially

increasing the overall on-site system COP. On the other hand, the extra

heat produced becomes a liability in the cooling mode in that it has to

be rejected without significantly diminishing the refrigerating capacity

of the system.

This chapter discusses a number of new heat pump concepts using an

on-site thermal engine as a prime mover to drive a refrigeration machine.

In most cases of interest, the latter is of the usual Rankine cycle

type; in some cases, a cycle operating entirely in the gas phase is

treated. It should be noted that none of the heat pumps discussed have

been completely assembled and tested at the time of this writing,

although in a number of cases a substantial amount of development work

has already been accomplished.

4.2 Aspects of Thermal Engine Heat Pump Design and Operation

Some generally applicable considerations in the design and operating

characteristics of thermal engine heat pumps will be noted before discussion

of specific heat pump concepts in Section 4.3. Use has been made of a
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number of comprehensive discussions on this subject published by Wurm

and Rush (1975), Wurm et al. (1976), Colosimo (1976) and an AGA research

project report edited by Wurm (1974).

4.2.1 Advantages

Depending on the particular prime mover or refrigeration cycle

contemplated, thermal engine heat pumps have a number of significant

advantages in comparison to, say, electric heat pumps. The major ones

are listed below:

o High overall efficiency (in a primary energy sense) in
comparison to state-of-the-art electric heat pumps in
heating mode and gas or oil furnaces;

o Ability to utilize prime mover waste heat to supplement
refrigeration cycle on heating mode;

o Capability to modulate heat pump capacity by varying fuel
input rate to prime mover;

o Availability of on-site waste heat for evaporator defrost;

o Adaptability to total-energy systems or for operation
independent of utility lines.

Some of these characteristics are discussed further below:

The major inducement to thermal engine heat pump development is, of

course, the high combination engine efficiency and refrigeration cycle

coefficient of performance obtainable in principle. Waste heat utilization

on-site, facilitated defrost, ability to modulate capacity - all add to

high seasonal performance in the heating mode. In the cooling mode,

electric heat pumps have certain advantages, but it is possible to

design a thermal engine heat pump to "hold its own" on cooling as well.

Prime movers, especially turbomachinery, are relatively easily

speed-modulated by controlling fuel flow to the combustor or bypassing
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some of the power fluid around the prime mover. This allows easier
/

modulation of heat pump capacity than with alternating current induction

motors presently employed in electric heat pumps.

Having a source of waste heat on-site not only makes supplemental

heat available for augmentation of the output but allows its use for

efficient evaporator coil defrosting in the heating mode. This may

potentially eliminate what is frequently a major reliability problem

with electric heat pumps as well as a cause of some efficiency loss.

4.2.2 Disadvantages

Significant disadvantages applicable in general to thermal engine

heat pumps, in contrast to electric heat pumps or gas or oil furnaces,

are listed below. As before, these apply to varying degrees depending

on the particular system being considered.

o Requirement to reject prime mover waste heat in the
cooling mode;

o Greater system complexity which could result in potentially
higher system cost and lower reliability;

o Difficulty in designing totally hermetic refrigeration
system;

o Aggravated noise and pollution problems due to on-site
prime mover operation and fuel combustion;

o Dependence on availability of scarce fossil fuels (natural
gas, fuel oil).

In elaboration of some of the disadvantages listed above, it should

be noted that the 'act of having a fuel-burning prime mover on site, while

highly advantageous in the heating mode, becomes a decided liability on

cooling in that additional heat transfer surface, and pump or fan energy is
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required to reject engine waste heat. (Obviously, some of that heat

could be utilized for service hot water heating, but at the price of

increased complexity.)

Experience with small residential and commercial HVAC and refrigeration

systems has shown that hermetic systems are preferred from a reliability

standpoint. In systems that operate above atmospheric pressure, refrigerant

charge leakage is a possibility. In systems that operate at sub-atmospheric

pressure, infiltration of air (or possibly other fluids) can occur.

Noncondensible gases in condensers, especially, tend to diffuse to and

form a film adjacent to the condenser wall thus increasing the inside

film resistance to heat transfer (Eckert and Drake, 1972).

With an on-site prime mover, design of a hermetic refrigerant loop

becomes difficult although not impossible. One solution is to use a

magnetic coupling, as in the Brayton-Rankine case (see Section 4.4).

While eliminating a shaft, the mass of magnetic material required to

transmit sufficient power at minimum slip may be significant in relation

to the rest of the rotating group*, thus increasing the polar moment of

inertia of the shaft and lowering the critical rotational speed at the

onset of shaft whirl. However, this may not be as serious a constraint

as it might appear, as the Brayton-Rankine system, which transmits 13 hp

across a samarium-cobalt coupling, is designed to operate at speeds up

to 90,000 rpm (1,500 Hz).

* Because of frequent direction reversals, it is anticipated that a
magnetic coupling of a linear engine to a reciprocating load is
less practical.
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Another interesting solution to this problem-is evident in the

design of the (linear) free-piston Stirling-Rankine heat pump. This

design employs an inertial compressor consisting of a cyclindrical

refrigerant compressor housing rigidly connected to the power piston.

The cylinder contains a free inertial mass, the compressor piston, which

compresses the refrigerant vapor as the housing reciprocates. The

refrigerant suction and discharge lines are in the form of tubilar

helical springs which extend and contract with the motion of the compression

cylinder. Some possible problems with this design may be (a) lack of

sufficient gas pressure or "spring" in the heating mode to bounce back

the inertial piston due to the lower mass density of the refrigerant and

(b) suction and discharge tube failure due to large number of flexing

cycles encountered over the expected operating life of the equipment.

Rotating high-speed machinery or unbalanced engine-compressors are

bound to increase noise and vibration levels over hermetic electric

motor compressors or gas furnaces. Much of this noise can be eliminated

in a closed-system design, proper vibration damping and sound insulation,

but again at some increased cost. On-site fuel combustion may increase

CO, NOx and particulate emission levels unless an existing furnace

burning the same fuel is being replaced. Again, these problems are

amenable to design solutions.

Another limitation of a combination on-site prime mover and heat

pump is the greater system complexity, in most cases, in comparison to

an electric heat pump. This is not to say that an elegantly simple

design such as the free-piston Stirling engine compressor with only
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three moving parts (in the engine compressor) is not possible but, in

general, practical thermal engine heat pump designs have to have:

o Two different working fluids, requiring their sealing and
isolation from each other;

o Large number of moving machined surfaces requiring
machining to close tolerances and lubrication (most heat
pump concepts use refrigerant oil, but the engine lubrication
may be dry);

o Several thrust and journal bearings;

o Feed pumps or blowers, engine coolant pumps;

o Engine as well as heat pump control devices;

o A separate starting system in some cases;

o Materials to withstand high static or dynamic operating
stresses at high temperature.

This increased complexity is likely to result in a high-first-cost

equipment and potential problems of system and component reliability,

especially in a product that is expected to operate essentially maintenance-

free and unattended for a long time.

Any new technology dependent on specific and scarce fuels such as

natural gas or oil is liable to increase consumption of and dependence

on these fuels in comparison to electrically driven machinery, unless

only replacements of existing installations are contemplated. If, in

addition, coal is to be the source of gas (or oil), the results of a

recent study by Booz Allen (1976), properly interpreted, suggest that

some if not all of the efficiency advantage of thermal engine heat pumps

may be lost due to inefficiency of coal conversion. This point will be

addressed further in Chapter 12.
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4.3 Description of Some Engines and Heat Pump Cycles

Having discussed some general advantages and disadvantages of

thermal engine heat pumps, some specific embodiments of prime movers and

refrigeration machines will be described * for purposes of illustration.

The discussion is not intended as comprehensive or exhaustive. Thermal

engine heat pumps to be discussed include the following:

o Stirling-Rankine heat pump

o Rankine-Rankine heat pump

o Brayton-Rankine heat pump

o Otto-Rankine heat pump

o Ericsson-Ericsson heat pump

Exhibit 4-1 summarizes some pertinent characteristics of the above

prototype systems under development. Information available on the last

two of the above is of a very preliminary nature at this time.

4.3.1 Stirling-Rankine Heat Pump

An example of a Stirling cycle engine driving a Rankine cycle heat

pump is the system under development by General Electric Company's Space

Division.* The prototype is to have a nominal rated cooling capacity of

36,000 Btuh (3 tons) and a heating capacity of 64,000 Btuh (at 47°F).

* These descriptions are based on best information made available to us
at the time of the investigation and are believed to be accurate. However,
not all details and data were available for inspection. It is also ex-
pected that design concepts may have changed since the time our visits
were made or that further development may have changed some aspects
of the projects discussed herein.

** Other participants in the project are AGA and ERDA.
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The prime mover is a (linear) free piston Stirling engine described in a

number of technical articles by the inventor and his coworkers (Beale,

et al., 1973). Primarily residential applications are contemplated, but

the system appears amenable to scale-up.

A schematic diagram of the Stirling-Rankine heat pump refrigeration

loop is shown in Exhibit 4-2, based on a report by the sponsoring organi-

zation*, AGA (Colosimo, 1976). The system is shown in heating mode

operation. The engine is cooled by a water-glycol mixture which also

recovers additional waste heat from the combustor exhaust gas. The

coolant then rejects the heat via an additional heat exchanger to the

indoor air (as supplementary heat) in the heating mode or to the outdoor

air in the cooling mode.

Exhibit 4-3 shows the details of the prototype engine-inertial

compressor unit. The engine working fluid is helium heated by a gas

combustor in an external combustion chamber. As already mentioned, the

refrigerant loop is completely hermetic. The refrigerant is R-22.

The most significant advantage of the Stirling engine as a heat

pump prime mover lies in the high theoretical efficiency attainable in

principle. Unlike most of the other engines discussed in Chapter 4, the

theoretical efficiency of the Stirling engine equals that of the Carnot

engine at the same source and sink temperatures (Walker, 1973). Although

it is no more possible to build an ideal Stirling machine than a Carnot

machine, the former can be more closely approximated in real "hardware."

As a result, the design overall engine efficiency of the free piston

engine is about 32% in the configuration contemplated for the heat pump

* A review article on this project was recently published by Sarkes
et al. (1977), much of it based on the earlier Colosimo paper.
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unit. However, according to Beale (1976), efficiencies as high as 48%

have been achieved in experimental engines in his laboratory.

As indicated in Exhibit 4-1, the 3 kW engine, which is the size

required to power a 2 or 3 ton heat pump, would operate at a reciprocating

frequency of about 30 Hertz. According to Beale et al. (1973), the

frequency of the engine is proportional to (kA2Po/mV)0' 5 where k is the

ratio of the isobaric to the isosteric heat capacity of the charge gas,

A is the piston area, Po is the charge pressure, m is the mass of the

piston and V is the volume of the working gas. Hence, engine power

increases approximately as the 1.5 power of the charge pressure.

The specfic work per cycle is a function of the operating pressure ratio.

To modulate the engine, one would have to vary the charge pressure,

keeping the temperature as high as possible for high efficiency. While

this might be accomplished by having an external reservoir of charge gas

connected to the working space, the complexity of the arrangement and

the required controls might make the approach unattractive. According

to General Electric, the present approach is to cycle the engine-heat

pump on and off, rather than modulate the capacity (at least significantly),

however, nothing inherent in the basic engine-compressor design would

preclude speed-modulation in principle.

The free piston engine itself has only two moving parts, the com-

pressor, one, making for potentially high reliability. The design

appears to facilitate quick disassembly for preventive or corrective

maintenance. No oil lubrication system is required for the prime mover

since the carbon-graphite bearing surfaces used are self-lubricating.

This makes for simpler, less costly system. The refrigeration loop has
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lubricating oil, but this may ultimately be eliminated in a commercial

product. The free-piston engine in a vertical configuration is self-

starting for a horizontal engine, a starting mechanism is required.

Since the engine cycle is a closed one (i.e. uses an external combustion

system) gas, oil or even solid fuel can be utilized. Indeed, any sufficiently

intense source of thermal energy (e.g. solar radiation) capable of

producing the required hot end temperatures may be substituted for the

combustor. The engine CO emissions (when burning gas) are believed to

be comparable to and NOx emissions are lower than those of a gas furnace.

Engine operation is noise free; thus external muffling is not required.

(The Beale free-piston engine is not balanced and hence requires appropriate

mounting.)

On the other hand, a number of potential problem areas exist requiring

further development. For example, the decreased refrigerant pressure

during heating mode operation apparently produced insufficient "gas

spring" to prevent the inertial compressor piston from banging against

the ends of the compressor housing. According to W. Beale of Sunpower

Inc., possible solutions to the "gas spring" problem can be found: e.g.

an expandable compressor piston, a gas bypass around the piston, etc.

Whether this problem has been solved is not known.

Engine hot end materials are required to withstand helium tem-

peratures of 1200°F and pressures as high as 1050 psig. This places

stringent requirements on materials of construction. While the engine-

compressor has only three moving parts, close tolerances to minimize yaw

of piston and displacer and low dead volume are critical if design

efficiency is to be achieved. The ability of helical spring compressor
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suction and discharge tube joints to withstand an estimated 6-7 billion

flexures has to be proven.* It should be noted that the control over

engine operation does not appear to be "positive" in the sense of control

over internal combustion engines or electric motors. The engine may

continue to operate after the fuel supply is cut off apparently until

the hot end cools down sufficiently. Experimental engines have been

observed to develop abnormal vibrations (shaking) in operation.

The estimated specific power of the projected engine is lower than

for Rankine, Otto or Diesel cycle engines. This usually implies a

costlier engine.

Many of the problems cited are of course expected in an exper-

imental device and should be amenable to design solution. Needless to

say, critical questions that remain to be resolved are, of course, cost

and operating reliability of production type equipment.

Although the free-piston Stirling engine seems attractive as a heat

pump prime mover from many respects, it is obviously not in commercial

production at present. Since there are some small Stirling engines in

a more advanced stage of commercial development, it is necessary to consider

whether any of those might not serve as a driver as well. As an example,

IGT has proposed that a small single cylinder V-type machine developed

in Europe** would offer the advantage of (a) being essentially

* A 30 Hz engine operating for 60,000 full-load hours would subject
the compressor tubing to 6.48 x 109 cycles of flexures during its
design life.

** IGT has requested that the identity of the manufacturer of the engine
not be published at this time.
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production-ready and (b) offering a better capability of speed modulation.

Since this information became available rather late in our study (Wurm,

1977), it has not been possible to investigate this proposed approach

thoroughly, although performance estimates have been published previously

(Wurm et al., 1976). It is known that Philips and its licensees have

been involved in development of engines for automotive and other applications

for a number of years, although little has been published as to the

status of their technology. It would be interesting to learn how the

problem of engine-heat pump power transmission is to be accomplished in

view of the requirement of minimizing refrigerant leakage.

4.3.2 Rankine-Rankine Heat Pump

A Rankine cycle heat pump powered by a steam turbine is being

developed by Consolidated Natural Gas Service Company.* The prototype

is to have a nominal cooling capacity of 90,000 Btuh (7.5 tons) and a

heating capacity of about 150,000 Btuh (47°F)**. The low temperature

(17°F) heating capacity of the system is 135,000 Btuh. The heat pump

compressor, augmented by turbine waste heat recovery, provides heat down

to a temperature of -10°F; below that, direct steam injection into the

steam coil in the supply air duct is planned.

Exhibit 4-4 shows the prime mover and heat pump flow schemes in the

heating mode; the cooling mode is shown in Exhibit 4-5. The steam

* Other project participants are Mechanical Technology Inc. and ERDA.

** While the final draft of this report was being completed, the Rankine-
Rankine heat pump underwent a change in product concept. The production
version is now to be a 100 ton applied or built-up system instead of
unitary.
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turbine is a radial entry machine driving an alternator and centrifugal

R-ll refrigerant compressor via a rigid shaft. The alternator generates

all auxiliary power to drive a condensate return pump and combustion air

blower for the compact steam boiler and indoor and out-door fans. The

turbine is rated at 31 shaft horsepower and operates in the 30,000-

60,000 rpm (500 -1000 Hz) range. Present plans call for the turbine to

be modulated to about one-fourth load on cooling and to less than one-

half load on heating. All turbine waste heat is recovered for maximum

efficiency.

The Rankine-Rankine heat pump design exhibits a number of interesting

features. First, the power fluid (water) is, of course, stable, non-

toxic and non-flammable. While the cost effectiveness of small steam

turbines has not yet been universally demonstrated (except where special

needs such as for reliability in emergencies or use of waste heat can be

justified), the designers claim that the use of steam reduces necessary

heat exchanger area for engine heat rejection since its film heat transfer

coefficients are higher than for air or refrigerant at the same Reynolds

number, due to the higher Prandtl number of steam (Cons. Natural Gas,

1976). A design feature of interest (and on which CNG has filed for

patent protection) is the sequencing of the steam and refrigerant heat

exchange in the indoor and outdoor coils (Exhibits 4-4, 4-5). Steam and

refrigerant are in a crossflow configuration with respect to air but in

counterflow with respect to each other. This maximizes the heat transfer

effectiveness of the heat exchangers and keeps down the refrigerant

compressor pressure ratio.
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It should be noted that turbomachinery is potentially highly reliable

for long-time unattended operation although there is admittedly little

experience with small capacity steam expanders. Other advantages are

that the system is self-starting and because the steam turbine cycle is

basically a closed loop, with proper design, noise and vibration is not

expected to be a problem.

The major drawbacks to this concept appear to be few, but should be

mentioned. First, the refrigeration loop is not hermetic. Hence, a

dynamic shaft seal is necessary on the common shaft linking steam turbine

to the alternator and refrigerant compressor. Engineering a reliable

dynamic shaft seal to minimize infiltration of air (both the water and

the refrigerant loop have sections where the pressure is sub-atmospheric)

and without incurring a significant efficiency penalty is not a trivial

problem. Air infiltration can cause corrosion on the steam side and

reduce heat exchanger overall heat transfer rates on the refrigerant

side and hence the capacity. It should be noted that the present system

is designed to use R-ll as the refrigerant. R-ll has been tentatively

identified in connection with its possible reactivity with atmospheric

ozone.

The Rankine-Rankine heat pump is intended for commercial applications

in areas where the dominant requirement is for heating. As such it

would primarily compete with the "year-round" air conditioner using gas

for heating.
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4.3.3 Brayton-Rankine Heat Pump

The gas turbine Rankine heat pump is being developed by Garrett-

Airesearch Manufacturing Company of California under sponsorship of AGA.

The prototype has a nominal cooling capacity of 120,000 Btuh (10 tons)

and a heating capacity of about 180,000 Btuh at maximum turbine speed of

90,000 rpm.

The prototype Brayton-Rankine heat pump configuration is shown in

Exhibit 4-6. The system employs a subatmospheric open cycle gas turbine

with a centrifugal compressor for compressing the exhaust gas before

rejection to the atmosphere. The prime mover shaft is connected via a

samarium-cobalt magnetic coupling to the refrigerant compressor which is

of the centrifugal type. Thus the refrigerant loop is completely hermetic.

The Brayton rotating group employs air-lubricated foil journal and

thrust bearings. Other features of the system are engine and exhaust

heat recovery and the use of a refrigerant boiler and expander as the

start-up system for the engine. Note that the diagram shows an additional

turbine running on refrigerant vaporized in a R-12 boiler by gas combustor

exhaust heat. This is used as a bottoming cycle to increase efficiency

and serve as a start-up mechanism.

Although not particularly so for gas turbomachinery, comparatively

high wheel speeds (70,000-90,000 rpm; 1170-1500 Hz) are used, depending

on the heating or cooling capacity required by the building load. At

low loads, the system will cycle on and off at the lower speed.

The advantages of rotating machinery in terms of inherently higher

reliability than reciprocating machinery have already been noted. A gas
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turbine is basically a low first-cost prime mover although its efficiency

in comparison to other prime movers is not particularly high. Combustors

can be designed to accommodate liquid as well as gaseous fuels.

It should be noted that a centrifugal compressor is less susceptible

to liquid slugging and contains fewer moving parts than a reciprocating

compressor. On the other hand a centrifugal compressor is more susceptible

to gas surging at low mass flows than a reciprocating (i.e. positive

displacement) compressor.

Some potential problem areas with the Brayton-Rankine concept are

as follows: First, clearly the high (90,000 rpm maximum) rotating

speeds and turbine wheel temperatures of the order of 1500°F place

stringent requirements on rotating group materials. The turbine is not

self-starting, requiring a relatively complex vacuum or a refrigerant

bottoming start cycle. (The latter cycle is shown in Exhibit 4-6.) The

present plan of using reverse cycle defrost (rather than turbine waste

heat) will incur an efficiency penalty. Note, also, that the present

system design is for R-12 as the refrigerant, a fluid which has been

tentatively identified in connection with its reactivity with atmospheric

ozone. NOx emissions should not be a potential problem with this gas

turbine since low cycle pressures are employed.

The Brayton-Rankine heat pump is being developed as a unitary gas

heat pump for commercial applications. While the design is amenable to

scale-up, according to the developers, it is unlikely that a smaller

unit than the prototype 10 ton (or perhaps 7 1/2 ton) size could be

developed at a reasonable first cost.
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4.3.4 Otto-Rankine Heat Pump

Another concept that has been advanced is the use of a spark-

ignition* free piston reciprocating gas engine as a heat pump prime

mover. The engine was developed as a driver for air compressors by A.T.

Braun. Participants in the proposed application of the engine to drive

a commercial-scale Rankine cycle heat pump are Tectonics Research Inc.

(a Braun subsidiary), Columbia Gas System Service Co. and others (Columbia

Gas System, 1976).

The Braun linear engine has been described in some detail in an

article by Braun and Schweitzer (1973). Its major advantages over

crank-type reciprocating engines are (a) smaller number of moving parts,

(b) lower cost due to simpler construction and fewer critical tolerances

and (c) lower fuel consumption at equivalent compressed gas (air) output.

The developers claim that this engine compressor is closer to

commercialization than any of the other engine driven heat pumps, in

that major components of the air-compressor version of the system have

been tested for over 45,000 hours of running time and a heat pump-type

test engine has been successfully run for 15,000+ hours. The developers

also claim that the engine compressor has a higher coefficient of performance

than other engine systems, higher part-load efficiency (due to the

ability of the prime mover to modulate speed) and is of simpler construction.

The compressor can run without refrigerant oil.

The scope of the present study did not permit a thorough investigation

of this system and evaluation of the validity of the above performance

* Development of a compression-ignition engine in this configuration
is also possible.
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claims. However, this engine driven heat pump has a number of apparent

limitations, the first being that, although the refrigerant compressor

in the design configuration is hermetic, the membrane* isolating the

refrigerant loop from the prime mover is subject to fatigue failure as a

result of a large number of flexures over the expected 60,000 hour

design-life of production-type equipment. Indeed, although having fewer

moving parts than an automotive-type, crank-driven engine, the power

transmission from the engine to the refrigerant compressor utilizes a

number of mechanical components (which cannot be described here for

reasons already stated) that are potentially subject to high wear in

heat pump service under possibly very adverse conditions (e.g. cold-

soaked start-up).

Also, while the engine itself may have only a few moving parts,

carburetion or fuel injection, ignition, a start-up system and other

auxiliaries are required.

Finally, the Braun linear engine is an internal combustion engine

developing relatively high combustion chamber pressures at high temperature.

Thus noise and pollutant emissions are expected to be a problem which,

although, amenable to solution, would surely detract from overall system

efficiency.

4.3.5 Ericsson - Ericsson Heat Pump

The heat pumps described in the previous sections of this chapter

have been two-fluid heat pumps: that is, different fluids were used in

* Details of the actual design are confidential.
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the engine and in the refrigeration loop. This is because higher overall

efficiencies are obtained, in practice, if the power fluid and refrigerant

are each selected on the basis of offering the most optimal set of

thermodynamic, 'transport, flammability, toxicity, cost and other properties.

On the other hand, separate power and refrigeration loops make for a

more complex and costly machine. Hence, there are certain advantages in

a single-fluid thermal engine heat pump concept in principle. One such

concept is a gas-fired Ericsson cycle engine driving an Ericsson cycle

refrigerating machine.

The Ericsson cycle is similar to the Stirling cycle except that the

latter ideally uses constant volume regenerative heat exchange whereas

the former uses constant pressure regenerative processes. That is, in

the ideal Ericsson engine, the working gas (e.g. hydrogen, helium,

carbon dioxide or air) is compressed isothermally by the power piston,

heated at constant pressure to the higher cycle temperature, expanded

isothermally producing work and cooled at constant pressure to the lower

cycle temperature (Walker, 1973). As with the Stirling cycle, the

thermodynamic efficiency of the Ericsson cycle is identical to that of a

Carnot machine operating between the same terminal temperatures. Again,

however, machines approximating the Ericsson cycle are easier to build

than Carnot machines. The Ericsson refrigerator employs the same processes

as the Ericsson engine but in a reverse cyclical order (counter-clockwise

on a T-s diagram). Thus work has to be input to the refrigerator to

produce a net refrigerating effect.
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An Ericsson-Ericsson heat pump has been proposed by Energy Research

and Generation Inc. (Benson, 1975; ERG, 1977). The concept utilizes a

single fluid hermetic free-piston machine with an engine displacer, heat

pump displacer and two phaser pistons actuated by working gas pressure.

The engine is valveless. Since this machine is still in the proof-of-

concept stage (as far as a heat pump development is concerned) the

developers' claim of attaining 80% of the efficiency of an ideal Carnot

engine-heat pump at the same operating temperature and pressure conditions

has yet to be proven.

4.4 Summary

This chapter has surveyed a number of experimental thermal engine

heat pump concepts now being developed through participation or sponsorship

of the gas utility industry. Thermal engine heat pumps, especially

those employing engine cycles of high ideal efficiency, offer theoretically

the best promise of overall system energy efficiency of any of the heat

pump technologies especially in applications and climates where the

major space conditioning requirement is for heating. But an on-site

engine-driven refrigeration machine with all its necessary auxiliaries

is apt to be more complex and costly than a hermetic electric motor-

driven machine of equal capacity. Therefore, whether a practical, cost-

competitive, reliable and maintenance-free unitary thermal engine heat

pump can be successfully developed, manufactured and marketed is certainly

an open question. Of the various heat pump concepts examined, the ones

employing rotating machinery and a hermetic refrigeration loop would
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appear to be technically the more feasible. It is also more likely that

commercial-size rather than residential-size machines will be eventually

developed and commercialized. In the former case, first cost would seem

to pose less of a constraint to the design solution of the numerous

problems of engine cooling, lubrication, waste energy recovery, refrigerant

loop integrity (hermeticity), cooling-mode efficiency, evaporator defrost

method, engine and refrigeration machine controls, fans, pumps and other

auxiliaries, noise, vibration and exhaust pollutant emissions, to name

several.

Ultimately, it is more likely that manufacturing and market economics,

rather than technological viability, will be the deciding factors on

whether thermal engine heat pump technology will emerge successfully

from its present development stage.

As this section was being prepared, notice was received (Didion et

al., 1977) of experiments carried out at the National Bureau of Standards

with operation of an air-source Rankine cycle heat pump by power from a

Philips 1-98 gas fired, water cooled Stirling engine. The maximum

thermal efficiency of the engine was 28% over the range of conditions

tested. The experiments found that between 50-60% of the fuel energy

input was rejected to engine coolant (in contrast to, say, 15-30% for an

internal combustion engine)--energy that is potentially partially reclaimable

as supplemental heat for heating mode operation. Another finding was

that higher efficiency was obtained at the lower engine speed as the

compressor was speed-locked in constant ratio to the engine through a

pulley drive. Hence, the authors suggest that speed and capacity modulation

is indicated only below low speed heat pump balance point.
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EXHIBIT 4-1

SUMMARY OF SOME THERMAL ENGINE DRIVEN HEAT PUMP CHARACTERISTICS

Stirling-Rankine Rankine-Rankine Brayton-Rankine Otto-Rankine Ericsson-Ericsson

Engine Data
Thermodynamic

cycle Free piston Rankine steam Brayton gas Braun linear Ericsson
Stirling Engine turbine turbine Otto engine

Power 3kW 31 HP (23 KW) 13 HP (9.6 kW) 2 HP (1.5KW)
Power fluid Helium Steam Combustion gas Combustion gas Hydrogen
Efficiency(max.) 32-36% 23% 27% 33%
Frequency 30 Hz 500 Hz 1170-1500 Hz Variable

Coolant Glycol water Glycol-water
Fuel (s) Gas (other fuel, Gas Gas (fuel oil) Gas Gas (other fuel,

solar) solar)
Self-starting Yes Yes No No Yes

Compressor Data
m Thermodynamic

cycle Rankine Rankine Rankine Rankine Ericsson
Refrigerant R-22 R-ll R-12 R-22? Hydrogen
Type Inertial (recip.) Centrifugal Centrifugal Reciprocating Reciprocating
Nominal cooling 3 tons 7.5 tons 10 tons 20 tons
Hermetic Yes No Yes Yes Yes

Other Data
Electrical
power Yes None (generates Yes Yes None
required 8kVA own power)



EXHIBIT 4-2

FREE PISTON STIRLING-RANKINE HEAT PUMP-HEATING MODE

FREE PISTON
STIRLING ENGINE

R-22 300° F HELIUM 1000 F GAS SUPPLY

INERTIA 870 psi lIJO psi , SOLENOID
COMPRESSOR _ _ VALVEVALVE

, (,_, , , AIR

4-WAY _ _ HOT END HEAT
VALVE EXCHANGER

X)W COOLER l E S

ECONOMIZER

REGENERATOR

toOORWATE/GLYCOL SUMPFEE PUM EXHAUST EXPANSION

EXPANSION
VALVF

Source: Colosimo (1976); by permission.
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EXHIBIT 4-3

FREE PISTON STIRLING ENGINE WITH INERTIAL COMPRESSOR

REFRIGERANT

TO ECONOMIZER DISCHARGE

COLD SPACE t OUNCE SPACE

- | , IEI.IUM Hi \ ELI EUM
HOT SPACE

HELIUM TO

COMBUSTOR .

HEAT EXCHANGER ,

o ,,,HELIUM FROM
o COMBUSTOR II

HEAT EXCHA'CG ER

~~~~/-*'~~~~~~~~~~~~~~ I INTERT LA

REGENERATOR t REFRIGERANT COMPRESSOR

WATER/GLYCOL SUCTION

FROM FEED

PUMP

Source: Colosimo (1976); by permission.



EXHIBIT 4-4

ERDA/CNG/ MTI GAS HEAT PUMP
SYSTEM SCHEMATIC - HEATING SERVICE

uI _ _ __I _.__ _ __ _, w
,,ll , ~ [

AIR ¢ _ AIR

OUTDOOR INDOOR
HEAT HEAT

EXCHANGER i l EXCHANGER

AIR II R

IiI ml~rn ---- m 'KDIV tI I f.

4-rn I - -Xllusan@_

1_ ,______ ,_

L1 a' 'l' ^ li'iv"$1111)111-1111111~

VEN <-\-----l|l l | _"4-WAY

VENT ( TURBIN
TURBIN

STEAM GENERATOR r

GAS

IG ______A__LTERNATOR L COMPRESSOR

Source: Consolidated Natural Gas Service Co. (1977); by permission.
Heat exchanger patents pending.
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EXHIBIT 4-5

ERDA/CNG/ MTI GAS HEAT PUMP
SYSTEM SCHEMATIC - COOLING SERVICE

AIR AIR

OUTDOOR -\_/ _ INDOOR
HEAT HEAT

o, EXCHANGER EXCHANGEANGER

·A I R ] I I B) (0_ )AIR

1 - ----_ ,,-ECAG

iIII IIIIVEl-il ll lilllIrlnTnlli Ilillli11 rIll ri r I ill- i'- a -

~ Jr-1:''I- 4-WAY

VENT TURBIN

N STEAM GENERATOR TU RB.

GAS
^-GAS _ATER- TOR = COMPRESSOR

ALTERNATOR

Source: Consolidated Natural Gas Service Co. (1977); by permission
Heat exchanger patents pending.



EXHIBIT 4-6

BRAYTON RANKINE 'HEAT 'PUMP
GAS

SWITCHING VALVE COMBUSTO

HEATING COOLING C /
|----C -- c "^ T d- ) 2. C --- T '" REC U PER A T OR

- RELIEF

INDOOR OUTDOOR
COIL CAPILLARIES & COIL ? COMBUSTION

w) CHECK VALVES AIR
~( _ r~~w^-i i-^v^-i ) BOILER ,,

EXHAUST

BOILER
FEED PUMP

Source: Garrett Corp. (1976); by permission.



5. ABSORPTION CYCLE HEAT PUMPS

5.1 Introduction

The electric and thermal engine heat pumps treated in Chapters 3

and 4, respectively, have utilized homogeneous fluids (refrigerants)

undergoing a Rankine or other refrigeration cycle. This chapter des-

cribes another method of heat pumping; namely, by one of several absorption

refrigeration cycles.

In many respects an analogy may be said to exist between an absorption

refrigeration cycle and a vapor compression or Rankine cycle. In the

latter case, a compressor is used to increase the pressure of the refrigerant

vapor prior to its condensation; in the former case, the chemical affinity

between a refrigerant vapor and an absorbent solution and a solution pump

produces a similar effect. Indeed, the expression for the COP of a simple

ideal absorption cycle has the form of a product of the efficiency of the Carnot

engine cycle and the COP of a Carnot refrigeration cycle operating at the

same limiting temperatures (e.g., Curran, 1975). Absorption air-conditioning

machines are commercially available today in large-tonnage (100 and up)

sizes. On the other hand, some unitary smaller tonnage residential and

commercial absorption cycle air conditioners are also being produced by a

single manufacturer, but to a steadily shrinking share of the total unitary

air-conditioning market. No absorption cycle unitary heat pump is

commercially available at this time.

5.2 Aspects of Absorption Cycle Heat Pump Design and Operation

This section will enumerate and discuss some general advantages and

disadvantages of absorption cycle heat pumps based.on information obtained
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from our field investigation and technical literature sources (Wurm,

1974; ASHRAE, 1975; Curran, 1975; Phillips 1976 a,b). It should be

stated, however, that our available information on the organic fluid

based machine is very limited due to, apparently, proprietary considerations.

5.2.1 Advantages

Absorption cycle heat pumps, depending somewhat on the cycle and

the particular design configuration employed, have the following major

advantages:

o Inherently simple and potentially highly reliable equipment,

in that the solution pump and air moving fans (or water pumps

for water-cooled systems) are the only moving parts (no compressor

is needed);

o High efficiencies in the heating mode due to possibility of

heat recovery from on-site combustion as supplementary heat to

that provided by the absorption cycle condenser itself;

o Lower parasitic energy requirements than for thermal engine

heat pumps;

o Refrigerant-absorbent fluids can be used which are chemically

nonreactive with atmospheric ozone;

o The generator of the absorption cycle heat pump can more

easily be energized by a solar thermal source, if of sufficiently

high temperature, than using solar energy to power a thermal

engine*;

o Availability of on-site waste heat for evaporator defrost.

o Inherent capability of storing energy as high pressure refrigerant

vapor.**

* However, a thermal engine may be preferred from the viewpoint of
efficiency and cost (Curran, 1975).

** The authors are indebted to one of the reviewers for bringing this
advantage to their attention.
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Absorption machine efficiency is very much a function of the fluids

used. The gas fired absorption cycle heat pump benefits from having

the fuel combustion take place on-site just as a thermal engine heat

pump does, but the former is much simpler insofar as lack of reciprocating

or rotating machinery is concerned. The on-site waste heat is available

for heat pump supplementation and evaporator defrost, this aspect being

important not only from the standpoint of efficiency and reliability but

because refrigerant flow reversal is not as easily handled as with

Rankine cycle machines.

5.2.2 Disadvantages

Absorption cycle heat pumps also have a number of disadvantages:

o Comparatively large heat exchanger areas (at attendant high

first cost) required for realization of acceptable COP's;

o Usually lower cooling mode COP's than obtainable with Rankine

refrigeration machinery (including electric heat pumps);

o Toxicity of ammonia requires that direct refrigerant/conditioned

air contact in aqua-ammonia systems must be avoided (necessitating

the use of either a water loop or other intermediate means of

heat transfer);

o Corrosiveness of aqua-ammonia systems requires the use of

steel rather than aluminum or copper as material of construction;

the organic absorption system uses aluminum;

o Diameter limitation of generator pressure vessel requires use

of a tall unit for adequate vapor capacity with attendant

bulkiness of equipment;
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o "Plumbing" of absorption machines, although obviously dependent

on the particular design, appears to be more complex than that of

a Rankine cycle machine;

o Dependence on availability of scarce fossil fuels (e.g. natural

gas).

A problem that needs mention is the fact that initial experience with

aqua-ammonia absorption-cycle gas air conditioners has been rather dismal

and their market share, since their highest penetration (about 4%) of the

residential unitary air conditioning market, has decreased steadily. Cost

and equipment reliability problems have been the cause, so that only one

of the original three unitary gas air conditioner manufacturers remains

in the market today (Columbia Gas, 1976; Phillips Engineering, 1976). As

is the thermal engine gas heat pump, the absorption cycle machine is

dependent on specific and scarce fuels (i.e. natural gas). In comparison

to the available alternative of electrically driven systems, new installations

are liable to increase consumption of and dependence on these fuels. As

before, (see Section 4.2) the efficiency advantage over an electric system

will vanish if coal is to be the source of the fuel gas.

5.3 Description of Some Absorption Cycle Heat Pumps

Having discussed some general advantages and disadvantages of

absorption cycle heat pumps, two specific embodiments of these will be

described for purposes of illustration. Absorption heat pumps to be

discussed are

o Organic fluid absorption heat pump

o Aqua-ammonia absorption heat pump.

108



5.3.1 Organic Fluid Absorption Heat Pump

A nominal 36,000 Btuh (3 ton) cooling capacity absorption heat pump

utilizing a proprietary fluorocarbon refrigerant and aromatic hydrocarbon

absorbent is under development by Allied Chemical Corp. under sponsorship

of AGA. The system is water cooled and has a nominal rated heating

capacity of about 87,000 Btuh. Both residential and commercial applications

are contemplated.

In spite of various attempts, we have been unable to obtain enough

information about this heat pump from the developers in order to identify

potential problem areas or compare the anticipated advantages of this

technology to other systems. According to the information available

from a recent paper* (Colosimo, 1976), the non-corrosive nature of the

fluids enables the hardware to be of aluminum construction (with attendant

lower costs in comparison to stainless steel). In addition, it is

claimed that the thermodynamic properties of the fluids permit more

internal heat exchange and higher heat utilization than is possible with

ammonia-water systems.

Exhibit 5-1, taken from the Colosimo paper,* shows a single-effect

machine with absorber and generator heat exchangers, a separator heat

exchanger and a pre-cooler. Three fluid circulation pumps are also

shown.

5.3.2 Aqua-Ammonia Absorption Heat Pump

Another gas direct-fired absorption cycle heat pump is being developed

in a 36,000 Btuh (3 ton) nominal cooling capacity** configuration by

* According to Colosimo, the flow diagram does not correspond exactly to
the prototype configuration as it stands now. However, no details are
available to update the figure.

** Heating capacity data are not available at this time.
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Columbia Gas System Service Corp. The device utilizes a proprietary

multi-component aqua-ammonia base absorbent-refrigerant system and is

undergoing performance testing and development in commercially available

hardware.

The gas fired inorganic fluid absorption heat pump development

follows an apparently technically successful but commercially unsuccessful

aqua-ammonia gas air conditioner (the COLUMBIA 360) and combination air

conditioner modular gas furnace (the COLUMBIA 360H) development program

initiated in 1970, now since terminated. The heat pump development

program is in the fluid performance testing stage, the testing being

done in available aqua-ammonia air conditioner hardware at this stage of

the project. No extensive performance mapping has been undertaken,

the design cooling coefficient of performance of 0.85 representing a

development target rather than an achieved result (at least as of mid-

October 1976). However, considerable in-house technology on absorption

systems is available from two previous gas air conditioner development

programs (one of which we mentioned above).

5.4 Summary

As with thermal engine heat pumps, it is likely that manufacturing

and market economics and gas availability, rather than performance, will

determine the future of the absorption cycle heat pump. Traditionally,

absorption machines have been deficient in cooling mode COP in comparison

to electric air conditioners. It is possible to improve the cooling mode

performance dramatically by using a multi-effect machine, but at probably

prohibitive first cost. Absorption machines are clearly capable of high

110



heating mode efficiency and high reliability. From the standpoint of

system simplicity and potentially maintenance-free operation, they might

even be preferred to the generally more efficient thermal engine heat

pumps for residential applications. The organic fluid absorption heat

pump is certainly rather well along in its development path, as far as

available information indicates. A limited field test of the prototype

should yield more information on the technical feasibility of the concept.
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EXHIBIT 5-1

ORGANIC FLUID ABSORPTION CYCLE HEAT PUMP-HEATING MODE
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EXHIBIT 5-2

GENERATOR-ABSORBER CYCLE SCHEMATIC

SOLUTION PUMP
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6. OTHER HEAT PUMPS

6.1 Introduction

Besides the electric, thermal engine and absorption cycle heat

pumps described in the previous chapters, other heat pumping devices

have been devised or proposed. Since these are either in the very early

experimental stage or, while technically feasible, appear to be uneconomical

for space conditioning applications, only brief descriptions of selected

systems will be presented in this report. Among the systems discussed

will be those utilizing the Peltier effect and several processes involving

the heat of adsorption or absorption accompanied by a reversible chemical

reaction.

6.2 Description of Selected Heat Pump Concepts

6.2.1 Peltier Effect Heat Pumps

The Peltier effect, the reverse of the thermocouple effect, is the

arising of a temperature gradient when electric current flows through

two dissimilar materials thermally and electrically joined. As far as

electric heat pumps are concerned, Peltier heat pumps are inherently the

simplest and most reliable of all, consisting entirely of solid materials

and requiring no moving parts or working fluids. The theory of the

Peltier heat pump or refrigerator has been described in the ASHRAE

Handbook of Fundamentals (1972) and will not be discussed here.

However, some considerations in developing potentially practical equip-

ment will be summarized below.

First of all, it should be realized that the magnitude of the

Peltier effect in most materials is relatively small depending, quantitatively,
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on the relative magnitude of the Seebeck coefficient, and the thermal

conductivity of the materials involved*. A high Seebeck coefficient

implies a large temperature gradient for a given voltage drop; a low

thermal conductivity is desirable since thermal conduction from the hot

to the cold end opposes the gradient set up by the potential difference.

However, it is difficult to achieve desired extreme values of both in

real materials, since materials with a high Seebeck coefficient are also

good thermal conductors. In this respect, semiconductor materials are

preferred over metals.

Although the Peltier effect is used in cooling of electronic circuits,

no space conditioning applications of it have been made, as far as we

know. It is true that Siemens (in West Germany) several years ago con-

ducted research in thermoelectric air conditioners for potential room

use, but this program, according to a representative of the organization

(Siemens, 1977), was discontinued due to their projected high first

cost. Thermoelectric elements or aggregates are still being manufactured

by Siemens and a few other firms in Europe. According to Fikri (1975),

a research project in Peltier effect heat pumps is also underway in

Sweden; however, no details are available.

From all aspects with the exception of first cost, a Peltier effect

heat pump would seem very attractive. But the probability of developing

a cost-competitive Peltier system appears rather remote at this time,

unless there is a dramatic breakthrough in materials.

* Additional phenomena arising out of the effect are production of
Joule (i2R) heat and the second order Thompson effect.
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6.2.2 Chemical Heat Pumps

Also suitable for heat pumping is any reversible chemical reaction

with a sufficiently high latent heat. For example, processes that have

been studied include:

o Hydration of magnesium chloride dihydrate to a higher
hydrated state in the presence of water vapor. The
process is accompanied by the release of heat of chemi-
sorption. Dehydration is accomplished by use of solar
energy. (Chemical Energy Specialists, 1976);

o Other metal salt hydration-dehydration reactions;

o Absorption-desorption of water vapor from concentrated
sulfuric acid solution (accompanied by a very high tem-
perature change).

6.3 Summary

It is not particularly instructive to catalogue all, or even a

representative selection, of the various chemical or physical phenomena

theoretically suitable for heat pumping. Clearly any such phenomenon

accompanied by a temperature change (increase for heating; decrease for

cooling) could be used. However, at the present time it appears that

Rankine cycle refrigeration machines are among the most efficient and

practical (although there are strong advocates of Brayton and other

cycles as well).
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7. HEAT PUMPS AND SOLAR ENERGY

7.1 Introduction

A subject not yet discussed, but one that is getting major attention

by the industry and elsewhere is the role of heat pumps in utilization

of solar energy for space heating and cooling. Although the scope of

this investigation did not permit a comprehensive review of the extensive

ongoing work in demonstrating solar heating and cooling systems using

heat pumps, developing solar assisted or supplemented heat pumps or

even solar engine-driven or absorption cycle heat pumps, a brief treatment

of these topics is nonetheless necessary to place our assessment of the

future direction of heat pump technology in proper perspective. Solar

heat pump technology surveyed herein includes solar supplemented, solar

assisted and solar energized systems.

7.2 Solar Supplemented Heat Pumps

Solar supplemented or "boosted" heat pumps are defined for the

purpose of this report as "conventional" heat pumps (electrically driven --

but gas-fired configurations are also feasible) which use solar heat

for supplementing refrigeration-cycle heat by a solar energy system heat

exchanger directly in the conditioned air (or water) circulation loop.

This definition implies that solar supplementation of heat pumps is

applicable in the heating mode only, since, obviously, no supplemental

heat is required (or even desired) in the cooling mode.

A solar-supplemented heat pump system, although probably not yet

cost-competitive with a conventional heat pump or other heating system,

offers the owner (as well as the manufacturer, it would seem) a number

of advantages. First, the heat pump is frequently basically a conventional

119



air-source heat pump with a solar hydronic heat exchanger in the

air handler in place of the resistance heating elements.* This makes

the heat pump and solar heating system essentially independent of each

other and allows the former to operate on ambient air as a heat source,

when that would be more efficient. On the cooling cycle, the arrange-

ment allows the heat pump to reject heat into the atmosphere directly,

without going through a water-air heat exchanger system.

The benefit to the manufacturer is obvious: he can sell his

conventional electric heat pump equipment with only a few modifications

to it (except, perhaps, having to offer additional components such as

storage tanks, a water-antifreeze circulation system, solar collectors,

etc.) and thus participate in a segment of the HVAC market which is

the focus of much public attention in these days.**

7.3 Solar Assisted Heat Pumps

Solar assisted heat pumps may be defined as "conventional" *** heat

pumps utilizing solar energy as a heat source. By definition, then,

solar assistance of heat pumps is possible only in the heat pump heating

mode, since in the cooling mode the conditioned space itself is the heat

source.

* Resistance heat as a backup is usually still provided, however, with
the heating elements (immersion heaters) being installed in the
water thermal storage tank instead.

** IM addition, any tax or other financial incentives offered by the
federal or state governments would also accrue to the purchaser of
a solar-supplemented heat pump.

*** The distinction between solar "assisted" and solar "supplemented"
heat pumps, made in this report, is not usually made in the technical
literature. Indeed, heat pump systems using evaporator side storage
or a solar heating coil for supplemental heat are both sometimes re-
ferred to as solar assisted heat pumps. The distinction, nevertheless,
is useful for purposes of clarity.
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A number of configurations of heat pumps with solar assistance are,

of course, possible, most potentially practical ones usually involving

thermal energy storage of one type or another. A common and technically

rather attractive concept is evaporator-side storage. However, condenser

or "hot-side" storage is possible as well as are configurations where

more complex series and parallel circuiting of heat pump and solar loops

are encountered. Evaporator-side storage is described in somewhat

greater detail below.

7.3.1 Heat Pumps with an Evaporator-Side Heat Source

The concept of combining a solar energy collector and storage

system with a heat pump is not new. Jordan and Threlkeld (1954) proposed

in the early fifties that using stored solar thermal energy as a heat

source for the evaporator would allow the heat pump to operate at higher

COP than if on ambient air. At the same time, using a heat pump to

"step up" distribution air temperature to comfort levels would enable

the solar (usually flat plate) collectors to operate at higher average

collection efficiency, since the collector inlet fluid (and thus the

collector cover-glass and absorber plate) temperature would be lower. *

On the other hand, "draw down" of the thermal storage to an extent where

the evaporator is forced to operate in a low temperature environment

could severely deterioriate the system COP. Hence, ample storage and a

means(e.g. by supplemental resistance heating elements or a fossil fuel

fired heater) of maintaining thermal storage system temperature above a

minimum is required.

* Non-circulating solar collector efficiency n as determined from exper-
imental measurements in solar simulators, say, is usually a monoto-
nically decreasing function of the paramerer (Tin- T ir)/I where I
is the insolation and the meaning of the other symbos is self-evident.
For more details, see for example, Jordan and Liu (1977).
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A water-source heat pump would seem to have obvious advantages in

solar-assisted applications in that the water coil is readily incorporated

with a water-tank solar thermal storage unit. Indeed, a number of solar

heating system designs incorporating water source heat pumps utilizing

water source equipment from Singer, York, Carrier and several other

manufacturers * have been reported in the literature (see, for example,

Barkmann et al.,1976) . On the other hand, novel solar assisted air

source heat pump configurations have also been described -- some using

part of a solar-heated attic space as the source (Bourne, 1976), some

using a rock bed storage system. In the latter case, the advantage of

temperature stratification is claimed to overcome the lower collection

efficiency of an air-type solar collector (Lof, 1977). These advantages

may well hold true in a solar air-source heat pump application where the

source is a rock bed.

7.4 Solar Energized Heat Pumps

By a solar energized heat pump is meant a heat pump where solar

energy is used as the "prime" energy source of the heat pump system.

This may be accomplished in one of several ways: (a) solar thermal

energy could be used to evaporate or expand the working fluid of a prime

mover which in turn is used to drive a heat pump or "refrigeration

cycle" machine or (b) solar heat could be used to vaporize the refrigerant

in the generator of an absorption cycle machine. Experimental work

using both of these concepts is known to be ongoing, although no hardware

has as yet reached the prototype stage, as far as is known.

* Some of the system designs are admittedly of an experimental
type or may utilize pre-production equipment.
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The gas-fired free-piston Stirling engine developed by Beale (see

Chapter 4) is also capable of using solar energy (Beale, 1975). A

version is under development where instead of combustion gas passages in

the "hot" end of the engine a quartz Fresnel lens would concentrate and

transmit solar energy from a concentrating collector onto the outer

surface of the "hot end."

A number of experimental solar energized Rankine cycle engines

typically utilizing fluorocarbons as a working fluid are known to be

operating as demonstration devices or undergoing development. An example

is the rotary pivoting vane expandercompressor unit under development at

Battelle Columbus Laboratories (Eibling and Frieling, 1975). A relatively

recent review of solar Rankine cycle and absorption cooling machines was

written by Curran (1975). An excellent article on the potential of air-

cooled aqua-ammonia based solar cooling cycles was written by Phillips

(1976).

As a note of interest in this connection, Arkla Industries has

recently introduced a 25 ton lithium bromide-water absorption chiller

able to operate on solar-heated hot water at 195°F. (Arkla Industries,

1977a). If the water temperature drops to 160°F, the capacity is reduced

to 7.4 tons. A 3 ton solar air conditioner is also available having the

rated capacity at a water inlet temperature of 195°F (Arkla Industries,

1977b). Lithium bromide absorption machines, while capable of "pumping

heat" in principle, cannot do so over the whole temperature range which

is of practical interest in heating service due to water freezing in the

evaporator. However, from a solar system implementation viewpoint a

practical cooling machine operable on the output-temperature of an efficient
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non-concentrating solar collector is quite significant. (As solar

energy may be easily used for heating directly, any means for running a

cooling machine on solar thermal energy is an advantage, at least from a

technical viewpoint.)

7.5 Summary

Heat pumps, being devices for elevating the temperature of basically

low-temperature, low-grade heat sources, add great flexibility to practical

solar heating system design, at the same time providing a needed cooling

function. While a substantial amount of research is still needed to

develop practical systems utilizing solar energy as the principal energy

source for heat pumping (i.e. systems we have called "solar energized"

heat pumps), solar supplemented and solar assisted heat pumps can

utilize current conventional heat pump technology with only minor modifications

necessary to accommodate additional components of the solar collection

and storage system. Indeed a practical solar system of the next decades

is, in our judgement, more likely to be one utilizing basically proven,

conventional heat pump technology rather than some of the more exotic

chemical and other heat pump cycles or solar-powered engines being

researched. The requirement of reliable relatively maintenance-free

operation is likely to be a major factor in dictating the allowable

complexity of a system for widespread residential and light-commercial

use.

An emerging important factor to be considered (especially in view

of demand charges for residential customers) in connection with solar

heat pump technology is the potential effect on electric (or gas) utility

annual load factors. As will be discussed in a later chapter, without
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provision for sufficient solar energy storage of some type, solar energy

systems are likely to have a significant deteriorating effect on utility

load characteristics (solar energized systems on the cooling cycle may

improve the summer load factor instead).
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8. HEAT PUMP PERFORMANCE IN RESIDENTIAL AND COMMERCIAL APPLICATIONS

8.1 Introduction

The principal topic of this chapter is a comparison of energy usage

by conventional and advanced heating and cooling systems for residential

and commercial space conditioning. The comparison of energy consumption

is based on computer simulations of 21 HVAC systems, 16 residential and

5 commercial. Heating season, cooling season and total annual energy

consumption for each of these systems are determined in terms of the

quantities of electric and/or fossil fuel energy consumed onsite, the

thermal equivalent of these energies and system performance factors.

Because of its importance in interpreting calculated system performance

data some attention will be paid here to describing the operating char-

acteristics of the systems modelled as well as to the computer simulation

methods used to develop the energy consumption data.

8.2 Heat Pump Performance in Residential Applications

8.2.1 Methodology

The calculation of heating and cooling energy requirements to

maintain residential comfort conditions was performed with the aid of

two computer programs. The first is a load program which estimates

hourly heating and cooling loads for a residence. The second program

simulates the performance of heating and cooling systems and determines

the energy input to the systems just needed to balance hourly loads on

the residence.

In order to properly compare energy requirements for different

heating and cooling systems at a specific physical location, it is

important that identical loads are satisfied by the different HVAC
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systems examined. This can be accomplished most easily by selecting a

single residential structure for any specific site and calculating a

single set of heating and cooling loads based on actual local weather

conditions. The systems simulation program will then produce estimates

of energy input to each HVAC system in direct response to identical

loads. Thus the relative energy efficiency of different systems can be

compared in a straightforward manner. If it is also necessary to de-

termine how HVAC energy requirements change with climate then it is

equally important that the same residential structure be used to generate

heating and cooling loads at each different climatological location.

The method used, therefore, involves the selection of a single residential

structure, or test house, and, along with local weather data for a

number of different locations in the U.S., generating hourly heating and

cooling load data. For HVAC systems of interest in this study, manufacturers'

performance data were then used in the systems program and heating and

cooling energies calculated for an entire year.

Computerized residential load calculations and systems energy

simulations were performed on the test house in nine different cities

within the continental U.S. The selection of the nine locations was

based on the need to represent as completely as possible the large

climatological variations existing in the country and the availability

of detailed weather data at the sites selected. Exhibit 8-1 lists the

cities finally chosen as representative of U.S. climatological variations

as characterized by heating degree days. Seattle was chosen because of

its rather anomalous climatic conditions. Although it has a similar

number of heating degree days as Philadelphia, its summers are much
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milder; these conditions are taken to represent the climatic conditions

of the Pacific Northwest.

Local weather data for each of the nine test cities were selected

from among extensive meteorological data available from a U.S. weather

station maintained in each city. The year of weather data chosen for

each city was representative of long term average weather conditions at

each site. The method used to select a year of typical weather data for

each city was based upon a modified version of the procedure recommended

by ASHRAE (1973). The procedure requires that the year of weather data

to be chosen is that year of 12 consecutive months having the smallest

deviation of heating degree days on a month-by-month basis from long

term monthly average heating degree days.

8.2.2 Residential Building Selection and Design Load Calculation

The test house selected for computer simulation of residential

heating and cooling loads was a single family detached two story residence.

This residence is an existing structure located in the suburbs of Columbus,

Ohio. It was chosen for this study principally because it is serving in

an ongoing study of residential load and system simulation modelling

under the guidance of research staff at the Ohio State University.

Research results obtained with this house have directly contributed to

the load and systems simulation programs used in this study. In fact, the'

results have served to validate the modelling procedures used.

The test house is occupied by a family of four, two adults and two

children. Detailed data on internally generated loads due to human

activity and appliance usage have been measured over a period of several

years and incorporated in this study. Further, the Columbus test house
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is of relatively new construction and incorporates modern construction

features and insulation standards.

Front elevation and floor plans of the test house are shown in

Exhibit 8-2 and general construction features tabulated in Exhibit 8-3.

Insulation used in the test house thermal load program and heat transfer

characteristics of opaque surfaces are shown in Exhibit 8-4 along with a

comparison to ASHRAE 90-75 standards. Air infiltration rates around

exterior doors, windows and sliding doors are shown in Exhibit 8-5 and

compared with ASHRAE 90-75 standards.

Design heating and cooling loads to be used for heating and cooling

equipment selection were determined using the load simulation program,

with design weather data in lieu of NOAA weather data. Design heating

and cooling loads estimated in this manner are shown in Exhibit 8-6.

8.2.3 Heating and Cooling System Selection

A total of 16 heating and cooling systems were selected for the

examination of energy usage for residential comfort conditioning. These

systems were divided into two broad classifications: conventional heating

and cooling systems representing equipment more or less extensively used

in residential applications and new technology advanced heating and

cooling systems currently being developed.

Conventional Heating and Cooling Sytems

Within the classification of conventional heating and cooling

systems, six represent electric heat pumps while four are fossil fuel

fired warm air furnaces or electric resistance heaters in combination

with electric air conditioners. A more detailed categorization of

conventional equipment examined is shown below. Each designation indicates

a single representative system unless otherwise indicated.
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Conventional Heating and Cooling Systems

- Split system electric heat pumps
o Standard electric heat pump (moderate COP/EER)
o High efficiency electric heat pumps (3 different

systems) (high COP/EER)

- Add-on split system electric heat pump
o Hybrid electric heat pump added onto gas or oil

fired central warm air furnaces
o Heat only electric heat pump added onto a central

electric furnace

- Fossil fuel fired warm air furnaces
o Gas fired
o Oil fired

- Electric resistance heating
o Central electric furnace
o Baseboard convectors

- Mechanical air conditioners used in conjunction with the
heat only heat pump, fossil fuel furnaces and electric
resistance heating.

Some operating characteristics of these systems will be found in Exhibit

8-7.

The basic component of the split system electric heat pump is an

electrically driven reciprocating Rankine cycle compressor using a

fluorocarbon refrigerant as working fluid. The standard for this group

is a split system heat pump with a heating COP of 2.3-2.6 (470 F rating)

and an EER of 6.8-7.1 for cooling (950F rating). This heat pump, with

minor modifications, has been commercially available from several manufacturers

for about two decades. The high efficiency split system heat pumps

represent rather new improvements of the standard system (more efficient

compressors, larger heat exchangers, lower balance point, new defrost

control) and have become available only within the last two or three

years. Three different manufacturers' models of high efficiency split
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electric heat pump systems were examined to determine if any significant

performance differences for these new systems could be discerned. As a

group, the high efficiency systems exhibit increased heating COP's to

2.7-3.1 (47°F) and cooling EER's to 7.7-8.4 (95°F) or approximately 15-

25% increased efficiency for heating and 15-20% increased efficiency for

cooling at rating points compared with the standard electric heat pump.

The hybrid electric heat pump has the basic configuration of the

standard split system electric heat pump and provides both heating and

cooling capability. In very cold weather, when the load on the residence

exceeds the capacity of the heat pump, the heat pump is shut down and an

oil or gas fired warm air furnace is used to satisfy the load. Thus,

not only supplementary heat is supplied by the fossil fuel fired furnace

during very cold weather, but also the baseload. When the heating load

for the residence is satisfied the furnace is shut down. The control

system is designed so that the heat pump is always started up first,

even below the balance point, and furnace heat is called for only when

the heat pump cannot meet the load on the residence. The gas or oil

furnace is sized so as to be capable of satisfying the design heating

load without the support of the heat pump.

The heat-only electric heat pump is an add-on system that can be

used in conjunction with fossil fuel fired furnaces or, more frequently,

with central electric warm air furnaces. It is identical in operation

to the split system electric heat pump with the exception that there is

no reversing valve to allow the system to operate in the air conditioning

mode. Because the heat-only electric heat pump has no air conditioning

capability it uses hot compressor discharge gas for defrost control
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rather than hot liquid as do conventional electric heat pumps. In this

way there is some capacity for residential heating during defrost.

Supplemental heat is provided by the central electric furnace below the

balance point. The heat-only heat pump has an oversized compressor,

relative to compressor heating capacity for standard electric heat pumps

sized to meet an air conditioning design load. Compared to the high

efficiency electric heat pumps, the heat-only heat pump is similar in

rated heating capacity at 47°F but somewhat higher in heating COP.

With the exception of the heat-only electric heat pump, heat pump

equipment was selected based on the design total cooling load for the

test house in each of the test cities with proper consideration given to

the design latent load. Manufacturers' published performance data were

used to select the closest available off-the-shelf equipment for each

case. Supplemental electrical resistance heaters were sized for 80% of

design heating load in all cases.

Other conventional heating systems are represented by oil and gas

fossil fuel fired furnaces and electric resistance heating. In each

case, manufacturers' off-the shelf equipment were selected with maximum

heating capacities equal to or greater than the design heating load for

the test house. In order to properly compare annual energy usage for

residential heating and cooling, electric central air conditioning

systems were added to the oil, gas and central electric furnaces. Two

central air conditioners were examined; a high efficiency unit (COP's of

7.1-7.8 at 95°F) generally selected by individual homeowners and a

standard unit (COP's of 6.2-6.8 at 95°F) most usually selected by builders

as original equipment for developments. All of the final results of

* Resistance elements for heating only heat pump are sized for 100%
design heating load.
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energy usage are reported for the high efficiency central air conditioner

although a brief comparison with the standard unit is made later.

For the test house heated with baseboard convectors, room air

conditioners were selected as cooling equipment. The entire first floor

was assigned two large air conditioners, one in the family room and

another in the living room. The two largest bedrooms were assigned two

smaller room air conditioners. Capacities of the room air conditioners

were estimated by apportioning the design total cooling load among the

rooms to be conditioned on the basis of relative floor area. The air

conditioner selected were of the high-EER type.

Advanced Heating and Cooling Systems

Six different advanced systems were examined, four by computer

simulation and two by scaling calculated energy consumption data for

similar systems on a city-by-city basis. A classification of the

advanced systems is shown below:

Advanced Heating and Cooling Systems

Advanced electric heat pumps (2 systems)
Thermally activated heat pumps
o Free piston Stirling-Rankine gas heat pump
o V-type single cylinder Stirling-Rankine gas heat

pump
o Organic liquid absorption gas heat pump
Pulse combustion gas furnace

A seventh system, an Ericsson-Ericsson cycle gas heat pump, was examined

with results reported in Appendix A.

One of the advanced electric heat pumps examined is based on a new

proprietary design for which full details cannot be reported here. This
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new system is designed for increased heating performance in cold climates

(COP of 2.7 at 47°F) with a lower balance point than conventional electric

heat pumps, and requires no defrosting or supplemental heating. Cooling

performance is reported to be about equal to standard electric heat

pumps.

The advanced electric heat pump briefly described above was the

only electric system for which adequate performance data were available

for simulation. In order to explore the performance anticipated for new

technology advanced electric heat pumps, energy consumption data were

estimated for a hypothetical advanced electric system. The estimation

method will be described later, but this heat pump was assumed to have a

high performance capability based upon a number of modifications currently

being explored by equipment manufacturers. Examples of these modifications

include the use of fossil-fuel-independent energy sources (such as solar

energy) and increased low temperature heating capacity brought about by

series or parallel compression or continuous capacity modulation.

Three heat activated heat pumps were examined within this group of

advanced systems. Two represent Stirling-Rankine cycle gas heat pumps

and the third, a gas fired absorption system heat pump. One of the

Stirling-Rankine systems employs a free piston Stirling cycle engine

driving a Rankine cycle heat pump. In its present configuration the

system operates cyclically, starting up and shutting down in response to

an indoor thermostat.* The second Stirling-Rankine system consists of a

V-type single cylinder Stirling engine driving a reciprocating Rankine

cycle heat pump compressor. This prime mover can be modulated however

and the capacity of the heat pump can therefore be modulated to respond

* However, nothing in the free piston Stirling-Rankine heat pump concept
would prevent it from being designed as a capacity-modulating system.
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to load changes. Little is known about the configuration of the gas

fired absorption heat pump except that the working fluid in the heat

pump cycle is an organic fluid of proprietary composition. Characteristic

of all three heat activated heat pumps is their high heating capacity

rating (see Exhibit 8-7) compared with conventional electric heat pumps

of identical cooling rating.

One additional heating system included in this group was a pulse

combustion furnace. Energy consumption for residential heating with

this system was not simulated however, but scaled from conventional gas

furnace energy consumption calculation assuming a 92.5% combustion

efficiency (Hollowell, 1976).

8.2.4 System Simulation and Computer Modelling

The residential building HVAC system computer simulations were

accomplished in two parts: a load simulation and a system simulation.

Since these models are described in an appendix to this study only a brief

description will be presented here

The load calculation model determines essentially how much heat is

required to be added or removed from the control volume (the test

building) to maintain indoor dry bulb conditions of 70 or 75°F (winter

and summer, respectively) and 50% relative humidity. The program performs

a heat balance on the control volume, taking into account such factors

as heat transfer through windows and walls, insolation, infiltration of

outside air, and internally generated heat from the activity of occupants.

The load program is a modification of the Post Office Program,

developed by General American Transportation Corporation for the U.S.
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Postal Service. The modifications were made to adapt the program for

use with residential structures. Additionally, new calculational routines

were included, representing new developments in thermal load modelling.

As input, the program requires various parameters, such as building

construction details and materials, orientation, geographic location,

and local weather conditions. The latter information was obtained from

NOAA in the form of a magnetic tape containing hourly data for an entire

year, for each of the nine test cities.

The output of the load simulation program consists of hourly sensible

and latent load data, which are used in the systems simulation program.

In general, the heating or cooling capacity of the systems is dependent

on outdoor temperature. System operating parameters were obtained from

manufacturers or developers and were fitted to mathematical functions of

outdoor temperature. System energy consumption was determined hourly

using the load data, weather data and system operating data. Energy

consumption data included contributions from all system components

(fans, blowers, pumps, etc.). The output from the systems simulation

programs consists of a monthly breakdown of energy consumption by fuel

type (electric energy, natural gas, fuel oil) for the entire year.

The load program is identical to that used in previous Gordian

Associates studies; the systems simulation program has been substantially

revised and upgraded, as new developments in space conditioning system

performance modelling have become available. Some of these changes are

discussed below.

Air Conditioning Simulation

Summer air conditioning involves two simultaneously occurring
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processes: the reduction of both air temperature and water content

(humidity) in the conditioned space. As warm, humid air passes over the

indoor (evaporator) coil, the dry bulb temperature of the air is reduced.

If the air is sufficiently humid and the evaporator coil sufficiently

cold, some of the air passing over the coil becomes saturated and water

vapor condenses on the coil. Hence, outlet air is cooler and drier than

inlet air.

Equipment manufacturers list both sensible and total cooling capacities

for air conditioners, both as functions of indoor wet bulb and indoor

and outdoor dry bulb temperatures. Sensible capacity is a measure of the

extent to which the air may be cooled. The difference between total and

sensible capacity is a measure of the maximum extent to which entering

air can be dehumidified (the latent capacity). If the full latent

capacity is not utilized, air may be cooled in excess of the rated

sensible capacity.

The cooling subroutine of the systems simulation program first

compares the latent load calculated in the load simulation program with

the latent capacity of the system. The equipment capacity is determined

hourly from manufacturers' data using the outdoor dry bulb temperature

for that hour, and set indoor conditions of 75°F dry bulb temperature

and 50% relative humidity. If the latent load equals or exceeds the

latent capacity of the air conditioner, then the effective sensible

capacity is taken to be the manufacturers' minimum rating. If the

latent load is less than the latent capacity, the excess latent capacity

is added to the minimum sensible capacity. In this way, the total

capacity of the system remains constant while the effective sensible

capacity is a variable parameter dependent on the latent load imposed on
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the residence. In no case, however, is the effective sensible capacity

allowed to exceed the total capacity of the air conditioner or be less

than the rated sensible capacity. Although recent information (General

Electric, 1977) indicates that this procedure is just now being considered

and implemented in systems simulation, to our knowledge, this method is

generally not used. Instead, the manufacturers' reported sensible

capacity is used almost exclusively.

The value of this effective sensible capacity method lies in the

fact that in actual operation the air conditioner is responsive to the

indoor thermostat which, in turn, responds only to changes in indoor dry

bulb temperature (or sensible load). Thus, the length of time the air

conditioner operates is strongly dependent on the temperature within the

residence and the sensible capacity of the equipment. The fraction of

an hour that the air conditioner will operate may be estimated as the

ratio of sensible load for an hour and system effective sensible capacity,

ignoring heat gains through ductwork. The greater the effective sensible

capacity of the system, the shorter the time on to satisfy comfort

conditions. Therefore, energy consumption for that hour will also be

less.

Manufacturers' published sensible and latent capacity data on

air conditioners were used in the sizing procedure. If the maximum

latent capacity of the equipment was insufficient to meet the design

latent load, a larger size unit was selected, even though the total

capacity was sufficient to satisfy the total design load. In this way,

equipment was selected to insure that sufficient capacity was available

for both sensible cooling and dehumidification.
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Insulated Ductwork

It is common practice among builders and installers of electric heating

systems (i.e. central electric warm air furnaces and electric heat pumps)to

insulate the supply and return ducts attached to the plenum. Gas or oil

warm air furnace basement ducts are generally not insulated even when

electrically operated central air conditioners are used except in very

humid climates to prevent condensation in supply ducts carrying cooled

air to the conditioned space.

In order to estimate system energy consumption on a common basis,

it was decided to perform all of the system simulations assuming one-

inch of fiberglass insulation in all supply and return ducts in the

basement. In addition, several of the conventional systems were simulated

assuming no duct insulation for the purpose of determining the effect of

this insulation on system performance. These results are discussed

elsewhere in this chapter.

Defrost Simulation

When frost accumulates on the outdoor evaporator coil, the heating

capacity of a heat pump decreases. In order to maintain capacity, the

outdoor coil must be defrosted. Coil defrosting is usually accomplished

by reversing the heat pump cycle, causing hot gas from the compressor to

enter the coil which now acts as a condenser. An alternate method of

defrosting, used in the heat only heat pump, for which cycle reversal is

not possible, is to bypass hot gas intended for the indoor condenser to

the outdoor evaporator. In the cycle reversal method the heat pump acts

as an air conditioner and cools the house instead of heating it, and a
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supplementary source of heat is used to temper the air to maintain

comfort conditions. In the hot gas bypass method, some heat reaches the

indoor coil but supplementary heating is still required. Because defrosting

represents an additional energy requirement for heat pump heating, it

was routinely modelled as part of the systems simulation.

Until recently, many heat pump manufacturers employed a pressure

differential switch to initiate the defrost cycle. This control unit

operates by sensing a reduced air flow through the outdoor coil as frost

buildup clogs air flow passages, and calls for defrost at a preset

pressure drop. Because new, more efficient outdoor coil heat exchangers

employ a low pressure drop configuration, the pressure method of defrost

initiation is not satisfactory. Almost all manufacturers now employ a

timed cycle coupled with temperature measurement of the refrigerant in

the outdoor coil. In order to initiate a defrost cycle, a preset time

period must have elapsed since the last defrost cycle and a refrigerant

temperature condition in the outdoor coil must be met. Defrost terminates

when the refrigerant temperature rises sufficiently to indicate that ice

has been removed from the coil. However, a time limit is placed on the

length of the defrost cycle.

The defrost simulation subroutine does not model the heat pump re-

frigerant circuit in sufficient detail to use the temperature condition

of the outdoor coil for defrost initiation and termination. An alternate

method is used based principally on a timed cycle procedure. Discussions

with heat pump manufacturers indicated that a 90 minute time interval,

based on compressor running time, between defrost cycles is generally
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employed. Although other time intervals can be preset at the factory or

during field installation if local conditions warrant it, the 90 minute

cycle is most often used. Further, observations on the duration of heat

pump defrost cycles suggest that each cycle lasts, on the average, about

3 1/2 minutes. The defrost simulation was based on these considerations

in place of simultaneous timing and temperature control.

The frequency of defrost is a complicated function of local weather

conditions (outdoor humidity and dry bulb temperature) and the configuration

of the heat exchanger and the air flow over it. Information from heat

pump manufacturers (General Electric, 1977; Reedy et, l- ; j 976) Ihdicates,

however, that defrost cycles rarely occur when outdoor temperatures are

above 47°F and coincident outdoor relative humidity below 60%. Hence,

our simulation program accounts for a 3 1/2 minute defrost cycle at

the end of each 90 minute compressor running time cycle if the outdoor

dry bulb temperature is below 47°F and the relative humidity above 60%.

The defrost simulation method described above is used to account

for supplementary heating during defrost periods. For systems with

single stage electric resistance supplemental heat, initiating a defrost

cycle caused the resistance element to be energized. When defrost is

initiated with two stages of supplemental resistance heating, the second

stage is energized providing the first stage is already in operation.

For the hybrid electric heat pumps, defrost initiation automatically

calls for supplementary heat from a gas or oil fired furnace.

When a heat pump operates under ambient conditions conducive to

frost formation on the outdoor heat exchanger (evaporator), the frost

layer after awhile begins to reduce the rate of heat transfer to the
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evaporator. Thus the heating capacity of the heat pump decreases until

a defrost cycle is initiated. During the defrost cycle the heat pump

actually extracts heat from the return air (i.e. operates at a negative

heating capacity), this cooling effect being, of course, countered by

the resistance heating elements which are energized during the defrost

cycle.

The ASHRAE Standard 37-69 heat pump performance testing procedures

usedby most manufacturers for performance data acquisition specify

that, when frost begins to form on the outdoor coil under certain air

temperature and humidity conditions during the test, data for performance

rating purposes are to be taken over a two-hour period including at

least one complete defrost cycle. Hence, it would seem that manufacturers'

"integrated" capacity data under ambient conditions at which frost may

be expected to form include the effects of capacity degradation due to

coil frosting and the cooling effect of the defrost cycle. However, the

experimental work of Kelly and Bean (1976) and Parken et al. (1977) at

the National Bureau of Standards, indicates that at least for the two

heat pumps tested so far, a loss in capacity and COP is observed in

excess of that supposedly "integrated" into manufacturers' performance

data for that temperature and humidity region of operation. It should

be stated that the observations cited were made on only one manufacturer's

heat pump equipment. (Central air conditioners of another manufacturer

have been measured as well, with apparently less severe cooling performance

degradation results than in the case of the above heat pumps. To what

extent this performance degradation phenomenon is applicable to other

manufacturer's heat pump models is uncertain and will not be known until
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experimental data on these units become available. However, comparison

of utility field test data on heat pump performance in actual installations

vs. seasonal performance factors computed on the basis of manufacturers'

integrated data above (i.e. without accounting for defrost losses and

the cycling losses described in the following section) suggests that the

calculated seasonal performance factors are higher than those observed

and can be brought into better general agreement if defrost losses are

accounted for by the NBS data. Although this apparent better agreement

does not, of course, constitute adequate evidence of the more "universal"

applicability of the early NBS data, better information is unavailable

at this time. Therefore, in this study the NBS data were used in all of

the electric heat pump dynamic performance calculations to account for

coil frosting and defrost. Since seasonal performance factors based on

only the manufacturers' integrated data are also provided in the tabulated

results, it is hoped that the true values of the seasonal performance

factor are at least "bracketed" by the results given in this chapter.

Part-Load Operation Modelling

All HVAC systems simulations performed in this study are based on

manufacturers' reported performance data. Such data are generally quite

detailed for commercially available heating and cooling systems. Although,

in most cases, less detailed information was available from developers

of advanced HVAC systems, the data were sufficient for the modelling

task.

Manufacturers' and developers' data, however, almost uniformly

represent equipment performance on a steady-state or full-load basis,

although it has been known for some time that fossil fuel fired warm air
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furnaces suffer from losses due to such factors as off-cycle flue losses,

outside combustion air infiltration and equipment cycling.

Recent studies of equipment performance have indicated that, in

addition to frost buildup on outside coils, equipment cycling due to

part-load operation can substantially reduce heat pump and air conditioner

efficiencies. In order to present results for HVAC equipment more

adequately, transient or part load and efficiency losses have been

accounted for in the following manner for conventional heating and

cooling systems:

Heat pumps and central air conditioners: dynamic efficiency
performance was modelled using data developed experimentally
by Kelly and Bean (1976). Since no dynamic performance data
have been published on central air conditioners, dynamic
efficiency losses for central air conditioners were assumed to
be the same as for heat pumps.

Central gas furnace: experimental part load performance data
developed by IGT (Macriss, 1975; Macriss et al., 1977) were
used in the modelling of central gas furnace.

Central oil furnace: dynamic efficiency data were obtained
from Honeywell, Inc. (Bonne, et al., 1976; Macriss et al.,
1977). Data represent oil furnace model simulation calcEuations
based on experimental studies of test furnaces in the Boston
area.

The Kelly and Bean data were obtained experimentally for a test

house in the Washington, D.C.area space conditioned with 5-ton single

phase split system heat pump--a product similar to the heat pump we have

termed "standard" in this report.* There is, of course, no evidence

that heat pumps of other manufacturers (including the hybrid or heat-

only heat pump) would experience identical dynamic or transient losses,

although it is reasonable to expect that the losses would be similar.

* The Parken data are based on environmental chamber tests on a
3-ton electric heat pump.
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In the absence of experimental data specific to the other conventional

electric heat pumps or air conditioners simulated, the Kelly and Bean

heat pump data were used for all single speed electric vapor compression

heat pumps or air conditioners investigated in the study.

No dynamic efficiency losses were assumed for the central electric

furnace or baseboard convectors. Because of the lack of detailed operating

information on advanced heat pumps currently under development, these

systems were all modelled without penalty for dynamic efficiency losses.

Results presented in the discussion below, however, estimate what new

system performance would be if they were subject to the same kinds of

losses as conventional electric heat pumps in the heating and cooling

modes.
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8.2.5 Analysis of Onsite Heat Pump Performance in Residential Applications

The results of the computerized simulation of heating and cooling

systems are shown in three different ways in.Exhibit 8-8 through Exhibit

8-15. Fuels and electric energy consumed by conventional and advanced

HVAC systems to provide comfort conditioning for the test house in nine

cities representing U.S. climatic conditions are shown in Exhibits 8-8

through 8-11. Seasonal performance factors, defined as net heating or

cooling load divided by the sum of all forms of energy consumed by the

system, are shown in Exhibits 8-12 and 8-13. The annual seasonal performance

factors for each system shown in these tables are combined heating and

cooling loads for an entire year divided by the annual energy consumption

of the system. Finally, the total thermal equivalent of the fuels and

electric energy consumed by each heating and cooling system is shown in

Exhibits 8-14 and 8-15. The data in these last tables were produced by

multiplying each form of energy consumed by its gross heating value or,

in the case of electric energy, the thermal equivalent of a kilowatthour.*

The information listed in Exhibits 8-14 and 8-15 is presented

graphically in Exhibits 8-16 through 8-19, changed, however, to a per

square foot of residence basis. The graphical correlations shown are

related to a well known method recommended by ASHRAE (1976) for the

estimation of seasonal heating energy. The correlating parameter shown

as the abcissa of the graphs, if multiplied by the identity 24 hours/day,

Is the equivalent of seasonal load, for either heating or cooling seasons,

* Average heating values of fuels were used; 1000 Btu per cubic foot of gas
and 139,000 Btu per gallon of fuel oil. For electric energy, 1 kWh
equals 3413 Btu.
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based upon design conditions and average heating or cooling degree days

at a particular geographical location. These correlations are shown in

greater detail in Appendix B for each HVAC system examined. The goodness

of fit of the energy consumption data generated by the load and system

simulation program with these correlating parameters is suggested as

indicating the validity of the overall modelling techniques used. Also,

the correlations indicate that a general linear relationship of the form

Seasonal energy consumption per = a + b(Seasonal design thermal
load /sq.ft. of residence

is an appropriate function for the estimation of energy consumption by

HVAC systems. The constants a and b are specific for a particular

heating or cooling system but the relationship appears to be quite

general otherwise, and can probably be used for any house at any geographical

location for which a seasonal design thermal load can be estimated. The

graphical relationships shown in Exhibits 8-16 through 8-19 are identical

to those shown in greater detail in Appendix B except that on the former

the data points have been left out for clarity. Also, a single line is

shown for all three high efficiency heat pumps. This can be done because

statistically there is no significant difference between individual

correlations of these systems, allowing a pooled estimate to be made for

the set. A single line is also shown for the central electric furnace

and the baseboard convector systems because there is very little difference

in heating season energy consumption between them.* Slightly more

energy is consumed by the central electric furnace due to small heat

* This may not be the case if temperature settings of the zones served
by baseboard heaters differ from those assumed for the central systems.
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losses from insulated basement supply and return ducts and operation of

the warm air circulating fan. Also, the hybrid heat pump systems are

represented by a single line for both gas and oil furnace cases. Although

the quantities of fossil fuels used for the different furnaces are, of

course different, there is no distinction in the thermal equivalents of

the seasonal quantities consumed of these fuels.

General Findings

As would be expected, the energy consumption shown in Exhibits 8-8,

8-9, and 8-10 reflects the climatic condition in each city; as the

number of heating degree days increases, energy consumption for heating

increases. The converse is true for cooling systems. It can also be

noted in Exhibits 8-12 and 8-13 that seasonal performance factors for

heating and cooling have in general an inverse relationship to the

number of heating or cooling degree days in each particular city. Of

course, this is due to the operating characteristics of the systems

simulated, particularly those of heat pumps and air conditioners (fossil

fuel fired warm air furnace and electric resistance heating systems are

less sensitive to climatic conditions). Heat pump COP for heating

decreases with decreasing outdoor temperature and vapor compression air

conditioner efficiency decreases with increasing outdoor temperature.

Hence, it would be expected that high heat pump efficiencies on heating

are experienced in the warm cities (such as Atlanta and Birmingham),

while cooler cities (such as Cleveland and Concord) would enjoy high

cooling system efficiencies.

The simulations of commercially available heating and cooling

systems were performed both taking into account dynamic efficiency
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losses and on a full load or steady-state basis. These latter results

are shown in parentheses in Exhibits 8-8, 8-9, 8-12, and 8-14. As can

be seen in these exhibits, dynamic efficiency losses, due to such factors

as equipment cycling and defrost, substantially increase energy requirements

for space conditioning, and hence lower both heating and cooling SPF's.

Indeed, a reduction in energy consumption of about 6r10% for the heating

season and 13-16% for the cooling season was observed when the simulation

was performed on the traditional basis of assuming steady state operation.

In that sense, then, failure to account for losses due to defrost and

equipment dynamics, as has been the practice in the past, results in an

overestimate of the SPF and an underestimate of the energy consumption.

Unfortunately, however, dynamic efficiency data are not available for

the non-modulating advanced heat pumps (for which they are specifically

needed). Therefore, the results presented in Exhibits 8-11, 8-13, and

8-15 for advanced heating and cooling systems could only be determined

on a full load or steady-state basis (except for those systems indicated)

from system developers' data. It would be expected that in actual

operation, dynamic efficiency losses would reduce system performance to

some extent. If these systems experienced similar dynamic losses to

those of conventional electric heat pumps, average increased energy

consumptions of 6-10% for heating and 13-16% for cooling would be

expected.

In the simulation of currently available electric heat pumps (standard,

high efficiency, hybrid and heat-only), the effect on system performance

of outside coil defrosting during the heating season was included. A

significant portion of the seasonal energy consumption can be assigned

to this process, as can be seen in the table below:
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Resistance Heat
Heating Degree Number of During Defrost

City Days Defrost Cycles (% Total Energy)

Houston 1290 118 3.8
Birmingham 2844 397 5.5
Atlanta 2821 370 4.4
Tulsa 3504 657 4.7
Philadelphia 4508 699 5.1
Seattle 4407 1208 7.9
Columbus 5407 1262 7.5
Cleveland 6097 1523 7.6
Concord 7377 1727 7.5

These results are specific for the standard electric heat pump but are

similar to those of other electric heat pumps simulated. As can be

seen, up to almost 8% of seasonal energy consumption is due to resistance

heat used in tempering of air into the conditioned space as the

heat pump operates in the defrost mode.

The results from the simulation of heat pump defrost cycle energy

consumption may be compared to experimentally measured values presented

by Groff and Bullock (1976) for a residence located in Syracuse, New

York (6463 heating degree days). A total of 1222 defrost cycles were

measured over the entire heating season, which is less than would be

expected based on the data in the above table. However, the average

length of each defrost cycle was about 3.3 minutes, lending credence to

the 3 1/2 minute cycle length assumed in this simulation. Groff and

Bullock also present results for a number of residences in Minneapolis

(8382 heating degree days). Here, the number of defrost cycles varies

from 1653 to 2164, in an inverse relationship to the capacity of the

heat pump. Again, these figures would appear to be less than the number

of cycles expected by extrapolation of the data in the table above. In
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reality, initiation of a defrost cycle is dependent on a number of

factors, such as outdoor humidity, temperature, wind speed, heat exchanger

design, and is a most difficult effect to estimate. However, the simple

approach used in this study reasonably approximates measured defrost

occurrences. As an approximation to the defrost energy consumption, the

results presented here also appear satisfactory.

As mentioned previously, in order to present results on a comparable

basis, system simulations were carried out assuming insulated basement

ductwork for all HVAC systems. In order to determine the effect of

basement ductwork insulation on HVAC system performance, however, selected

systems were also simulated with uninsulated ductwork. These results

are tabulated below.

Effect of Basement Ductwork Insulation on HVAC System Performance

Energy Consumption - Btu x 10-6

Energy Savings
Uninsulated Insulated Due to Insulated

HVAC System Ductwork Ductwork Ducts

Gas warm air furnace 117.59 79.94 32%
Central air-conditioner,

high efficiency 10.68 9.26 13%

Electric heat pump-
standard

Heating season 34.38 25.98 24%
Cooling season 11.96 10.26 14%

Although these results are specific for the test house in Philadelphia,

similar results in other cities were obtained. The actual test house in

Columbus, Ohio as originally built had a gas fired warm air furnace with

no insulation in the basement ducts. Tests made by Ohio State University
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researchers indicated that almost one third of the furnace output was

lost to the basement (McBride, 1976).* These results show that the

common practice of not insulating basement ductwork for fossil fuel

fired systems can result in rather severe energy penalties. Also, the

results show the necessity for simulating the system with ductwork

insulation if equipment comparisons are intended.

Specific Findings: Conventional Systems

In Exhibit 8-16, heating season energy consumption per square foot

of residential building heated area is shown as a function of the heating

correlation parameter. (The greater the value of the parameter the

colder the location or the greater the house heat loss.) The curve for

the central electric furnace and baseboard convectors separates all-

electric HVAC systems from systems consuming both electric energy and

fossil fuels. Compared with the central electric furnace and baseboard

convectors, which have heating season performance factors of 0.98 and

1.0 respectively, electric heat pumps have heating SPF's greater than

one; systems firing fossil fuels onsite have SPF's less than one. Thus,

gas or oil fired furnaces consume considerably more-total energy,.about

62% more, than do all-electric resistance heating systems. The hybrid

heat pump, which uses fossil fuel only below the residence balance

point, consumes less total energy than do systems operating almost

exclusively on fossil fuels (and only a relatively small amount of

electric energy for circulating fans). The hybrid heat pump saves about

33-64% of the onsite energy consumed by a gas or oil fired furnace, the

larger amount representing warmer climates and the smaller percentage

* In this study, the basement is not considered part of the conditioned
space of the house.
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saving representing colder climates. The reason for the variation in

energy saved is due mainly to the improved performance achieved by an

electric heat pump in warmer regions than in colder climates.

Exhibit 8-16 also shows that all three types of all-electric heat

pumps considerably reduce heating season energy consumption compared

with electric resistance heating and fossil fuel fired heating systems,

the greatest savings occurring in warmer climates. The highest energy

consuming all-electric heat pump, the standard electric heat pump, uses

only about 29-53% of the energy consumed by electric resistance heating

and about 56-73% of the energy consumed by fossil fuel fired warm air

furnaces. Thus, in general, quite significant savings in total energy

consumed on-site for heating can be realized by the use of conventional

electric heat pumps.

Upon comparing the different electric heat pumps, the data show

that the new high efficiency heat pumps use an average of 10% less

energy for heating than the standard electric heat pump. The lowest

energy consuming heat pump, the heat-only heat pump, reduces heating

season energy consumption by an average of 19% compared with the standard

electric heat pump.

It must be pointed out that, while a comparison of total energy

consumption at the residential site is quite valid as a measure of the

thermal equivalent of all forms of energy consumed by the HVAC system,

comparing electric energy consumption with the consumption of fossil

fuel burned onsite on this basis does not account for fuels consumed at

the electric generating plant. To do so would require the energy balance

envelope to be extended to include the utility as well. This will be

done in Chapter 12.
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Turning now to the conventional electrically operated cooling

systems, Exhibit 8-17 graphically displays the energy consumed in the

operation of heat pumps in the cooling mode and central air conditioners.

The high efficiency electric heat pumps show the lowest seasonal energy

consumption for cooling. Compared with the standard electric heat pump,

the high efficiency units reduce cooling energy consumption by about

13%. The hybrid heat pump appears to have the largest energy consumption

of all the heat pumps, but this should be considered a temporary finding.

The heat pump portion of the hybrid system is an early standard model

and is less efficient for either heating or cooling (see Exhibit 8-7

where comparative ratings are tabulated) than the new model which has

since been developed by the manufacturer.

The standard central air conditioner, usually installed in tract

housing developments, consumes the greatest amount of energy for cooling

of all the systems shown, about 17% more than the high efficiency

central air conditioner. The high efficiency central air conditioner is

less energy consuming than the standard electric heat pump in all regions

of the country examined and about equal to the average energy consumed

by the high efficiency electric heat pump. Cooling season energy consumption

for room air conditioners in the test house is quite low. It must be

remembered though that the entire house is not cooled in this case and

therefore one would expect this method of cooling to be the lowest

energy user of all the cooling systems examined.
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On an annual basis the combination of baseboard convectors for

heating and room air conditioners for cooling consumes the smallest

total amount of onsite energy, one-third less total energy than the

combination of warm air fossil fuel furnace and high efficiency central

air conditioners. The heat only electric heat pump plus high efficiency

central air conditioner and the high efficiency electric heat pumps

consume about the same amount of annual total energy which is about 36-

70% of the annual total energy consumed by the combination of warm air

furnace and high efficiency central air conditioners. Total annual

energy savings for the standard electric heat pump relative to warm air

furnaces with central electric air conditioners is about 26-64% and and

is not as great as for the high efficiency electric heat pumps.

Specific Findings: Advanced Systems

Exhibits 8-18 and 8-19 graphically display heating and cooling

energy usage per square foot of test house area for advanced heating and

cooling systems. Considering heat activated heat pumps first, the data

show Stirling-Rankine cycle heat pumps to have smaller energy consumption

for heating and cooling than the absorption heat pump, some 25% less

seasonal energy for heating and 34% less seasonal energy for cooling.

It would appear from Exhibits 8-18 and 8-19 that the V-type single

cylinder Stirling-Rankine heat pump is only marginally better for heating

than the free piston Stirling-Rankine heat pump, while for cooling the

free piston system is more energy efficient than the V-type system.

However, this may have as much to do with the assumption of capacity

modulation for the latter system in the determination of the basic COP
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data on which the calculations of this report are based as inherent

system differences. Hence, for the V-type single cylinder Stirling-

Rankine heat pump, dynamic efficiency losses should be relatively small

and the data reported here should reasonably approximate energy consumption

for the fully assembled field operated machine.* In its current design

concept, the free-piston Stirling-Rankine machine will cycle. Based on

this assumption, itlwould experience dynamic efficiency losses due to

cycling not accounted for in the steady-state calculation of this report.

Both would also, of course, experience additional losses due to defrost.

These cannot be specified on the basis of data available.

Without fully and properly measuring performance data for the

advanced heat pump equipment there is no completely satisfactory way of

determining its energy consumption in actual practice. However, an

approximation can be made if it is assumed that the ratio of energy

consumed including dynamic efficiency losses to the energy consumed

based on manufacturers' data is the same as that for conventional electric

heat pumps. In that case the data of Exhibit 8-8 for the standard

electric heat pump can be used to predict these ratios. When this is

done for heating season, cooling season and annual energy usage averaged

for all nine test cities, the following factors are produced:

(Energy consumption including dynamic efficiency losses)
(Energy consumption based on manufacturers' steady-state performance)

Heating season 1.097
Cooling season 1.164
Annual 1.118

* However, a constant heat exchanger effectiveness was assumed in the
V-type Stirling-Rankine case. Hence, that system does not fully
represent a realistic design configuration.
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These factors can now be used to estimate energy consumption for equipment

whose performance data are based on steady-state values. It should be

understood that these factors provide only crude approximations to

reality. It is not quite correct to assume, for example, that the free

piston Stirling engine will have the same dynamic efficiency losses as

the electric motor driving the reciprocating compressor of the standard

electric heat pump. It might be expected that such losses will be

collectively greater for the free piston Stirling-Rankine heat pump than

for a conventional electric heat pump since in the former case the prime

mover will exhibit its own dynamics.

The factors in the above table can be applied to all the advanced

heating and cooling systems to produce energy consumption data on the

same basis as for conventional systems with the exception of the following

systems: advanced electric heat pump II, pulse combustion furnace and

the V-type single cylinder Stirling-Rankine heat pump. The first and

last are modulated systems for which dynamic efficiency losses should be

quite small. The pulsed combustion furnace efficiency used already

represents an integrated value over the heating season.

Applying the factors developed above to the energy data for the

advanced electric heat pump I indicate that in the heating mode, the

system can offer energy savings over commercially available electric

heat pump systems. However, in the cooling mode this system appears to

perform only slightly better than the electric heat pump standard.

All of the gas heat pumps under consideration in this study consume

substantially more energy on-site for both heating and cooling than

commercially available HVAC systems, regardless of whether the comparison

is made with or without consideration of dynamic efficiency losses.
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The advanced electric heat pump II represents a hypothetical system

employing realizeable modifications to conventional electric heat pumps

but having a significantly better operating performance. Energy consumption

data for this hypothetical heat pump not separately calculated, rather

scaled on energy consumption data produced in the simulation of the

standard electric heat pump. The SPF for this high efficiency heat pump

was taken as 2.4 in Columbus, an increase of 71% over an SPF of 1.4 for

the standard electric heat pump in the same city. This increase is a

reasonable assumption of the higher performance characteristics of a new

system employing advanced techniques (Comly et al., 1975). All other

SPF's and energy consumed for heating and cooling the test house in each

of the nine test cities with this heat pump were then produced by

scaling values for the standard electric heat pump using the factor

(2.4/1.4).

A similar technique was used for the pulse combustion furnace.

Based on information that this type of system would have a seasonal

efficiency of about 90-95% (Hollowell, 1976), the gas energies calcu-

lated for the conventional gas warm air furnace were adjusted to reflect

an overall efficiency of 92.5%. Electric energy to drive the indoor

circulating fan was assumed to be slightly higher for the pulse com-

bustion furnace than for the gas warm air furnace. Comparing the pulse

combustion furnace at a 92.5% efficiency with a gas warm air furnace at

a 60% efficiency suggests that a 32% saving in total energy would result

with the more efficient system.
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8.3 Heat Pump Performance in Commercial Applications

8.3.1 Methodology

The methodology used to compare the energy effectiveness of advanced

heat pump systems with available conventional heating and cooling systems

parallels the systems study of energy effectiveness for residential

comfort conditioning. Steps in the overall procedure are as follows:

Commercial building selection. A single commercial building
was selected and thoroughly characterized with respect to
construction details for the purpose of estimating heating and
cooling design loads for the structure in each of nine
cities located in different climatological regions of the U.S.
This characterization included structural features of the
building, including insulation details needed for the subsequent
calculation of hourly heating and cooling loads and systems
energy requirements in each climatological location.

Weather data and design load calculation. Design heating and
cooling loads were estimated for the selected building.
Weather data representing long term average weather conditions
at each of the nine cities were also used for the examination
of energy effectiveness of alternative heating and cooling
systems for commercial building application.

Systems selection. Conventional heating and cooling systems
were selected from among available representative equipment
generally used for the commercial structure chosen. Advanced
heat pumps were chosen from among those currently being developed
for similar commercial building applications. Equipment sizes
were then specified for the commercial building in each of the
nine cities based upon estimated heating and cooling design
loads.

Computer model. A computerized calculation was made to estimate
monthly and annual heating and cooling loads and systems
energy input. Performance data for the equipment selected
were acquired from manufacturers (heating and coooling capacities
and operating COP as a function of outdoor temperature, air
flows and parasitic energy requirements, special characteristics
of each equipment type). Performance data were modeled in a
manner capatible with the computerized calculation of the
commercial building heating and cooling loads and system
energy requirement.

160



The final computer load and systems energy calculation were worked

up in consistent form suitable for comparative analyses. These include

a comparison of on-site energy consumption for conventional systems and

advanced heat pumps, seasonal and annual performance factors--the subject

of this chapter. In addition the data were further developed for a cost

analysis and a comparison of primary energy resources required for each

system examined.

8.3.2 Commercial Building Selection and Design Load Calculation

The selection of a single commercial building, which is then artifi-

cially moved to different climatological regions of the U.S., is purely

a device through which a reliable comparison of energy effectiveness for

alternative heating and cooling systems may be made. The building is

essentially used to determine the heating and cooling loads which must

be satisfied by the competing systems. To some extent, then, an almost

arbitrary selection of building type could be made. However, the type

of advanced technology heat pumps currently under development should

obviously be a determinant in building selection. Several market studies

commissioned by organizations involved in advanced heat pump development

have indicated that light commercial structures (e.g., of banks, community

or professional services buildings, light manufacturing and small office

buildings) requiring unitary equipment of less than 25 tons cooling

capacity represented the largest single potential. Typical are the 10

ton cooling capacity Brayton-Rankine and the 7.5 ton RankineRankine gas

heat pumps under current development for light commercial building

application.*

* However, see Section 1.4.
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Several small commercial buildings were examined and a small office

building currently under construction in Mountainside, New Jersey was

selected. The Mountainside building is a two story, cement block structure

having 5580 square feet of conditioned space. Architectural plans were

made available as well as details of HVAC equipment selected for the

building in its New Jersey location. Architectural views of the office

building are shown in Exhibit 8-20 and general features outlined in

Exhibit 8-21. The insulation and heat transfer properties of the walls,

roof, foundation and glass areas of the building are compared with

ASHRAE 90-75 thermal design standards for non-residential buildings

(ASHRAE Standard 90-75) in Exhibit 8-22. Design loads were calculated

for each location using the NESCA Manual J Supplement procedure (NESCA

1975) and are shown in Exhibit 8-23.

8.3.3 Heating and Cooling System Selection

Five different heating and cooling systems were selected for study;

three represent conventional "baseline" systems frequently installed in

the light commercial building application used here along with two

advanced heat activated heat pumps currently being developed for similar

installations. The specific systems selected were:

o Electric Heat Pump - Standard

o Electric Resistance Heating/Electric Air Conditioning

o Rooftop Gas Furnace/Electric Air Conditioning

o Brayton-Rankine Gas Heat Pump

o Rankine-Rankine Gas Heat Pump

Because the advanced heat pump systems being developed are in the 7-1/2

10 ton nominal cooling capacity range, and also because conventional
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systems are available within this size range, it was desirable to

subdivide the building so that multiples of the basic 7-1/2-10 ton sizes

could be used. This was readily done by dividing the building into two

zones, each zone having half the total floor area and half the design

heating and cooling loads shown for the nine cities in Exhibit 8-23.

When this is done the nine cities fall into two groups. The first group

is represented by "warmer" climatological locations, Houston through

Philadelphia, for which 10 tons of cooling capacity are required.

Within this group the largest design total cooling load is about 103,000

Btuh (Houston) and the smallest is 94,000 Btuh (Philadelphia) just above

the 7-1/2 ton size. The second group consists of "colder" climatological

regions, Seattle through Concord, within which the largest design cooling

load is about 89,000 Btuh (Columbus) and the smallest is about 63,000

Btuh (Seattle). For cities in this group, 7 1/2 tons of cooling capacity

is required. It might possibly have been better to select a lower

cooling capacity system for Seattle but this was not done for two reasons.

Commercially available rooftop single package gas furnace/electric air

conditioners are not made in less than 7 1/2 ton cooling capacities and

the Brayton-Rankine gas heat pump is not scheduled for commercialization

below 7 1/2 tons of cooling capacity because of technical and cost

factors. The system sizes selected for Seattle are therefore all oversized

with respect to cooling capacity but represent realistic sizes that

would be installed in that region.

A short description of each heating and cooling system selected is

found below:

163



Electric Heat Pump-Standard: Single package; two unit sizes employed
based on design cooling load (see text above) with a nominal cooling
capacity of 90,000 and 120,000. Lower capacity unit has a 90,000
Btuh cooling capacity at 95°F ODBT* (EER 7.8) and heating capacities
of 90,000 Btuh (COP 2.6) and 50,000 Btuh at 17°F ODBT (COP 1.9);
air flow is 3,000 cfm for heating and cooling. Higher capacity
unit has a 117,000 Btuh cooling capacity at 95°F ODBT (EER 8.2) and
heating capacities of 120,000 Btuh at 47°F (COP 2.1); and 67,000
Btuh at 17°F; airflow is 4,000 cfm for heating and cooling. Supplementary
heaters sized for full design heating load for each city. Systems
are equipped with outdoor temperature controlled economizer dampers.
Performance data for both heating and cooling were based on manufacturer's
reported steady-state data corrected for dynamic efficiency effects
with data of Kelly and Bean (1976).

Electric Resistance Heating/Electric Air Conditioner: Heating
provided by electrical resistance heaters sized for full mounted,
single package unit with 2-stage modulated capacity (50% cooling
capacity for each stage) and outdoor temperature controlled economizer
dampers. Two unit sizes were required, 90,000 and 120,000 Btuh
nominal cooling capacity, depending on design cooling load. For
the 90,000 Btuh air conditioner (45,000 Btuh each stage), first
stage EER 6.62 at 95°F ODBT and combined stages EER 7.69, airflow
was 3,000 cfm (heating and cooling). For the 90,000 Btuh air
conditioner (45,000 Btuh each stage), first stage EER 6.62 at 95°F
ODBT and combined stages EER 7.69; airflow was 3,000 cfm (heating
and cooling). The 120,000 Btuh air conditioner (60,000 Btuh each
stage), first stage of 40,000 cfm (heating and cooling). Both
systems are equipped with outdoor temperature controlled economizer
dampers. Electric resistance heating was assumed 100% efficient.
Performance data for the electric air conditioner were based on
manufacurer's reported steady-state data corrected for dynamic
efficiency effects with the Data of Kelly and Bean (1976) for
electric heat pumps in the cooling mode.

Rooftop Gas Furnace/Electric Air Conditioning: Single package;
unit sizes selected on the basis of cooling design load requirements.
Each unit has 2 compressors for 2-stage cooling capacity modulation
operation. The smaller cooling capacity unit was rated at 90,000
Btuh cooling with 2-stage operation (EER 7.26 at 95°F ODBT) and
45,000 Btuh cooling with 1-stage operation (EER 5.85 at 95°F ODBT).
The accompanying 2-stage gas furnace capacity is rated at 180,000
Btuh output for 2-stage and 135,000 Btuh output for 1-stage operation.
These outputs are AGA ratings for full load combustion efficiencies
of 75% for each stage. The larger cooling capacity unit was rated
at 120,000 Btuh cooling with 2-stage operation (EER 7.19 at 95°F
ODBT) and 60,000 Btuh with 1-stage operation (EER 5.69 at 95°F

* ODBT stands for "outdoor dry bulb temperature" and refers to the air
temperature at the outdoor unit heat exchanger. Heating and cooling
capacity and COP's are directly dependent upon this temperature.
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ODBT). Gas furnace capacity for this larger cooling unit was
225,000 Btuh output for 2-stage operation and 168,000 Btuh output
for each stage. Air flows for the two units were 3,000 cfm (90,000
Btuh nominal cooling capacity) and 4,000 cfm (120,000 Btuh nominal
cooling capacity). Steady-state furnace output capacities were
reduced using dynamic performance data for residential gas furnaces
(Macriss, 1975). Performance data for the electric air conditioner
were based on manufacurer's reported steady-state data corrected
for dynamic efficiency effects with data of Kelly and Bean.

Brayton-Rankine Gas Heat Pump: This system is capable of modulated
operation over a major portion of its heating and cooling operating
range. For small outdoor dry bulb temperature deviation (±50F)
about 65°F, the system ventilates only. As progressively greater
temperature deviations occur (and the heating and cooling loads
increase) the system first operates in an on/off cycling mode
during which heating and cooling capacities are constant (45° to
65°F ODBT for heating and 70° to 75°F ODBT for cooling). At ODBT
below 45°F for heating and above 75°F for cooling, the system is
fully modulated. Performance data provided by the manufacturer for
a nominal 10 ton system showed a cooling capacity of 119,000 Btuh
at 95°F ODBT (COP 1.06 and a heating capacity of 100,000 Btuh at
47°F ODBT (COP 1.32). Parasitics (indoor and outdoor coil fans,
sink heat exchanger fan and systems control) for the 10 ton system
were assumed to be 2.4 kW of electric energy (0.24 kW per ton of
nominal cooling capacity). Performance data for a nominal 7-1/2
ton cooling capacity system were scaled from data for the 10 ton
system, assuming that COP vs. ODBT remains constant. Estimated
performance data for the 7-1/2 ton system at ARI rating points are
89,000 Btuh of cooling capacity at 95°F ODBT (COP 1.6) and a
heating capacity of 75,000 Btuh at 47°F ODBT.

Rankine-Rankine Gas Heat Pump: This system is a fully modulated
gas fired steam turbine driven heat pump. Parasitic electrical
energy requirements are produced by the turbine with a high fre-
quency alternator. In addition to heat pump operation, steam
turbine exhaust is used to heat air for space conditioning and at
very high heating loads (low outdoor temperatures) supplemental
heat is provided by direct injection of generated steam. Data
provided by the developer consisted of heating and cooling capacity
ratios as percentages of full load cooling capacity and corresponding
COP's related to outdoor dry bulb temperatures. For heating service,
the heat pump is cut off at 0°F and all heating energy is provided
by steam injection below this temperature. Two sizes of heat pumps
were modeled for the commercial building application, 120,000 Btuh
and 90,000 Btuh of cooling capacity at 95°F ODBT (COP 0.73 for both
sizes). On heating service, high temperature capacities (47°F
ODBT) of the heat pumps were taken as 120,000 Btuh and 90,000 Btuh,
respectively (representing 100% of cooling load capacity) for which
both heat pumps have COP's of 1.5. The developer specifically
stated that reported operational heating COP's were substantially
lower than design COP's due to off-cycle thermal losses, start-up
losses at low loads and modulation losses at intermediate loads.
Computed system energy requirements are therefore considered to
include dynamic efficiency effects.
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8.3.4 Systems Simulation and Computer Modeling

The computer program used for the determination of energy effective-

ness of commercial building heating and cooling systems was AXCESS

(Alternate Cost Comparison for Energy System Simulation), a program

developed for the Edison Electric Institute (EEI) by several contractors

largely for the purpose of comparing energy requirements for alternative

heating and cooling systems applied to a single structure. AXCESS has

a broad flexibility with respect to the buildings and HVAC equipment it

can examine, as well as a number of internal variations that can be pro-

grammed. Although other building energy analysis programs are available

(including some which can simultaneously perform an economic analysis of

systems examined) AXCESS was selected because of the known accessibility

of backup and support in its use by EEI as well as its proven ability to

model systems and structures similar to those used in the present study

(Reeves et al., 1976). A full description of AXCESS is not possible

here, nor necessary, and only a brief account will be given of the

program and its data requirements and output capabilities for the specific

systems examined in this study.

Building input data for AXCESS can be brief or detailed depending

on the user's knowledge of the building being modeled. Simple infor-

mation such as window areas, net wall area and floor areas are required

along with detailed information of wall and roof construction features.

Heat transfer response factors for envelope surfaces are supplied internally

or can be input by the user. AXCESS performs an internal calculation of

heating and cooling loads on an hourly basis and simultaneously calculates
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and outputs systems energy to satisfy these loads. Part of the flexibility

of the program results from the ability to subdivide a building into

areas, each area served by its own HVAC system, and into zones, each

zone having a specific response. A further subdivision into meters

stores data on specific types of energy used within the building. For

example, meters can be programmed to record lighting and office equip-

ment electric energy requirements as well as to record energy in various

forms (cubic feet of gas, gallons of oil, kWh of electric energy) for

HVAC equipment in each area. In addition, separate sub-meters can be

used to tally energy usage for equipment components, for example com-

pressor energy for a heat pump, supplemental strip heat required below

the balance point, and the energy used to operate fans and other para-

sitic devices.

Although AXCESS calculates heating and cooling loads and then uses

input data on the HVAC systems programmed to calculate energy needed to

satisfy these loads, the program does not directly output calculated

loads. It was Important, though, for this study that the loads corres-

ponding to calculated energy used be known so that performance factors

for the equipment examined could be estimated. This shortcoming was

surmounted by running this program with a "synthetic" HVAC system, one

which had a virtually infinite capacity for heating and cooling and an

energy Input exactly equal to its output. In this way the printed

output was exactly equal to the load on the building.
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Input data for the program also consisted of local weather data for

each city and a detailed occupancy schedule in terms of percent of base

load energy for lights and office machinery as a function of the hour of

day, so that internal energy gains could be realistically estimated.

Night time hours were each assumed to require 5 percent of the base load

demand of 14kWh. In addition, each heating system was programmed to

operate so that the full heating load was satisfied during working hours

(70°F comfort level) and Monday to Friday nonworking hours (10°F setback

to 60°F). The cooling system was set to satisfy a comfort level of 75°F

during working hours only. During weekends and holidays, no heating or

cooling was supplied.

Operating performance data for simulation of the five space conditioning

systems considered were derived from information by manufacturers or

developers. Version "6" of the AXCESS model was used which allows part

load behavior and dynamic efficiency losses to be reflected in system

energy consumption, where appropriate. In case of the electric heat

pump, this was done on the basis of the 5-ton heat pump data of Kelly

and Bean (1976). It is recognized that these data were developed for a

residential system and that the 10-ton commercial heat pump, say, may

utilize two 5-ton compressors. The dynamic efficiency data used included

the effect of reduced heating-capacity due to the formation of frost on the

outdoor heat exchanger coil and outside dry bulb temperature below 40°F.

Energy consumption during defrosting cycles is included in the electric

heat pump input data but there is no provision in the AXCESS program for

energy consumed to temper cold air transferred to the building during

defrost. However, the Kelly and Bean model of heat pump performance in
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the defrost region included the first stage of supplemental heating for

tempering air during the defrost cycle. This was one of the reasons for

choosing this model over that of Parken and Kelly (1977). Also, it will

be recalled that Parken and Kelly model was applied to residential heat

pump performance in a defrost region defined as outdoor dry bulb temperature

less than about 47°F and coincident relative humidity in excess of 60%.

Because AXCESS has no data input capability for ambient relative humidity,

the single definition of the defrost region inherent in the Kelly and

Bean data was used. No information about defrost energy requirements

for the advanced heat activated heat pumps was available. Most probably

there is sufficient heat rejection from the combustion furnaces for

these heat pumps to provide energy for defrosting outdoor heat exchanger

surfaces. With the exception of the electric heat pumps operating in

Concord, representing the coldest weather conditions, no supplemental

heat was required for any of the others. (Supplemental heat is incorporated

as part of the operating scheme of the Rankine-Rankine heat pump.)

Thus, for heating and cooling modes, the energies calculated by the

AXCESS program reflect system response to the building load under dynamic

conditions wherever possible. Dynamic efficiency effects included for

the systems examined in this study were mentioned in the system descriptions

above, along with the source of the data used.*

Output data from the AXCESS program consist, in part, of energy

consumed at each active meter for all usages specified. This output

* Part load performance data were available for all commercial building
HVAC systems except the Brayton-Rankine Gas Heat Pump. Energy consumption
data presented here for the Brayton-Rankine Gas Heat Pump are-.probably
slightly underestimated by the steady-state performance simulation
which had to be resorted to.
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could be reported on an hour-by-hour basis or accumulated over longer

intervals. In addition to energy consumed, the program stores hourly

electric energy demands and outputs the maximum demand at each electric

meter for the time period examined.

The method of calculation employed was to run AXCESS for each city

for a full 24 hours every fifth day for four months; January, April,

July and October. When instructed to run every fifth day in any month,

the computer internally sums the results for the six days computed,

multiplies by five, and prints a monthly estimate of energies for each

meter. This method of calculating monthly energy consumption is entirely

adequate for estimating annual energy usage and was the method used to

validate the program.The validation study (Reeves et al., 1976) shows

quite good agreement between energy consumption estimated by calculating

every fifth day for a full year and measured energy consumption for an

existing building. Energy consumption data for the entire year were

determined by a simple multiplication of the four-month-data by three.

Prior to commencing full scale runs for the present study using every

fifth day for four months a year, it was demonstrated that a reliable

estimate of annual energy consumption could be produced with these

limited data by calculating heating and cooling energy consumption and

performance factors for an entire year for two of the cities. These

results were then compared to the results obtained by calculating energies

and performance factors for four months alone (and multiplying by 3).

Differences in the yearly energy consumption computed by the two methods

were of the order of 10-20% at the most. Differences in HVAC system

performance factors calculated by the two methods were of the order of

1-2%.
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The final outcome of the computer modelling with AXCESS for the

five heating and cooling systems examined is a set of monthly heating

and cooling loads for the commercial building in nine climatologically

different regions of the country, monthly on-site energy inputs to each

space conditioning system and one hour peak electric energy demands.

These results are shown in Exhibits 8-24 to 8-26; in terms of annual

fuels and energy consumed on-site, Exhibit 8-24; system performance

factors, Exhibit 8-25; thermal equivalent of annual onsite energy

consumption, Exhibit 8-26.

8.3.5 Analysis of Heat Pump Performance

For the two all-electric systems, the electric heat pump and the

electric resistance heater/electric air conditioner, the electric heat

pump consistently uses less electric energy in all nine cities. Savings

in annual electric energy by the heat pump range from 11% in Houston to

47% in Seattle and are generally larger for colder climate cities than

for cities in warmer climates. This is reflected also by a superior

heating performance factor for the heat pump (2.0 to 2.7 for all cities)

compared with a uniform heating performance factor less than one for

electric resistance heating as is shown in Exhibit 8-25. In contrast,

the cooling performance factors are approximately the same for the

electric heat pump and the rooftop air conditioner. Therefore, in

Houston, where the greatest energy use is for cooling, there Is less of

an advantage for the heat pump than in Concord, where the major energy

requirement is for heating.
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As expected in energy use comparisons on an on-site basis,

the rooftop combination of gas furnace/electric air conditioner uses

more annual energy than either of the conventional all-electric systems,

since electric generation transmission and distribution losses are not

included in this comparison. However, a part of the increased energy

consumption of the gas furnace/electric air conditioner is also due to

a lower efficiency air conditioning operation than the all-electric

system. The rated EER for the electric air conditioner used with the

gas furnace is 7.2 (120,000 Btuh capacity, 2 stages) and 7.3 (90,000

Btuh capacity 2 stages). These are lower, for example, than the EER for

the standard electric heat pump (8.2 for the 120,000 Btuh cooling capacity

unit and 7.8 for the 90,000 Btuh unit). The higher EER electric heat

pumps are clearly the reason for the better cooling season performance

factors for the heat pump as shown in Exhibit 8-25.

Gas furnace heating season performance factors for residential

service were previously shown to be about 0.62-0.65 whereas the rooftop

gas furnace for light commercial building application shows heating

performance factors of 0.36-0.52, both results including dynamic losses.

The reason for the lower efficiency gas furnace performance in commercial

buildings is partly due to a lower full load (steady state) efficiency

for the large rooftop units (75%) compared with residential furnaces

(80%), both certified ratings by the AGA. In addition, the rooftop

units are grossly oversized compared with design heating loads. All

rooftop gas furnaces are rated at 180,000 Btuh output heating capacity

(lst stage) compared with a maximum heating design load of 83,000 Btuh

for Concord and 43,000 Btuh for Houston. As a consequence of oversizing
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the furnaces cycle more frequently, each combustion cycle being of

shorter duration compared with a gas furnace whose rated output is more

nearly matched to design load. Dynamic efficiency losses due to greater

cycling will considerably reduce heating performance factors.

It is difficult to compare the advanced gas heat pumps with the

conventional systems because of the different forms of energy utilized

on-site. It is obvious that, since the on-site efficiency of the electric

HVAC systems is higher, the all-electric conventional systems use more

on-site energy than the advanced systems. Both advanced systems show

high heating performance factors (greater than one) compared with a

heating season performance factor of less than 0.5 for the gas furnace.

Thus, with respect to the same energy source, the advanced heat pumps

show superior performance.

Upon comparing the two advanced gas heat pumps, it appears that the

Rankine-Rankine system uses more total on-site energy in all cities

except Concord than does the Brayton-Rankine system. However, the latter

system uses purchased electricity for its auxiliary equipment whereas

the Rankine-Rankine machine generates all of its own electricity. Hence,

better comparisons of these and other systems are provided in Chapter

9 and 12.

8.4 Summary

This chapter has compared the on-site electrical and fossil-fuel

energy consumption and seasonal performance factors for a number of

conventional and advanced HVAC systems in both residential and commercial

applications. The comparisons represent results of computer simulations
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of the energy use of a single-family residence and a small two-story

office building in nine climatologically and geographically different

locations in the continental U.S. Since some of the systems involved

use electricity alone or in combination with gas or fuel oil, comparisons

of on-site performance are not particularly meaningful. However, compari-

sons of some all-electric systems are of interest. For example, high

efficiency conventional electric heat pumps which have recently become

commercially available use about 11% less energy annually than standard

electric heat pumps which have been on the market for some time. Electric

resistance systems, represented by the central electric furnace and

baseboard convectors, are less energy-efficient than the electric heat

pumps, as expected.

The high efficiency electric heat pumps use the least amount of

energy for residential cooling of all currently available vapor compress-

ion air conditioning systems with the exception of zone demand cooling

with room air conditioners. High efficiency air conditioners use about

10% more energy than standard electric heat pumps in the cooling mode,

but are more efficient than standard air conditioners generally used by

builders.

Advanced electric heat pumps use less energy than the most efficient

currently available electric heat pumps in residential heating. A

hypothetical electric heat pump system representing anticipated improvements

in system performance would reduce energy consumption for heating by

about 40%. The advanced electric heat pump I, currently under development,

appears to consume about as much energy for space cooling as currently

available high efficiency electric heat pumps. In contrast, the hypothetical
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continuously modulated advanced electric heat pump II should offer

substantial energy savings in comparison to current cooling technology.

It is significant that in moderate-to-cold locations gas heat pumps

consume less gas for heating and cooling, than the conventional gas

furnace does for heating alone. In Tulsa, for example, the free-piston

Stirling-Rankine heat pump will use 28% less gas over the entire year

than the gas furnace will consume for heating only. In Concord, almost

52% less. However, these results do not take into account possible part

load operation losses on the part of the gas heat pumps, so that actual

savings may be somewhat less dramatic. (Parasitic electric power requirements

for heating by the same heat pump are almost three to four times higher

than by gas furnace, however. Additional electric energy is consumed by

the air conditioner as well.) The organic fluid absorption cycle heat

pump is considerably less efficient on cooling in comparison to the

engine-driven heat pump and, therefore, uses less gas annually than the

conventional gas furnace only in cities with a low cooling load (Seattle,

plus the three coldest cities). Against an advanced gas furnace (such

as the pulse combustion system), the gas heat pumps begin to look attractive

in terms of on-site gas savings also primarily in cold cities.

Among commercial-sized presently available units examined, the

standard electric heat pump consumes the least amount of onsite energy

for year round comfort conditioning. The least efficient all-electric

unit in terms of on-site energy consumption is single package electric

air conditioning with electric resistance heating.
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Among the advanced systems considered, both the Brayton-Rankine gas

heat pump and the Rankine-Rankine gas heat pump consume in cold cities

less gas on-site than the rooftop gas furnace/electric air conditioning

system. In Concord, for example, the savings are of the order of 26%.

The systems are about comparable in Philadelphia. It should be noted,

however, that part load losses in the case of the Brayton-Rankine heat

pump have not been accounted for.
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EXHIBIT 8-1

WEATHER DATA FOR TEST CITIES

~~~~~~ASHRAEc(a) 'WEATHER DATA USED IN THIS STUDY
ASHRAE(a) Representative
Heating Heating Degree Heating Cooling Year of Deviation

City Degree Days Day Range Degree Days Degree Days Weather Data Level

Houston 1278 500 - 2000 1290 2339 1955 3%

Birmingham 2551 2000 - 3000 2844 1928 1955 7%

H Atlanta 2961 2500 - 3500 2821 1589 1959 6%

Tulsa 3680 3000 - 4000 3504 1949 1950 6%

Philadelphia 4486 4000 - 5000 4508 1104 1951 8%

Seattle 4424 -- 4407 183 1960 2%

Columbus 5560 5000 - 6000 5467 809 1964 10%

Cleveland 6351 6000 - 7000 6097 613 1964 10%

Concord 7383 7000 - 8000 7377 349 1964 10%

(a) Heating degree days from ASHRAE 1973 Systems Handbook, Chapter 43.



EXHIBIT 8-2

RESIDENTIAL TEST HOUSE: FRONT ELEVATION AND FLOOR PLANS
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EXHIBIT 8-3

TEST HOUSE GENERAL CHARACTERISTICS

House Style Two stories, wood frame, 2 car garage

Living Area 1850 sq. ft. (excluding basement).

Room Complement
First Floor Foyer, living room, dining room, family room,

kitchen, powder room.

Second Floor Master bedroom, large bedroom, 2 small bedrooms,
2 baths.

Exposure Front of house faces north.

Exterior Surface Aluminum siding.

Doors One - wood panel construction.

Roof Black asphalt shingles over building paper and
5/8" plywood deck.

Glass Areas 16 glass areas, including patio sliding door. (For
total glass area see bldg. plans.) All windows are
aluminum cased, double hung, weather stripped,
double pave insulating glass. Basement windows
(2) are single glazed, 1/8" sheet glass.

Basement
Walls 11 course, 8 inch concrete block

Floor 4 inch concrete slab over 4 inch gravel bed,
662 sq. ft.

Crawl Space 4 inch gravel bed over plastic vapor barrier.
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EXHIBIT 8-4

TEST HOUSE INSULATION USED AND COMPARISON OF HEAT TRANSFER COEFFICIENTS WITH ASHRAE 90-75 STANDARDS

EXTERIOR WALLS CEILINGS FLOORS GOER UNHEATED SPACES

Overall Thermal Overall Thermal Overall Thermal
Insulation Transmittance (BTU/Hr-Ft 2 OF) Insulation Transmittance (BTU/Hr-Ft 2PF) Insulation Transmittance (BTU/Hr-Ft2°r)
Specified ASHRAE 90-75 Test House Specified ASHRAE 90-/5 Test House Specified ASHRAE 90-75 Test House

Houston R-9 0.29 0.132 R-19 0.05 0.048 R-7 0.305 0.086

Birmingham R-9 0.27 0.132 R-19 0.05 0.048 R-7 0.220 0.086

Atlanta R-9 0.27 0.132 R-19 0.05 0.048 R-7 0.200 0.086

Tulsa R-9 0.25 0.132 R-19 0.05 0.048 R-7 0.135 0.086

Philadelphia R-9 0.24 0.132 R-19 0.05 0.048 R-9 0.080 0.073

Seattle R-9 0.24 0.132 R-19 0.05 0.048 R-9 0.060 0.073

Columbus R-9 0.23 0.132 R-19 0.05 0.048 R-9 0.080 0.073

Cleveland R-9 0.22 0.132 R-19 0.05 0.048 R-9 0.080 0.073

Concord R-9 0.20 0.132 R-19 0.05 0.048 R-9 0.080 0.073

co
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EXHIBIT 8-5

COMPARISON OF TEST HOUSE AIR INFILTRATION RATES WITH ASHRAE 90-75 STANDARDS (a)

Windows Sliding Doors Entrance Doors
(ft3/min per ft (ftJ/min per ftz of (ft3/min per ft2 of
of sash crack) door area) door area)

City. A5 Tt H e ASHRAE 90-75 Test House ASHRAE 90-75 Test House ASHRAE 90-75 Test House

Houston .5 .25 .5 .25 1.25 1.25

Brimingham .5 .25 .5 .25 1.25 1.25

Atlanta .5 .25 .5 .25 1.25 1.25

Tulsa .5 .25 .5 .25 1.25 1.25

Philadelphia .5 .25 .5 .25 1.25 1.25

Seattle .5 .25 .5 .25 1.25 1.25

Columbus .5 .25 .5 .25 1.25 1.25

Cleveland .5 .25 .5 .25 1.25 1.25

Concord .5 .25 .5 .25 1.25 1.25

(a) Air infiltration data for windows and sliding doors from "Technical Data - Computing Heat
Loss for Anderson Windows and Sliding Doors", Anderson Corporation, Bayport, Minnesota
(Pec. 1971)



EXHIBIT 8-6

DESIGN TEMPERATURES AND HEAT LOAD FOR
HEATING AND COOLING EQUIPMENT

HEATING COOLING
97-1/2% 2-1/2% 2-1/2%
DESIGN DESIGN DESIGN DESIGN DESIGN SENSIBLE DESIGN TOTAL

DRY BULB HEAT LOAD DRY BULB WET BULB COOLING LOAD COOLING LOAD
TEMPERATURE (BTUH) TEMPERATURE TEMPERATURE (BTUH) (BTUH)

Houston 32 27,030 94 80 24,069 36,844

Birmingham 22 33,915 94 78 25,335 35,803

Atlanta 23 33,288 92 77 23,126 32,994

Tulsa 16 37,671 99 78 29,383 38,351

Philadelphia 15 38,242 90 77 24,880 35,302

Seattle 32 27,621 79 65 18,757 20,365

Columbus 7 42,913 88 76 23,468 33,090

Cleveland 7 42,913 89 75 24,454 32,845

Concord -7 52,088 88 73 23,837 30,420
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EXHIBIT 8-7

GENERAL CHARACTERISTICS OF HVAC SYSTEMS (f)

(a)
- Heating COP (a) Cooling EER Heating Capacity (Btuh)(a) Cooling Capacity (Btuh)(a)Aux111aries

ELECTRIC HEAT PUMPS '17°F 470F 95°F 170 F 47°F 95°F (w/ton)

Electric Heat Pump - Standard 1.8 2.6 6.9 22,400 39,000 36,000 277
Electric Heat Pump -High Efficiency I 2.1 3.1 7.9 22,600 38,900 34,100 267

-High Efficiency II 2.1 2.8 7.8 21,000 37,500 33,500
- High-Efficiency III 2.0 2.8 8.2 22,000 39,000 36,000 275

Hybrid Electric Heat Pump 1.4 2.1 6.4 22,000 37,000 36,000 314
Electric Heat Pump - Heat Only 2.3 3.2 - 21,500 36,500
Advanced Electric Heat Pump I 2.2 2.7 7.5 38,100 36,600 39,500 0

THERMAL ENGINE AND ABSORPTION CYCLE HEAT PUMPS (COP)

Free Piston Stirling-Rankine Gas Heat Pump 1.4 1.7 (0.9)) 55,600 68,100 35,000 517
'V-Type Single Cylinder Stirling-Rankine Gas 1.3 1.5 (1.1 41,000 58.000 36,000

Heat Pump (g)
Organic Fluid Absorption Gas Heat Pump 1.1 1.2 (0.5) 76,000 87,000 36,000 268

OTHER SYSTEMS

Gas Warm Air Furnace 80%(b) 80%(b) - 64,000(c) 64,000(c) -
Oil Warm Air Furnace 85%(b) 85%(b - 85,000(c) 85,000(c)
Central Electric Furnace 100%(b) 100%(b - (d) d
Baseboard Convectors 100%(b 100% b - e) (e
Central Air Conditioner --High Efficiency - - 7.7 - - 35,500 238

- Standard - -6.5 - 35,000 280

Notes to Exhibit 8-7.

(a) Rating conditions are47/43-70 for high temperature heating, 17/15-70 for low temperature heating and 80/67-95 for cooling. (b) Manufacturer's
full load system efficiency. (c) Constant capacity at all outdoor temperatures. (d) Total heating capacity varied by location from 9.6 to 15.36 kW.
(e) Total heating capacity varied by location from 9.75 to 16.0 kW. (f) Characteristics of heat pumps are for 3 ton (cooling) models of each type.

(g) COP for compressor only; auxiliaries not included.
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EXHIBIT 8-8

FUELS AND ELECTRIC ENERGY CONSUMED FOR SPACE CONDITIONING BY THE TEST HOUSE IN SELECTED CITIES
CONVENTIONAL ELECTRIC HEAT PUMPS

Length of Degree Days Electric Heat Electric Heat Pump- Electric Heat Pump- Electric Heat Pump-
Season or Pump-Standard High Efficiency I High Efficiency II High Efficiency III

(months) Cooling Hours Elec. (kWh) Elec. (klJh) Elec. (kWh) Elec. (kWh)

Houston
Total Heating Season 4 1,290 1,402 ( 1,261)* 1,173 ( 1,05) 1,254 ( 1,125) 1,331 ( 1,196)
Total Cooling Season 8 2,022 7,215 6,273) 5,930 ( 5,178) 6,536 5,607) 6,286 5,478)
Total Annual 8,617 ( 7,534) 7,103 ( 6,234) 7,790 ( 6,732) 7,617 ( 6,674)

Birmingham
Total Heating Season 6 2,844 3,787 ( 3,414) 3,250 ( 2,940) 3,379 3,053) 3,603 ( 3,256)
Total Cooling Season 6 1,480 5,010 ( 4,301) 4,236 3,657) 4,561 3,868) 4,369 ( 3,754)
Total Annual 8,797 ( 7,715) 7,486 ( 6,597) 7,940 6,921) 7,972 ( 7,010)

Atlanta
Total Heating Season 5 2,821 3,789 ( 3,437) 3,235 ( 2,935) 3,562 3,231) 3,612 ( 3,284)
Total Cooling Season 7 1,393 4,700 ( 4,001) 3,980 ( 3,406) 4,381 3,778) 4,100 ( 3,497)
Total Annual 8,489 (7,438 7,215 ( 6,341) 7,943 7,009) 7,712 ( 6,781)

Tulsa
I-, Total Heating Season 6 3,504 7,878 (7,252) 6,855 ( 6,304) 6,741 (6,198) 7,687 ( 7,069)
0o Total Cooling Season 6 876 3,873 ( 3,261) 3,158 ( 2,669) 3,449 ( 2,931) 3,889 ( 3,277)
CY Total Annual 11,751 (10,513) 10,013 ( 8,973) 10,190 ( 9,129) 11,576 (10,346)

Philadelphia
Total Heating Season 7 4,508 7,613 (6,958) 6,615 ( 6,048) 6,798 ( 6,215) 7,283 ( 6,663)
Total Cooling Season 5 917 3,006 ( 2,549) 2,527 ( 2,155) 2,725 ( 2,283) 2,622 (2,227)
Total Annual 10,619 ( 9,507) 9,142 ( 8,203) 9,523 (8,498) 9,905 ( 8,890)

Seattle
Total Heating Season 9 4,407 6,861 ( 6,101) 6,238 ( 5,499) 5,982 (5,333) 6,101 ( 5,431)
Total Cooling Season 3 532 981 ( 875) 801 ( 719) 905 ( 795) 837 ( 739)
Total Annual 7,842 6,976) 7,039 6,218) 6,887 6,128) 6,938 6,170)

Columbus
Total Heating Season 7 5,407 10,338 (9,488) 9,212 ( 8,434) 9,283 ( 8,513) 9,968 (9,146)
Total Cooling Season 5 861 2,801 ( 2,396) 2,351 ( 2,023) 2,543 ( 2,148) 2,441 ( 2,092)
Total Annual 13,139 (11,884) 11,563 (10,457) 11,826 (10,661) 12,409 (11,238)

Cleveland
Total Heating Season 7 6,097 12,364 (11,362) 11,077 (10,145) 11,112 10,205) 11,928 (10,963)
Total Cooling Season 5 670 2,153 ( 1,831 1,792 1,532) 1,945 1,634) 1,878 1,600)
Total Annual 14,517 (13,193) 12,869 (11,677) 13,057 11,839) 13,806 (12,563)

Concord
Total Heating Season 9 7,377 16,796 (15,743) 15,613 (14,611) 14,225 (13,306) 14,891 (13,943)
Total Cooling Season 3 435 1,366 ( 1,184) 1,128 ( 978) 1,263 ( 1,077) 1,098 ( 942)
Total Annual 18,162 (16,927) 16,741 (15,589) 15,488 (14,383) 15,989 (14,885)

* Numbers in parentheses are on-site fuels and electric energy consumption calculated on steady state or full load performance
basis, i.e., no dynamic efficiency losses are included.



EXHIBIT 8-9

FUELS AND ELECTRIC ENERGY CONSUMED FOR SPACE CONDITIONING'BY THE TEST HOUSE IN SELECTED CITIES - ADD-ON HEAT PUMPS

Electric Heat Pump-Heat Only
With Central Air Conditioner Hybrid Electric Heat Pump - Hybrid Electric Heat Pump -

lHigh Efficiency Gas Furnace Oil Furnace

Elec. (kWh) Gas (cft) Elec. (kWh) Oil (Gal) Elec. (kWh)
Houston

Total Heating.Season 1,172 ( 1,049)* 943 ( 847) 1,572 (1,416) 7( 7) 1,572 (1,416)
Total Cooling Season 6,510 ( 5,664) 7,570 (6506) - 7,570 (6,506)
Total Annual 7,682 ( 6,713) 943 ( 847) 9,142 (7,922) 7 ( 7) 9,142 (7,922)

Birmingham
Total Heating Season 3,138 ( 2,831) 6,141 ( 5,157) 3,719 (3,450) 45 ( 38) 3,719 (3,450)
Total Cooling Season 4,524 ( 3,887) - 5,273 (4,476) - 5,273 (4,476)
Total Annual 7,662 (6,718) 6,141 ( 5,157) 8,992 (7,926) 45 ( 38) 8,992 (7,926)

Atlanta
Total Heating Season 3,185 (2,899) 5,903 ( 4,701) 3,777 (3,520) 44 ( 35) 3,777 (3520
Total Cooling-Season 4,242 ( 3,614) - 4,959 (4,178) -- 4959 (4,1782
Total Annual 7,427 ( 6,513) 5,903 ( 4,701) 8,736 (7,698) 44 ( 35) 8,736 (7698)

Tulsa
Total Heating Season 6,201 5,694) 15,802 (14,008) 5,742 (5,373) 114 (101) 5,743 (5,374)
Total Cooling Season 3,788 3,194) 4,024 (3,329) - 4024 (3,329

00 Total Annual 9,989 8,888) 15,802 (14,008) 9,766 (8,702) 114 (101) 9,767 (8,703)

Philadelphia
Total Heating Season 6,176 (:5,645) 17,377 (15,173) 6,738 (6,313) 127 (111) 6,740 (6,314)
Total Cooling Season 2,711 (.2,300) - 3171 (2,658) -3,171 (2,658)
Total Annual 8,887 (.7,945) 17,377 (15,173) 9,909 (8,971) 127 (111) 9,911 (8,972)

Seattle
Total Heating Season 5,445 4,855) 20,249 (11,424) 5,792 (6,270) 147 ( 85) 5,794 (6,271)
Total Cooling Season 889 786) - 1,048 ( 914) -- 1,048 ( 914)
Total Annual 6,334 (5,641) 20,249 (11,424) 6,840 (7,184) 147 ( 85) 6,842 (7,185)

Columbus
Total Heating Season 8509 ( 7,775) 36,344 (30,892) 6,784 (6,698) 262 (223) 6,786 (6,700)
Total Cooling Season 2,527 2,163) 2,957 (2,500) - 2,957 (2,500)
Total Annual 11,036 (9,938) 36,344 (30,892) 9,741 (9,198) 262-(223) 9,743 (9,200)

Cleveland
Total Heating Season 10,221 ( 9,354) 47,207 (38,902) 7,568 (7,728) 340 (281) 7,572 (7,732)
Total Cooling Season 1,940 ( 1,652) - 2,278 (1,916) -- 2,278 (1,916)
Total Annual 12,161 (11,006) 47,207 (38,902) 9,846 (9,644) 340 (281) 9,850 (9,648)

Concord
Total Heating Season 13,028 (12,191) 58,538 (52,890) 8,179 (8,018) 420 (380) 8,186 (8,024)
Total Cooling Season 1,184 ( 1,017) - 1431 (1,191) -- 1,431 (1,191)
Total Annual 14,212 (13,208 58,538 (52,890) 9,610 (9,209) 420 (380) 9,617 (9,215)

* Numbers in parentheses are on-site fuels and electric energy consumptions calculated on steady state or full load
performance basis, i.e. no dynamic efficiency losses are included.



EXHIBIT 8-10

FUELS AND ELECTRIC ENERGY CONSUMED FOR SPACE CONDITIONING BY THE TEST HOUSE IN SELECTED CITIES -
OTHER CONVENTIONAL HEATING AND COOLING SYSTEMS *

Gas Warm Air Furnace Oil Warm Air Furnace Central Electric Furnace
With Central Air With Central Air With Central Air Baseboard Convectors With
Conditioner-High Efficiency Conditioner-High Efficiency Conditioner-High Efficiency Window Air Conditioners

Gas (cft) Elec. (kWh) Oil (Gal) Elec.(kWh) Elec.(kWh) Elec.(kWh)
Houston

Total Heating Season 17,112 98 119 60 3,039 2,974
Total Cooling Season -- 6,510 -- 6,510 6,510 3,402
Total Annual. 17,112 6,608 119 6,570 9,549 6,376

Birmingham
Total Heating Season 41,176 236 289 161 7,450 7,295
Total Cooling Season -- 4,524 -- 4,524 4,524 2,386
Total Annual 41,176 4,760 289 4,685 11,974 9,681

Atlanta
Total Heating Season 42,078 241 296 163 7,603 7,441
Total Cooling Season -- 4,242 -- 4,242 4,242 2,289
Total Annual 42,078 4,483 296 4,405 11,845 9,730

Tulsa
Total Heating Season 73,451 397 510 286 13,342 13,142
Total Cooling Season -- 3,788 -- 3,788 3,788 1,909

H Total Annual 73,451 4,185 510 4,074 .17,130 15,051
0o

Philadelphia
Total Heating Season 78,406 448 554 325 14,454 14,243
Total Cooling Season -- 2,711 -- 2,711 2,711 1,578
Total Annual 78,406 3,159 554 3,036 17,165 15,821

Seattle
Total Heating Season 69,235 348 492 190 12,906 12,629
Total Cooling Season -- 889 -- 889 889 768
Total Annual 69,235 1,237 492 1,079 13,795 13,397

Columbus
Total Heating Season 94,396 540 668 407 17^677 17,418
Total Cooling Season -- 2,527 -- 2,527 2,527 1,507
Total Annual 94,396 3,067 668 2,934 20,204 18,925

Cleveland
Total Heating Season 110,649 633 785 487 21,015 20,708
Total Cooling Season -- 1,940 -- 1,940 1,940 1,247
Total Annual 110,649 2,573 785 2,427 22,955 21,955

Concord
Total Heating Season 127,258 603 900 483 24,013 23,622
Total Cooling Season -- 1,184 -- 1,184 1,184 804
Total Annual 127,258 1,787 900 1,667 25,197 24,426

* All fuels and electric energy reported represents part load results, i.e. dynamic
efficiency losses are included.



EXHIBIT 8-11

FUELS AND ELECTRIC ENERGY CONSU£ED BY TEST HOUSE IN SELECTED CITIES: ADVANCED HEATING AND COOLING SYSTEMS*
Pulse Combustion Gas

Advanced Electric Advanced Electric Free Piston Stirling - V-Type Single Cylinder Furnace with Central Organic Fluid Absorption
Heat Pump I Heat Pump II Rankine Gas Heat Pump Stirling-Rankine Gas HP Air Conditioner-High Efficiency Gas Heat Pump
Electric (kWh) Electric (kWh) Gas.(cft) Elec (kWh) Gas (cft) Elec (kWh) Gas (cft) Elec (kWh) Gas (ft) Elec (kWh)

Houston
Total Heating Season ** 722 6,109 242 5,604 247 11040 104 8,477 150
Total Cooling Season ** 3,622 45,369 1,587 51,835 1,750 - 5664 76,446 1.546
Total Annual ** 4,344 51,478 1,829 57,439 1,997 11040 5768 84,923 1,696

Birmingham
Total Heating Season 2,977 1,994 15,373 618 14,264 639 26447 250 21,226 378
Total Cooling Season 4,034 2,510 33,204 1,092 38,608 1,261 - 3887 55,927 i,066
Total Annual 7,011 4,504 48,577 1,710 52,872 1,900 26447 4137 77,153 1,444

Atlanta
Total Heating Season 3,015 2,001 15,625 626 14,499 640 27058 256 21,587 384
Total Cooling Season 3,760 2,335 30,944 1,020 34,979 1.196 - 3614 52,096 998
Total Annual 6,775 4,336 46,569 1,646 49,478 1,836 27058 3870 73,683 1,382

Tulsa
Total Heating Season 5,489 4,458 28,366 1,130 27,498 1,317 47433 423 38,967 689
Total Cooling Season 3,082 1,903 24,299 834 29,829 1,173 -3194 40,893 817
Total Annual 8,571 6,34T 52,665 1,964 57,327 2,490 47433 3617 79,860 1.506

Philadelphia
Total Heating Season 5,896 4,110 30,321 1,225 28,301 1,248 50920 481 41,774 745
Total Cooling Season 2,402 1,483 19,968 654 22,125 781 -2300 33,590 641
Total Annual 8,298 5,593 50,289 1,879 50,426 2,029 50920 2781 75,364 1,386

Seattle
Total Heating Season ** 3,441 26,093 1,062 17,266 1,900 45721 379 36,180 651
Total Cooling Season *511 7,134 216 7,449 298 - 786 11,950 216
Total Annual ** 3,952 33,227 1,278 24,715 2,198 45721 1165 48,130 867

Columbus
Total Heating Season 7,391 5,515 37,899 1,543 35,618 1,549 61645 582 51,956 930
Total Cooling Season 2,254 1,398 18,662 612 21,272 713 - 2163 31,394 600
Total Annual 9,645 6,913 56,561 2,155 56,890 2,262 61645 2745 83,350 1,530

Cleveland
Total Heating Season 8,787 6,598 45,012 1,833 42,400 1,822 72867 688 61,713 1.104
Total Cooling Season 1,729 1,069 14,259 472 15,683 556 1652 23,954 464
Total Annual 10,516 7,667 59,271 2,305 58,083 2,378 72367 2340 85,667 1.568

Concord
Total Heating Season ** 9,116 52,361 2,236 49,749 2,823 83325 656 71 851 1,317
Total Cooling Season ** 691 9,186 294 9,208 467 1017 15,432 288
Total Annual ** 9,807 61,547 2,530 58,957 3,290 83325 1673 87,283 1,605

* The energies presented may be underestimated for the Advanced Electric Heat Pump I, free Piston Stirling-Rankine gas heat pump and the Organic Fluid
Absorption Gas Heat Pump due to possible underestimation of cycling and defrost losses. If the dynamic efficiency losses of the advanced heat pumps
were similar to those o! the conventional electric (Rankine cycle) heat pump, then adjusted estimates of energies which include these effects can be
obtained by multiplying the values in this table by a factor of 1.097 for the heating season, 1.164 for the cooling season and 1.118 for annual
energy values.

** System is not sized for application in these cities.
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EXHIBIT 8-12

CONVENTIONAL ELECTRIC HEAT PUMPS AND OTHER SYSTEMS: COMPARISON OF SEASONAL PERFORMANCE FACTORS ON AN ON-SITE BASIS

Heating Houston Birmingham Atlanta Tulsa Philadelphia Seattle Columbus Cleveland Concord

Electric Heat Pump - Standard 2.14 (2.38)* 1.93 (2.14) 1.97 (2.17 1.68 (1.82 1.87 (2.05) 1.84 2.07 1.69 (1.84) 1.68 (1.82) 1.41 (1.50)
Electric Heat Pump - High Efficiency I 2.56 (2.84 2.25 2.49: 2.31 (2.55 1.93 2.10 2.16 2.36 2.03 2.30 1.89 (2.07) 1.87 (2.04) 1.51 (1.62)Electric Heat Pump - High Efficiency II 2.39 2.67 2.17 2.40 2.10 (2.31 1.96(2.13 2.10 2.30 2.12 2.37 1.88 2.05 1.86 2.03 1.66 1.78)Electric Heat Pump - High Efficiency III 2.26 2.51 2.03 2.25 2.07 227 1.72 1.87 1.96 2.14 2.07 2.33 1.75 (1.91 1.74 1.89 1.59 1.70Hybrid Electric Heat Pump - Gas Furnace 1.62 1.80 1.33 1.47 1.36 (1.53 1.27 1.38 1.21 1.33 1.03 1.32 1.00 1.11 0.97 1.08 0.93 1.01Hybrid Electric Heat Pump - Oil Furnace 1.61 1.78 1.32 1.46 1.34 1.51 1.27 (1.39 1.20 1.32 1.08 1.30 1.00 1.11 0.97 (1.08) 0.93(1.01
Electric Heat Pump - Heat Only 2.56 2.86 2.33 2.58 2.35 (258 2.13 (2.32 2.31 253 2.32 (2.61 2.05 (2.24) 2.03 (2.21) 1.81 (1.94Gas Warm Air Furnace 0.59 0.59 0.59 0.60' 0.61 0.61 0.62 0.63 0.620 il Warm Air Furnace 0.61 0.61 0.61 0.63 0.62 0.62 0.63 0.64 0.64Central Electric Furnace 0.98 0.98 0.98 0.98 0.98 0.98 0.98 0.98 0.98Baseboard Convectors 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

Cooling

Electric Heat Pump - Standard 1.97 2.26 1.94 226 195 2.29 1.92 2.28 1.97 2.32 2.09 (2.34 1.96 (2.30 1.99(2.34) 1.98 (2.28Electric Heat Pump - High Efficiency 1 2.31 (2.64 2.28 2.64 2.30 2.6832 2.30 2.56 722.85 2.32 2.769 2.37 2.77 2.39 (2.75
Electric Heat Pump - High Efficiency 11 2.14 2.50 2.12 2.50 2.10 2.44 2.17 2.55 2.16 2.57 2.27 2.59 2.15 2.54 2.19 2.61 2.13 (2.50Electric Heat Pump - High Efficiency III 2.26 2.59 2.23 2.59 2.24 2.62 1.91 2.27 2.26 2.66 2.46 (2.79 2.25 2.63 2.29 (2.69 2.46 2.86Hybrid Electrc Heat Pump 1.85 2.15 1.83 2.16 1.83 2.18 1.82 2.20 1.84 2.20 1.94 2.22 1.84 2.18 1.87 (2.22 1.84 2.22Central Air Conditioner - High Efficiency 2.18 2.50 2.15 2.51 2.16 2.54 1.96 2.33 2.18 2.57 2.32 2.62 2.18 2.54 2.21 2.60 2.23 2.59
Central Air Conditioner - Standard 1.82 2.09 1.80 2.09 1.81 2.12 1.87 (2.21 1.82 2.15 1.97 2.20 1.82 2.12 1.85 2.17 1.97 2.28Window Air Conditioners 2.19 2.52 2.32 2.69) 2.30 (2.69) 2.28 (2.69) 2.28 (2.69) 2.10 (2.34 2.31 (2.69) 2.29 (2.69) 2.32 (2.69

Annual Heating and Cooling

Electric Heat Pump - Standard 2.00 (2.28) 1.94 (2.21) 1.94 (2.23) 1.76 (1.961 1.90 (2.12) 1.87 (2.10) 1.75 (1.96) 1.73 (1.89) 1.45 (1.55)
Electric Heat Pump - High Efficiency 1 2.35 (2.67) 2.26 (2,56) 2.31 (2.61) 2.05 (2.29) 2.30 (2.46) 2.09 (2.36) 1.48 (2.19) 1.4 (2.14) 1.57 (1.69)Electric Heat Pump - High Efficiency I 2-18. 2.53) 215 2.44) 2.10 (2.37) 2.03 2.26) 2.14 2.3) 2 .14 240) 144 15 91 (2.11) 1.70 (1.83Electric Heat Pump - High Efficiency [ 22I12422 1Electrc Heat Pump - Hgh Efficiency III 2.26 2.58 2.10 (2.41) 2.15(245) 1.78 2.02 204 227 2 (2.39) T85 24 1.81 1.99 1.65 1.77Hybrid Electric Heat Pump - Gas Furnace 1.81 (2.08 1.57 (1.79) 1.58 (1.82) 1.42 1.60) 1.34 (11.50 1.38 1.12 1.25 1.05(1.19) 0.98 1.06
Hybrd Electrc Heat Pulp - Oil Furnace2.08 1.80 57 (1.79) 1.58 (1.82) 1.42 1.60) 1.34 1.49) 1.15 (1.38 1.12 (1.25 1.05 (1.18 0.98 1.06Gas Warm Air Furnace/Central Air 1.48 1.01 0.99 0.80 0.77 0.68 0.75 0.72 0.67Conditioner - High Efficiency
0il Warm Air Furnace/Central Air 1.50 1.03 1.01 0.83 0.79 0.69 0.76 0.73 0.69Conditioner -High Efficiency
Central Electric Furnace/Central Air 1.79 1.42 1.40 1.20 1.17 1.07 1.13 1.08 1.04Conditioner - High Efficiency
aseboard Convectors/Window Air Conditioners 1.63 1.33 1.31 l.1f 1.13 1.06 1.10 1.07 1.04
electric Heat Pump - Heat Only/Central Air 2.24 (2.56) 2.22 (2.54) 2.24 (2.56) 2.07(2.28) 2.27 (2.54) 2.32 (2.61) 2.08 (2.31) 2.06 (2.27) 1.84 (1.99)Conditioner - High Efficiency

* Numbers in parentheses represent total on-site seasonal performance factors assuming steady state or full load performance,
dynamic efficiency losses are not Included.



EXHIBIT 8-13

ADVANCED HEATING AND COOLING SYSTEMS: COMPARISON OF SEASONAL PERFORMANCE FACTORS OH AN ON-SITE BASIS

HEATING Houston Birmingham Atlanta Tulsa Philadelphia Seattle Columbus Cleveiand Concord

Advanced Electric Heat Pump I ** 2.46 2.48 2.37 2.42 ** 2.35 2.35 **
Advanced Electric Heat Pump 11 3.43 2.81 2.93 2.28 2.64 2.98 2.40 2.38 2.02
Free Piston Stirling Rankine Gas Heat Pump 1.48 1.43 1.44 1.40 1.41 1.45 1.38 1.38 1.35
V-Type Single Cylinder Stirling Rankine Gas HP 1.59 1.52 1.53 1.41 1.50 1.82 1.45 1.45 1.34
Organic Fluid Absorption Gas Heat Pump 1.14 1.11 1.11 1.09 1.10 1.13 1.08 1.08 1.06
Pulse Combustion Furnace 0.90 0.91 0.91 0.93 0.93 0.93 0.94 0.94 0.94

COOLING

Advanced Electric Heat Pump I ** 2.41 2.43 2.44 2.45 ** 2.43 2.47Advanced Electric Heat Pump 1I 3.29 3.29 3.29 3.22 3.33 3.57 3.33 3.33 3.36Free Piston Stirling Rankine Gas Heat Pump 0.95 0.90 0.91 0.93 0.91 0.90 0.90 0.92 0.90V-Type Single Cylinder Stirling Rankine Gas HP 1.06 1.04 1.07 0.98 1.10 1.16 1.07 1.12 1.17Organic Fluid Absorption Gas Heat Pump 0.59 0.56 0.56 0.58 0.56 0.56 0.56 0.57 0.56

ATliUJAL HEATING AIID COOLIIIG

Advanced Electric Heat Pump I ** 2.43 2.45 2.40 2.43 * 2.37 2.37Advanced Electric Heat Pump 11 3.31 3.q8 3.12 2.56 2 '2 3.06 2.59 2.52 2.11Free Piston Stirling Rankine Gas Heat Pump 1.01 1.07 1.09 1.19 1.21 1.33 1.22 1.27 1.28V-Type Single Cylinder Stirling Rankine Gas HP 1.11 1.17 1.21 1.19 1.33 1.65 1.31 1.36 1.31
Organic Fluid Absorption Gas Heat Pump 0.64 6.71 0.72 0.83 0.86 0.99 0.88 0.94 0.97Pulse Combustion Furnace/Central Air

Conditioner-High Efficiency 1.91 1.43 1.41 1.19 1.14 1.02 1.11 1.06 1.01

The:parfcrarnce factcrs presented may be underestimated for the advanced electric heat pump 1, free piston
Stirl ng-Rankine gas heat purp and organic fluid absorption gas heat pump due to possible underestimation
cf cycling and defrost losses. If the dynamic efficiency losses of the advanced heat pumps were similar to
;hose cf tha conventional electric (Ranklne cycle) heat pump, then adjusted estimates of performance
factors which include these effects can be obtained by multiplying the values in this table by a factor Qf
1.097 for the heating season, 1.164 for the cooling seasn and 1.118 for annual performnce fator values.

** System is not sized for application In these cities



EXHIBIT 8-14

CONVENTIONAL HEAT PUMPS AND OTHER SYSTEMS: COMPARISON OF TOTAL FUEL AND ELECTRIC ENERGY CONSUMPTION ON-SITE

(ALL FIGURES ARE BTU X 10-")

Heating Houston Birmingham Atlanta Tulsa Philadelphia Seattle Columbus Cleveland Concord

Electric Heat Pump - Standard 4.79 (4.30)* 12.92 (11.65) 12.93 (11.73) 26.88 (24.75) 25.98 (23.74) 23.42 (20.82) 35.28 (32.38 42.20 (38.78 57.33 (53.73)
Electric Heat Pump - High Efficiency I 4.00(3.60) 11.09 10.04 11.04(10.02) 23.40 (21.52) 22.5820.64) 21.29 18.77 31.4428.79 37.81 (34.63 53.29 49.87
Electric Heat Pump - High Efficiency II 4.28 3.84 11.53 (10.42 12.16 (11.03 23.01 (21.16) 23.20 (21.21) 20.42 (18.20) 31.68 29.06 37.93 (34.83 48.55 (45.41Electric Heat Pump - High Efficiency III 4.54 4.08 12.30 11.12 12.33 11.21 26.24 (24.13 24.86 (22.74) 20.82 '18.54) 34.02 31.22 40.71 (37.42 50.82 (47.59)
Hybrid Electric Heat Pump - Gas Furnace 6.31 5.68 18.84 (16.93) 18.79 (16.72) 35.40 (32.35 40.38 (36.72 40.02 (32.82 59.50 53.75 73.04 (65.28 86 45 (8025
Hybrid Electric Heat Pump - Oil Furnace 6.37 5.74 18.98 17.07 18.96 (16.87 35.45 (32.42 40.59 (36.93) 40.16 (33.28) 59.54 53.86 7311 (65.49 86.38 (80.231
Electric Heat Pump - Heat Only 4.00 3.58 10.71 9.66) 10.87 ( 9.89) 21.17 (19.43 21.08 (19.27) 18.58 (16.57) 29.04 26.53 34.89 (31.93 44.47 (41.61
Gas Warm Air Furnace 17.45 41.98 42.90 74.81 79.94 70.42 96.24 112.81 129.32
Oil Warm Air Furnace 16.81 40.73 41.68 71.82 78.10 69.15 94.27 110.78 126.86
Central Electric Furnace 10.37 25.43 25.95 45.54 49.33 44.05 60.33 71.72 81.96Baseboard Convectors 10.15 24.90 25.40 44.85 48.61 43.10 59.45 70.68 80.62

Cooling

Electric Heat Pump - Standard 24.63 (21.41 17.10 14.68 16.04 13.66 13.22 11.13) 10.26( 8.70) 3.35 2.99 9.56 8.18 7.35(6.25 4.66 4.04
Electric Heat Pump - High Efficiency I 20.24 17.67 14.46 12.48 13.58 11.63 10.78 9.11 8.63 7.36) 2.74 2.45 8.03 6.90 6.12 5.23 3.85 (3.34
Electric Heat Pump - High Efficiency II 22.31 19.14 15.57 13.20 14.95 12.89 11.77 10.00 9.30 7.79 3.09 2.71 8.68 7.33 6.64 5.57 4.31( 3.68
Electric Heat Pump - High Efficiency III 21.46 18.70 14.91 12.83 13.99 11.94 13.28 11.19 8.95 7.60 2.86 2.52 8.33 7.14 6.41 (5.46 3.75 3.21
Hybrid Electric Heat Pump 25.84 22.01 18.00 15.27 16.92 14.26 13.73 11.36 10.82 9.07 3.58 3.12 10.09 8.53 7.78 6.54 4.89 4.06Central Air Conditioner - High Efficiency 22.22 (19.33 15.44 13.27 14.48 12.34 12.93 10.90 9.26 7.85 3.04 2.68 8.62 7.38 6.62 5.64 4.04 3.47Central Air Conditioner - Standard 26.50 (23.10 18.45 15.88 17.31 14.77 13.60 11.47 11.07 9.41 3.54 3.18 10.31 8.84 7.92 6.76 4.68 4.04Window Air Conditioners 11.61 8.14 7.81 6.52 5.39 2.62 5.14 4.25 2.74

Annual Heating and Cooling

Electric Heat Pump - Standard 29.41 25.71) 30.02 (26.33) 28.97 (25.38) 40.11 35.88) 36.24 (32.45 26.76 (23.81 .44.84 (40.56 49.55 45.03 61.99 (57.78
Electric Heat Pump - High Efficiency I 24.24 21.28 25.55 22.52 24.62 (21.64) 34.18 30.62) 31.20 (28.00 24.03 21.22 39.47 (35.70) 43.92 (39.86 57.14 (53.21Electric Heat Pump - High Efficiency II 26.59 22.98) 27.10 23.62 27.11 23.92) 34.78 31.16 32.51(29.00 23.51 20.92 40.36 36.39 44.57 40.40 52864909
Electric Heat Pump - High Efficiency III 26.00 22.78 27.21 23.95 26.32 23.15) 39.51 35.31 33.80 30.35 23.68 21.06 42.36 38.36 47.12 42.88 54.57 '50.80Hybrid Electric Heat Pump - Gas Furnace 32.15 27.89) 36.83 (32.21 35.72 (30.98) 49 14 43.71 51.20 (45.79 43.59 35.94 69.59 62.29 80.81 71.82 91.34 (84.32Hybrid Electric Heat Pump - Oil Furnace 32.22 27.95) 36.97 (32.35 35.89 (31.13) 49.19 (43.78 51.41 46.00 43.74 36.40 69.63 62.40) 80.89 (72.02 91.24 (84.30Gas Warm Air Furnace/Central Air 39.64 57.42 57.38 87.74 89.30 73.46 104.86 119.43 133.36Conditioner - High Efficiency
Oil Warm Air Furnace/Central Air 39.03 56.17 56.16 84.74 87.36 72.18 102.89 117.42 130.91Conditioner - High Efficiency
Central Electric Furnace/Central Air 32.59 40.87 40.43 58.47 58.59 47.09 68.95 78.34 86.00Conditioner - High Efficiency
Baseboard Convectors/Window Air 21.76 33.04 33.21 51.37 54.00 45.72 64.59 74.93 83.36Conditioners
Electric Heat Pump - Heat Only/Central 26.22 (22.91) 26.15 (22.93) 25.35 (22.23) 34.10 (30.33) 30.34 (27.12) 21.62 (19.25) 37.66 (33.91) 41.51 (37.57) 48.51 (45.08)Air Conditioner - High. Efficiency

* Numbers in parentheses represents total on-site energy consumption assuming steady state or full-load performance dynamic efficiency
losses are not included.



EXHIBIT 8-15

ADVANCED HEATING AND COOLING SYSTEMS: COMPARISON OF TOTAL FUEL AND ELECTRIC ENERGY CONSUMPTION OI-SITE
(All figures are Btu x 10-6)

Houston Birmingham Atlanta Tulsa Philadelphia Seattle Columbus Cleveland Concord
Heating
Advanced Electric Heat Pump I ** 10.16 10,29 19.07 20.12 ** 25.35 30.12 **
Advanced Electric Heat Pump II 2.46 6.81 6.83 15.52 14.03 11.74 18.82 22.52 31.11
Free Piston Stirling-Rankine Gas Heat Pump 6.93 17.48 17.76 32.22 34.50 29.72 43.17 51.27 60.00
V-Type Single Cylinder Stirling-Rankine Gas HP 6.45 16.44 16.68 31.99 32.56 23.75 40.90 48.62 60.06
Organic Fluid Absorption Gas Heat Pump 8.99 22.52 22.90 41.32 44.32 38.40 55.13 65.48 76.35
Pulse Combustion Furnace 11.39 27.30 27.93 48.88 52.56 47.01 63.63 75.22 86.06

Cooling
Advanced Electric Heat Pump I ** 13.77 12.83 10.52 8.20 ** 7.69 5.90 **
Advanced Electric Heat Pump II 12.50 8.57 7.97 6.49 5.06 1.'74 4.77 3.65 2L36
Free Piston Stirling-Rankine Gas Heat Pump 50.79 36.94 34.43 27.15 22.20 7.87 20.75 15.87 10.19
V-Type Single Cylinder Stirling-Rankine Gas HP 57.81 42.91 39.06 33.83 24.79 8.47 23.71 17.58 10.80
Organic Fluid Absorption Gas Heat Pump 81.72 59.57 55.50 43.68 35.78 12.68 33.44 25.54 16.41

Annual Heating and Cooling
Advanced Electric Heat Pump I ** 23.93 23.12 29.59 28.32 ** 33.04 36.02 **
Advanced Electric Heat Pump II 14.96 15.37 14.80 22.02 19.09 13.49 23.59 26.17 33-47
Free Piston Stirling-Rankine Gas Heat Pump 57.72 54.42 52.19 59.37 56.70 37.59 63.91 67.14 70.19
V-Type Single Cylinder Stirling-Rankine Gas HP 64.25 59.36 55.74 65.83 57.35 32.22 64.61 66.?0 70.86
Organic Fluid Absorption Gas Heat Pump 90.71 82.08 78.40 85.00 80.10 51.09 88.57 91. 02 92.76
Pulse Combustion Furnace/Central Air

Conditioner - High Effic ency 30.83 40.63 40.33 59.83 60.45 49.71 71.05 80.88 89.65

* All data in this table are based on steady state or full-load performance operation,
dynamic efficiency losses are not included. If dynamic losses of the advanced heat pumps were similar to those of the conventional
electric heat pumps, then multiplying the numbers In the table above by the following factors, 1.097 for heating season values, 1.164
for cooling season values, and 1.118 for annual values will result in approximate total energy consumption corrected for dynamic
efficiency effects. Exceptions.include the modulated V-type Single Cylinder Stirling-Rankine Gas Heat Pump for which the tabular data
already include dynamic effects and the Pulse Combustion Furnace for which data was scaled from Gas Warm Air Furnace values.

** System is not sized for application In these cities.



EXHIBIT 8-16

CORRELATION OF RESIDENTIAL HEATING ENERGY FOR
CONVENTIONAL HEATING AND COOLING SYSTEMS

(Data points not included for clarity)
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EXHIBIT 8-17

CORRELATION OF RESIDENTIAL COOLING ENERGY FOR
CONVENTIONAL HEATING AND COOLING SYSTEMS

(Data points not Included for clarity)
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EXHIBIT 8-18

CORRELATION OF RESIDENTIAL HEATING ENERGY FOR
ADVANCED HEATING AND COOLING SYSTEMS

(Data points not included for clarity)
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EXHIBIT 8-19

CORRELATION OF RESIDENTIAL COOLING ENERGY FOR
ADVANCED HEATING AND C60EING SYSTEMS

(Data points not included for clarity)
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EXHIBIT 8-20

COMMERCIAL BUILDING: ARCHITECTURAL SKETCHES
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EXHIBIT 8-21

MOUNTAINSIDE COMMERCIAL BUILDING GENERAL CHARACTERISTICS

Building Style Two stories, masonry construction

Gross Floor Area 5580 square feet

Exposure Front of building faces north

Occupancy 40 persons (maximum)

Lighting and Equipment Baseload 14 KW (maximum)

Construction Walls Stucco surface over 12" concrete
blocks (38# light, filled), 1-1/4"
furring (16" on centers) and 1/2"
styrofoam. Inside surface is 1/2"
gypsum board. Net wall area: 4724
square feet.

Roof 3/8" asphalt built up roof over 1/2"
plyscore sheathing, 2" x 10" rafters
(16" on centers), fiberglass insulation
(6") above 1/2" acoustical tile.
Roof area: 2790 square feet.

Windows and Doors Safety glass, 1/2" double glazed.
Total glass area: 732 square feet.

Floor Slab Concrete slab, on grade, 24" insulation

Ceilings Hung ceiling between floors carries
ducts and electric and water services.
Ceiling height is 11 feet for each floor

Stairwell Center staircase located just inside
front entrance, double back design
with turnaround landing.
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EXHIBIT 8-22

MOUNTAINSIDE COMMERCIAL BUILDING: THERMAL INSULATION PROPERTIES COMPARED WITH ASHRAE STANDARD 90-75

Construction Wall Overall Roof Overall Heat Slab on Grade Heat Overall Thermal
Heat Transfer Coeffient Transfer Coeffient Transfer Resistance Factor Transfer Factor

Heating (Btu/Hr/ft2/oF) (Btu/Hr/ft2/OF) (OF-Hr-ft2/Btu) (Btu/Hr/ft2 )
City Deqree Days ASHRAE Building ASHRAE Building ASHRAE Building ASHRAE Building

Houston 1278 0.366 0.121 0.100 0.034 1.672 5.263 30.498 12.091

Birmingham 2551 0.341 0.121 0.100 0.034 2.527 5.263 31.589 12.316

Atlanta 2961 0.333 0.121 0.100 0.034 2.802 5.263 31.593 12.214

Tulsa 3360 0.316 0.121 0.094 0.034 3.406 5.263 32.405 12.646

Philadelphia 4486 0.304 0.121 0.089 0.034 3.826 5.263 33.248 12.338

Seattle 4424 0.305 0.121 0.090 0 034 3.785 5.263 35.443 12.453

0 Columbus 5660 0.282 0.121 0.080 0.034 4.615 5.263 33.500 12.308

Cleveland 6351 0.268 0.121 0.074 0.034 5.079 5.263 33.784 12.437

Concord 7303 0.249 0.121 0.066 0.034 5.771 5.263 34.330 12.533

(a) ASHRAE refers to heat transfer coefficients and thermal resistance factors recommended for commercial buildings in ASHRAE
Standard 90-75.

(b) Building refers to heat transfer coeffient and thermal resistance factors calculated for the Mountainside commercial office
building.



EXHIBIT 8-23

MOUNTAINSIDE COMMERCIAL BUILDING HEATING AND COOLING DESIGN LOADS

Heating Cooling

97i% Design Dry Design 2½% Design Dry 2'^'Design Wet Design Sensible Design Total
Bulb Temperature Heat Load Bulb Temperature Bulb Temperature Cooling Load Cooling Load

( F ) (Btuh! ( F O) (OF) (Btuh) (Btuh)

Houston 32 P6,151 94 80 143,447 206,119

Birmingham 22 104,613 94 78 143,447 195,667

Atlanta 23 106,664 92 77 139,380 189,992

Tulsa 16 118,971 99 78 155,656 203,852

Philadelphia 15 121,022 90 77 135,315 187,535

Seattle 32 86,152 79 65 112,937 124,957

Columbus 7 139,484 88 76 131,244 178,640

Cleveland 7 139,484 89 75 133,277 176,653

Concord -7 166,150 88 73 131,244 164,972

0
I-.



EXHIBIT 8-24

ELECTRIC HEAT PUMP, CONVENTIONAL SYSTEMS, AND ADVANCED HEAT PUMPS FOR LIGHT COMMERCIAL BUILDING APPLICATION:
ANNUAL ON-SITE FUELS AND ELECTRIC ENERGY CONSUMPTION FOR COMBINED HEATING AND COOLING

Electric Heat Pump and Conventional Systems Houston Birmingham Atlanta Tulsa Philadelphia Seattle Columbus Cleveland Concord

Electric Heat Pump - Standard Elec (kWh) 32,364 27,036 24,768 26,382 19,635 15,435 21,594 21,156 24,108

Electric Resistance Heating/
Electric Air Conditioning Elec (kWh) 36,357 36,528 34,107 39,549 34,317 29,286 36,885 37,881 42,138

Rooftop Gas Furnace/Electric
Air Conditioning Gas (cft) 53,817 103,479 108,930 141,489 139,422 164,826 183,675 200,079 219,330

Elec (kWh) 33,024 23,658 21,006 20,010 13,590 6,489 10,047 8,394 8,940

Advanced Heat Pump Systems

Brayton-Rankine Gas Heat Pump Gas (cft) 228,438 193,050 177,384 190,635 135,753 104,769 147,654 142,914 163,317
Elec (kWh) 5,097 4,305 3,954 4,266 3,168 2,676 3,363 3,288 4,530

Rankine-Rankine Gas Heat Pump Gas (cft) 253,917 199,497 181,443 184,425 137,460 96,048 136,401 128,985 142,839



EXHIBIT 8-25

ELECTRIC HEAT PUMP, CONVENTIONAL SYSTEMS, AND ADVANCED HEAT PUMPS FOR LIGHT COMMERCIAL BUILDING APPLICATION:
COMPARISON OF AVERAGE HEATING, COOLING AND ANNUAL PERFORMANCE FACTORS - ON-SITE BASIS

Electric Heat Pump and Conventional Systems Houston Birmingham Atlanta Tulsa Philadelphia Seattle Columbus Cleveland Concord

Electric Heat Pump - Standard

Heating 2.67 2.48 2.40 2.35 2.44 2.33 2.14 2.13 2.04
Cooling 2.14 2.13 2.13 2.13 2.11 2.18 2.19 2.20 2.18
Annual 2.17 2.20 2.20 2.20 2.24 2.28 2.16 2.16 2.09

Heating/Electric
Air Conditioning

Heating 0.95 0.95 0.94 0.95 0.95 0.97 0.98 0.97 0.98
Cooling 2.13 2.13 2.13 2.13 1.78 2.21 2.20 2.22 2.13
Annual 1.93 1.63 1.60 1.47 1.28 1.20 1.26 1.20 1.19

Rooftop Gas Furnace/Electric
Air Conditioning

Heating 0.36 0.47 0.44 0.49 0.46 0.47 0.51 0.51 0.52
Cooling 1.97 1.97 1.97 1.97 1.95 2.06 2.05 2.07 2.06
Annual 1.44 1.10 1.03 0.95 0.81 0.64 0.73 0.68 0.69

Advanced Heat Pump Systems

Brayton-Rankine Gas Heat Pump

Heating 1.22 1.16 1.10 1.09 1.15 1.17 1.05 1.05 1.00
Cooling 0.96 0.93 0.93 0.91 0.95 0.88 0.94 0.94 0.89
Annual 0.98 0.98 0.97 0.97 1.03 1.05 1.00 1.01 0.96

Rankine-Rankine Gas Heat Pump

Heating 1.54 1.46 1.42 1.41 1.45 1.46 1.38 1.38 1.38
Cooling 0.91 0.93 0.93 0.95 0.92 0.98 0.95 0.98 0.99
Annual 0.95 1.02 1.02 1.08 1.09 1.24 1.17 1.21 1.20



EXHIBIT 8-26

ELECTRIC HEAT PUMP, CONVENTIONAL SYSTEMS, AND ADVANCED HEAT PUMPS FOR LIGHT COMMERCIAL BUILDING APPLICATION:
TOTAL ON-SITE ENERGY CONSUMPTION (MILLION OF BTU'S FOR COMBINED HEATING AND COOLING)

Electric Heat Pump and Conventional Systems Houston Birmingham Atlanta Tulsa Philadelphia Seattle Columbus Cleveland Concord

Electric Heat Pump - Standard 110.46 92.27 84.53 90.04 67.01 52.68 73.70 72.21 82.28

Electric Resistance Heating/Electric
Air Conditioning 124.09 124.67 116.41 134.98 117.12 99.95 125.89 129.29 143.82

Rooftop Gas Furnace/Electric
Air Conditioning 166.53 184.22 180.62 209.78 185.80 186.97 217.97 228.73 249.84

Advanced Heat Pump Systems

Brayton-Rankine Gas Heat Pump 245.83 207.74 190.87 205.19 146.57 113.90 159.13 154.14 178.78

Rankine-Rankine Gas Heat Pump 253.92 199.50 181.44 184.43 137.46 96.05 136.40 128.99 142.84
o



9. HEAT PUMP OWNING AND OPERATING COSTS

9.1 Introduction

The focus of this chapter is on heat pump owning and operating

costs. In order to place these costs in the proper perspective, owning

and operating costs were also determined for the conventional residential

and light commercial space conditioning systems.

The system owning and operating costs (or life-cycle costs) were

determined for both residential and commercial applications by first

calculating installed costs, maintenance costs, and energy costs. Life-

cycle costs were then calculated with and without inflationary effects

on energy and maintenance charges. The discussion of the above costs is

organized into three parts: Section 9.2 discusses the methodology and

data sources utilized, expanding upon those in Chapter 2. Section 9.3

presents the results of the cost analysis of residential heat pumps and

other heating and cooling systems; Section 9.4 presents the results of

the cost analysis of commercial building space conditioning systems.

The analysis presented here will form an integral part in determining

the market prospects for advanced heat pumps as discussed in Chapter 10.

9.2 Methodology and Data Sources

This section complements Chapter 2, Methodology. A brief description

of those data needed for an understanding of the life cycle calculations

is included in this section. The basic calculational approach was identical

for both residential and commercial HVAC systems. Where circumstances

required variations, these are discussed in the appropriate place in

the text.
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9.2.1 Data Sources

Cost data reported in the study are in general current as of the

First Quarter of 1977 or in the case of the commercial systems, the

Second Quarter of 1977. Regional representatives of the manufacturers

whose equipment is featured in this study were consulted to verify com-

patibility of components and equipment sizing procedures. Installing

contractors or the manufacturers themselves were the source of equipment

and installation cost data used. In addition, the installing contractors

provided information relating to freight costs, required electrical

service charges, profit and overhead charges. The installed cost ob-

tained, in addition to those previously mentioned, consisted of the

following elements: material component prices and installation man-

hours; insulated and non-insulated ductwork material costs and installation

man-hours; installation labor costs, state and local sales/use taxes;

and, as required, the cost of a chimney and oil tank. Additional costs

peculiar to a commercial installation included those for a rigger and

operator to lift the units to the roof for mounting, an equipment site

delivery charge, locking thermostat covers and additional ductwork. The

cost of room air conditioners was obtained from the Sears and Roebuck

Co. Summer 1977 Catalogue. Where possible, equipment costs and contractor's

fees were verified by discussions with other contractors, with manufacturers

and by comparisons with data reported in the Means 1977 Building Construction

Cost Data Book (Means, 1977).

Labor costs (sheetmetal workers and other HVAC laborers) were taken

as representative of the Philadelphia area, since most of the installed
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costs were obtained from a central New Jersey contractor. For other

cities, appropriate wage rates were taken from data published by the

Bureau of Labor Statistics for Winter 1976.

Maintenance cost data for residential installations were provided

by the National Environmental Systems Contractors Association (NESCA,

1976) and represent conditions as of Third Quarter of 1976. They represent

the average retail price of a full service contract to the consumer. The

room air conditioner maintenance fee was obtained from Sears. Maintenance

costs were assumed not to vary regionally for purposes of these calculations.

An estimate of the cost of a full service maintenance contract for

commercial installations was obtained from the New Jersey HVAC contractor

previously mentioned (Tri-Boro, 1977) and represents prices as of the

Second Quarter of 1977. Maintenance costs for commercial and residential

systems are included as Exhibit 9-1.

Depreciation periods for the various components of each system

(e.g. the HVAC equipment, ductwork, chimney, etc.) were taken from the

ASHRAE Systems Handbook and Product Directory (ASHRAE, 1975) or represent

current Internal Revenue Service recommended practices. Depreciation

periods for commercial and residential systems are shown in Exhibit 9-2.

Current state and local taxes were obtained from the sales tax

departments of the individual states in which the facilities were located.

Current rate information, used in determining all energy costs, was

obtained by contacting the electric and gas utilities serving each

city involved in the simulation study. Oil prices were obtained from

usually two private oil companies in the city.
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The cost of money was taken as 9 percent, the current cost of a home

mortgage loan. (The portion of the purchase price of the system which

is paid in the down payment on the house is assumed to have the same

opportunity value to the consumer as that paid over the span on the

mortgage. Hence the full installed cost of each system was amortized.)

9.2.2 Calculational Approach

Since the various heating and cooling systems had unequal service

lives, it was necessary to compare life-cycle costs on a "perpetual

replacement" basis. Two basic approaches were possible: the systems

may be compared in terms of their capitalized costs or their annualized

costs. We chose the latter method, since the result represents the

yearly cash outflow resulting from the cost of operation and maintenance

of each system (residential or commercial) as well as the annual payments

required to equal the present value of the initial outlay for the installation.

Where practical, costs associated with particular pieces of equipment,

e.g. ductwork for the heat pump, were consigned to that equipment to allow

the effect of differing depreciation periods to be fully illustrated.

The following formula (simplified for illustration purposes here) was

used for the calculations:

Annualized Cost = (Installed Cost) (Capital Recovery Factor) +
(Annual Energy Use) (Unit Price of Energy) + Annual Maintenance Cost

Although this procedure would indeed give the yearly cost outlay

necessary for a system, inflationary increases in energy and maintenance

charges could not be represented. Therefore, the effects of inflation

on energy and maintenance fees on annualized costs were calculated by a

second method described in the next paragraph.
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In order to determine inflationary effects on annualized costs, a

method of analysis suggested in a paper by F.R.S. Dressier (1974) was

utilized which computes the effective annual cost of owning and operating

the HVAC equipment over its expected life cycle allowing for inflation

in operating costs. Again, the cost of money was taken as 9 percent

per year. The economic life of the system was considered to be the

smallest depreciation period of any major component of the system. An

overall energy inflation of 8 percent per year was used in the calculation.

This represents current thinking as to the forecast electricity price

increase in-the case of total decontrol of natural gas and oil over a

nine year heat pump depreciated life. Maintenance costs, composed of

both labor and material fees were escalated at 6 percent per year, which

follows relevant consumer price index trends.

9.2.3 Basis for the Analysis

The determination of life cycle costs for the alternative residential

and commercial heating and cooling systems utilized the techniques

outlined in the previous sections. Systems were treated in a number of

different ways in order to represent either prevailing conditions or

most likely near future conditions. The cost of insulation of ductwork

was considered. All systems are shown with insulated ducts which,

according to our investigation, is the practice with electric heating

systems but not with combustion systems. In addition, costs for combustion

systems with uninsulated ducts were also determined, this representing

current practice. For comparative purposes, all life-cycle costs were

calculated using insulated duct systems.

In a number of cases, equipment was priced as either an add-on

(replacement) installation or as a new installation. The basis of a
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new installation involves placing an entire system into a home being

built. This may involve a central electric furnace, central air conditioner,

and ductwork. An add-on installation cost would assume that all auxiliary

equipment, for example, insulated ducts or air handler, is already in

place and, therefore, only the cost of the HVAC equipment itself would be

considered. Substantial first cost reductions are, therefore, realized

in add-on installations.

All five commercial HVAC systems were considered as new installations

and were priced out including insulated ductwork, wiring, plumbing,

electrical service change, etc. The single package electric heat pump

was priced including an economizer package. The economizer package

includes additional dampers, controls, and the economizer. The economizer

package gives greater flexibility to the heat pump system since

outside air may be used for makeup requirements. This is also an energy

saving device, in that, on a cooler day, the outside air (which is

cooler than the inside room air) can reduce the air conditioning requirements.

Depreciation periods of commercial and residential installation

were considered identical where appropriate. This was especially true

in the case of commercial or residential heat pumps with service lives

of approximately 9 years. However, in the commercial installation of a

rooftop gas heater/electric air conditioner package, the service life

was taken as 10 years. This figure was based on discussions with the

aforementioned New Jersey HVAC contractor.

Charges for taxes and shipping ($4.50 per 100 pounds) were identical

for the commercial and residential systems. Contractor overhead and

210



profit margins followed the actual practice of higher rates for residential

installations, lower for commercial. Generally, the procedure calls for

a lower overhead and profit margin where the labor to material ratio is

low, since tighter controls could be placed on costs. Smaller installations,

characteristic of-the residential market, are also not as influenced as

commercial systems are by competing bids from other contractors.

Seasonaland annual energy costs for conventional and advanced heat

pumps and other HVAC systems were calculated on the basis of the actual

system fossil fuel or electric energy consumption as determined from the

simulation study described in Chapter 8. The price for electricity,

natural gas and No. 2 fuel oil was determined by contacting the electric

or gas utility in each of the nine cities included in the study. In

addition to applicable current utility rates for-residential service,

cost adjustment factors for purchased gas or electric power, fuel adjustment

charges, cost of service rider, customer service charge, and state and

local sales and utility taxes were also obtained, and are accounted for

in the calculations. Fuel oil prices used are based on an actual price

quotation from fuel oil distributors in eight of the nine cities in the

study for No. 2 fuel oil delivered to a residential location in that

city. No price quotation was obtained for Houston since apparently

there is little or no residential market demand for No. 2 fuel oil in

that city. Instead, the price of No. 2 fuel oil in Tulsa was used as a

representative price for Houston for the purpose of cost comparisons.

The costs presented account for all of heating and cooling system

energy consumption. For example, the gas furnace energy cost includes

both the cost of gas and the cost of electricity for indoor blower

operation. In determining the residential energy cost, the test building
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was assumed to have a certain base load of lighting and electric or gas

appliances, based on the usage reported in the Department of Commerce

1970 Census of Housing. Energy use was simulated in the commercial

building by assuming an occupancy schedule and a certain base load

(including lighting, office machines). The base load was the actual

maximum design load demand of 14kW adjusted by occupancy schedule. If

the electric utility offered an "all-electric" rate, a household with

electric heating and cooling was assumed to have all electric appliances

as well. A house with a gas or oil-fired heating system was assumed to

have appliances typical of that area (as per census data).

The energy costs are presented on a seasonal basis and yearly basis

for residential systems. Such seasonal distinctions were not possible

in the commercial systems since both heating and cooling may be necessary

during any month. Therefore, only yearly energy costs could be computed

for the commercial systems.

9.3 Analysis of Residential Heat Pump System Costs

This section presents a brief analysis of residential heat pump

system installed cost (first cost), energy cost and life-cycle cost.

The latter, of course, is dependent on the first two measures, and

permits comparison of projects or elements of projects with unequal

economic lives.

The basis for developing these cost measures was discussed in the

preceeding section, and will not be discussed further here, except where

such observation would further elucidate the analysis.
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9.3.1 Installed Cost Analysis

A comparison of installed cost of conventional electric heat pumps

and other systems is shown in Exhibit 9-4. The lowest cost system for

any of the locations simulated is the baseboard convector with window

air conditioners. This minimum cost is achieved, however, through

avoidance of installing a central air distribution system and by use of

window air conditioners which do not condition the total building space

as is the case with-systems that centrally distribute the comfort cooling.

Since installation of a central air distribution system in an existing

building ha's been stated to be prohibitively expensive (Hittman, 1976),

it should be recognized that installation of a baseboard convector/window

air conditioner system would effectively prevent future upgrading with a

more energy efficient system that would require central air distribution.

Since all of the advanced systems studied in this report use central

distribution, the absence of a central distribution system would tend to

restrict the owner of such a building from enjoying any possible benefits

from future HVAC energy efficiency improvements.

Of the central air distribution systems studied, the gas warm air

furnace with high efficiency electric air conditioner was found to be

the lowest first-cost system for all locations considered. Use of

uninsulated ducts lowers the system first-cost'still further to where

the gas furnace system has a lower cost in Concord than the baseboard

convector system. However, use of uninsulated ducts is false economy.

Based on unreported simulations run during this study, the added investment

for insulated ducts will be recovered in about two years or less. (In

Philadelphia, for example, the annual energy cost with uninsulated ducts

is about 1/3 greater for a gas warm air furnace with high efficiency

electric air conditioner system).
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The first-cost for electric heat pumps not unexpectedly shows a

trend toward higher prices for the high efficiency models. However,

there are differences among the models priced such that the high efficiency

III is only about 5 percent more expensive than the standard heat pump,

while high efficiency I and II models are 10 to 20 percent more expensive

than the standard heat pump.

The hybrid electric heat pump with oil furnace has a much higher

first-cost than the other conventional heat pump systems because of

higher (oil) furnace (and auxiliary) equipment cost. The gas furnace-

hybrid heat pump, while more expensive to install than the standard

electric heat pump, is competitive in first-cost with the high efficiency

heat pumps.

For the advanced systems, only the developer of the organic fluid

absorption gas heat pump was able to provide an estimate of the equipment

cost. This information was used as the basis for developing a projected

equipment installed cost for a new installation and for an add-on in-

stallation as shown in Exhibit 9-5.

When viewed as an alternative to a conventional high efficiency

heat pump, the first cost for a new organic fluid absorption gas heat

pump installation is not much greater. However, the product most likely

to be the competitive option to the organic fluid absorption gas heat

pump is expected to be the gas warm air furnace with a high efficiency

central air conditioner. The sizable first-cost differences in favor

of the latter system clearly puts the organic fluid absorption gas heat
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pump at a cost disadvantage. Although the organic fluid absorption gas

heat pump equipment costs used to develop the installed costs are not

firm and are therefore subject to change, it is not expected that the

gas heat pump would be competitive on a. first-cost basis to a gas furnace

with central, air conditioner system.

The organic fluid absorption gas heat pump add-on system costs

shown in Exhibit 9-5 represent the installed cost for a conversion of a

gas warm air system to the organic fluid gas heat pump. The first costs

for an add-on system are much lower than for a new installation, which

would.offer some competitive advantage should the consumer wish to up-

grade a warm air system to include comfort cooling. The system's developer

in fact expects the retrofit market to be greater than the new installation

market for, their gas heat pump.

9.3.2 . Energy Cost Analysis

A comparison of total annual energy costs for conventional and

advanced heat pumps is presented in-Exhibits 9-6 and 9-7, respectively.

Exhibits 9-8 and .9-9 present cost comparisons, for currently available

conventional and advanced systems on a seasonal basis.

On an annual energy cost basis, the gas warm air furnace with high

efficiency air conditioner has a lower energy.cost than the standard or

even the high efficiency electric heat pumps in a number of locations.

This, of course, is not entirely related to energy efficiency but is

also an artifact of the rate structure.. (The variations in rates for

the locations used in the simulation studies may be seen in Exhibit 9-3,

which presents effective unit energy prices for residential heating and

cooling, and for commercial comfort conditioning on an annual basis.)
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Not unexpectedly, the heat pumps show the best advantage in the

warmer climates, while the gas and oil furnace systems continue to be

competitive in the cooler locations. Seattle, with its low electric

rates, represents an anomaly in this regard. In general, the increasing

cost of gas and oil have improved the operating economics of the heat

pump over those results reported in the previous Gordian study (1976).

Energy costs of the highly efficient advanced systems are, of

course, lower than those of conventional systems. However, it should be

noted that dynamic efficiency losses due to cycling and defrost may be

understated for the advanced heat pump I, free piston Stirling-Rankine

gas heat pump and the organic fluid absorption gas heat pump. If the

dynamic efficiency losses of the advanced heat pumps were similar to

those of the conventional electric (Rankine cycle) heat pump, the annual

energy costs shown would be about 12 percent higher. If this were the

case, part of the advanced system's advantage would be negated.

Since the advanced systems will most likely be higher in first-cost than

most of the conventional systems, if the advanced systems are unable to

show a compensating advantage in lower energy costs, their market prospects

would likely be adversely affected.- This aspect is considered in the

following discussion on life-cycle analysis of residential systems.

9.3.3 Life-Cycle Cost Analysis

The rationale of life-cycle analysis is that by use of appropriate

capital recovery factors, the effective owning and operating cost for

each system can be determined over the life of that system, thereby

putting each system into a directly comparable position.
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Life-cycle costs of the residential space conditioning systems

simulated (without and with the effects of inflation on energy and

maintenance costs) are shown in Exhibits 9-10 and 9-11, respectively.

The results show that the electric heat pump we have termed "standard"

(which represents 1975-1976 heat pump technology in terms of COP and EER

ratings) is slightly more cost effective in general than the more recent

high-efficiency models under the conditions of our analysis. An exception

to this generalization appears to be the electric heat pump-high efficiency

III, which provides a slight annual cost advantagecompared to the

standard electric heat pump in all locations but Seattle, where the

difference is fairly minor. For the other high-efficiency models, only

at an assumed 8 percent annual rate of inflation in energy cost (and 6

percent in maintenance cost) are the high-efficiency models comparable

in a life cycle owning and operating cost sense to the standard model.

On the other hand, gas and oil combustion furnaces with electric

air conditioning-still represent a low life-cycle cost system especially

in colder regions. However, the basis of the cost comparison is the

furnace with insulated ducts and a minimum of oversizing. This is not

quite the current practice. With uninsulated ducts, an oil furnace is

attractive-only in colder climates in comparison to the electric heat

pump--even less so with inflation in energy costs.

As noted previously, the only advanced system for which installed

costs could be developed is the organic fluid absorption gas heat pump.

The life-cycle cost for this system, both new and as an add-on, and with
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and without energy inflation, is presented in Exhibit 9-12.

Reflecting its higher efficiency in the cooler climates, the organic

gas heat pump life-cycle cost compares favorably with the high efficiency

electric heat pump life-cycle costs for the cooler locations simulated

beginning with Tulsa. However, when compared to what may well be its

strongest competitor, the gas warm air furnace with central air conditioner,

only the Concord location appears to show a slight cost advantage toward

the gas heat pump. The effect of energy inflation does not result in a

reversal of this cost comparison situation. Also, as previously noted,

the energy costs for the organic absorption gas heat pump are possibly

understated by as much as 12 percent, which, if corrected by that quantity,

would place the gas heat pump at a still lesser advantage against either

the gas furnace or the electric heat pump on a life-cycle cost basis.

The organic fluid absorption gas heat pump system does appear to have a

life-cycle cost advantage compared to the hybrid heat pump with gas

furnace, which could also be viewed as competing for the same gas heating

system customer.

When considered as an add-on system, the organic absorption system

offers a life-cycle cost in line with the conventional systems. This

tends to confirm the developer's belief that the organic absorption gas

heat pump will be more readily able to penetrate the retrofit market.

9.4 Analysis of Commercial Heat Pump System Costs

The previous section presented installed cost, energy cost and

life-cycle cost data for residential building HVAC systems. In this section,

a similar discussion is presented of light commercial HVAC systems for

use in nonresidential buildings.
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9.4.1 Installed Cost Analysis

A comparison of installed cost for conventional and advanced commercial

systems is presented in Exhibit 9-13. Because of its heating system

simplicity, the single package, two stage central air conditioner with

strip heating (i.e. rooftop warm air electric furnace) has the lowest

first-cost of the systems simulated. The rooftop gas furnace with

electric air conditioner system is next lowest with an installed cost 5

to 10 percent greater than the electric strip heat system. The third

conventional system costed, the standard electric heat pump, is about 15

to 20 percent more expensive in first-cost compared to the electric

strip heat systems. In general, system installed costs are higher in

the locations Houston through Philadelphia and lower in Seattle through

Concord due primarily to differences in the equipment sizes. (A system

capacity of 20 tons of cooling was used for the Houston through Philadelphia

locations, while a capacity of 15 ton cooling was used for the other

locations). On a cost per ton installed:cooling capacity basis, the 20

ton installations actually have a lower unit cost than the 15 ton installations.

This same cost per ton effect is also seen with the two light

commercial gas heat pumps studied (i.e. Brayton-Rankine and Rankine-

Rankine rooftop gas heat pumps). The installed costs developed for the

two advanced systems show them to be cost-competitive with the standard

electric heat pump in most locations. However, they are 10 to 15

percent more costly than a gas or electric furnace with air conditioner

system. Also, since the advanced systems cost are based on estimates

of the developers and are not yet commercially available, it is possible

that some variation from these estimates may be found when they are put

into commercial production.
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9.4.2 Energy Cost Analysis

The total annual energy costs for the light commercial systems

simulated are presented in Exhibit 9-14. Inspection of the data indicates

that the gas heat pumps, while offering lower energy costs for most

locations, are more effective in the cooler climates. The exceptions

for Houston and Seattle are due to the low electric rates available

in these cities, along with gas rates that are higher than in the other

cities studied in this report.

A further observation is that the Rankine-Rankine gas heat pump

offers the best advantage in the colder locations, while the Brayton-

Rankine gas heat pump performs better (relative to the Rankine-Rankine

gas heat pump) in the warmer climates.

The net energy-cost-saving advantage in most locations (excluding

Houston and Seattle for the reasons stated above) between a gas heat

pump and the gas warm air furnace with air conditioner (a likely competitive

product) is $400 to $600. While this appears insufficient to offer a two-

year payback of the added investment needed to install a gas heat pump

(as compared to a gas warm air furnace with air conditioner), a five-

year payout appears feasible in several locations (as discussed in

Chapter 11, the nonresidential HVAC market will readily accept a two-year

payback of added investment, and will consider up to five years payback if

the builder intends to own the building for that length of time [Levin

and Associates, 1976]).

9.4.3 Life-Cycle Cost Analysis

The life-cycle costs for the light commercial HVAC systems are

presented in Exhibit 9-15 without inflation of operating costs, and
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in Exhibit 9-16 with inflation of the energy and maintenance costs.

Generally, the gas heat pumps are more cost-effective in the cooler

climates.

However, since the gas rates per unit energy are generally lower

even in those areas where its efficiency is less (i.e. warmer climates),

the gas heat pump presents itself as a viable alternative for all locations

except Houston with its high cooling load, and Seattle, with its low

electric rates.

When operating costs are inflated over the life of the project (8

percent for energy, 6 percent for maintenance) the life-cycle cost

comparison offers still further advantage to the gas heat pumps because

of their greater energy efficiency. (Again Houston and Seattle are

outliers). An increase in the gas inflation rate to 14 percent was also

tested for the Rankine-Rankine gas heat pump, with results similar to

those found under the 8 percent gas inflation rate calculation.

9.5 Summary

Although the advanced residential HVAC systems offer lower energy

costs, the added system first-cost may not be justifiable. For example,

the organic fluid absorption heat pump does not appear at this time to

be life-cycle cost competitive with most of the conventional systems and,

in particular, the gas warm air furnace with central air conditioner

system which is viewed as the logical competitive product. This would

be expected to negatively influence the market prospects of the absorption

machine for new installations. The refit market appears to offer a

better potential for the organic absorption gas heat pump at this time

and even more under conditions of 8 percent inflation.
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The lowest cost residential space conditioning system (with the

exception of baseboard convector/window air conditioners) continues

to be the gas warm air furnace with high efficiency air conditioner.

High efficiency heat pumps, because of their 5-20 percent higher first

cost over the standard heat pump, do not appear to offer any life-cycle

cost advantage over the standard heat pump at present energy prices.

In general, the higher cost for greater energy efficiency does not

appear to pay. However, the more energy efficient systems will be

the beneficiaries of future higher energy costs, which will of course

improve their economics.

A potential new development, the pulse gas furnace with high

efficiency central air conditioner, offers system energy costs equal

to the advanced heat pumps (and much better than for the conventional

systems studied). Since the pulse gas furnace is expected to be

marketed at a price near the present gas warm air furnace, it would

appear to make this system an obvious minimum cost choice, assuming

the gas hook-up would be permitted.

The hybrid electric heat pumps (with gas or oil furnace) are sub-

stantially more expensive to own and operate than any of the other

heat pumps studied.

The organic fluid absorption gas heat pump is not cost-effective

compared to the gas warm air furnace with central electric air conditioner.

Additionally, transient losses not accounted for the energy modelling

of this system may result in energy costs of up to 12 percent higher.

The more attractive gas heat pump market possibility at this time

is the one for light commercial service. Under present cost assumptions,
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the light commercial gas heat pumps are cost-effective compared to the

electric heat pump for most all locations, and to the electric and gas

furnace with air conditioner in the cooler climates. When operating

costs are inflated, the gas heat pumps are cost-effective for all locations

used in the simulation study with the exception of Houston and Seattle,

both of which have low electric rates available for commercial service.
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EXHIBIT 9-1

ANNUAL MAINTENANCE COST

Residential Systems a
SYSTEM ANNUAL MAINTENANCE COST

DOLLARS

Heat Pump 149.60

Gas Furnace and Central Air Conditioner 104.50

Electric Furnace and Central Air Conditioner 109.70

Oil Furnace and Central Air Conditioner 127.90

Electric Baseboard Resistance Heaters
and Room Air Conditioner Units 110.00

Window Air Conditioner b 21.00

Commercial Systems
SYSTEM ANNUAL MAINTENANCE COSTc

DOLLARS

All 15 ton Heat Pump Systems 840.00

All 20 ton Heat Pump Systems 1120.00

Sources: a. National Environmental System Contractors Association (NESCA)
Mid-1976 Prices.

b. Sears-Roebuck Co. average price per air conditioner unit.

c. Tri-Boro Environmental Systems.
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EXHIBIT 9-2

DEPRECIATION PERIOD OF HEATING AND COOLING SYSTEMS

Component Capital Recovery Depreciation
Factor Period

Residential Systems (at 9% Interest) (Years)

Heat Pump 0.1668 9a

Central Air Conditioner 0.1560 lob

Gas Furnace 0.1203 16b

Oil Furnace 0.1560 job

Oil Tank 0.1095 20b

Electric Warm Air Furnace 0.1240 15b

Electric Baseboard Heaters 0.0929 40b

Window Air Conditioners 0.1560 l0b

Ductwork, Chimney 0.0929 40c

Commercial Systems

Rooftop Gas Heating/Electric 0.1560 lod

Cooling Package

Single Package, Two Stage 0.1560 10d

Central Air Conditioning
with Strip Heating

Single Package Standard 0.1668 9d

Electric Heat Pump

Brayton-Rankine Gas Heat Pump 0.1668 d

RankTne-Rankfne Gas Heat Pump 0.1668 gd

Sources:

a. Industry spokesmen give the life as 8-10 years.

b. ASHRAE Handbook and Product Directory, 1975 Systems

c. Internal Revenue Service

d. Tri-Boro Environmental Systems
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EXHIBIT 9-3

EFFECTIVE UNIT ENERGY PRICE FOR HEATING AND COOLING

Houston Birmlngham AtInta u lephia Settl Coumbus Cleland Cncl
Residential Rates $/unl1 Btu /i /uint /10Btu uBtu /nt tu /unit /0 / t $/106Btu

Electricity 0.0271 7.94 0.0409 11.98 0.0311 9.12 0.0251 7.35 0.0479 14.04 0.0092 2.70 0.0402 11.78 0.0469 13.75 0.0387 11.34
Heating (kwh)

Electricity 0.0217 6.36 0.0356 10.43 0.0269 7.88 0.0239 7.00 0.0285 8.35 0.0091 2.67 0.0282 8.26 0.0353 10.34 0.0387 11.34
Heating, All-Electric (kWh)

Electricity 0.0264 7.74 0.0409 11.98 0.0358 10.49 0.0348 10.20 0.0558 16.35 0.0092 2.70 0.0402 11.78 0.0472 13.83 0.0387 11.34
Cooling (kWh)

Electricity 0.0264 7.74 0.0408 11.95 0;0357 10.46 0.0348 10.20 0.0542 15.88 0.0090 2.64 0.0398 11.66 0.0464 13.60 0.0387 11.34
Cooling, All-Electric (kWh)

Natural Gas 2.83 2.83 1.69 1.69 1.79 1.79 1.79 1.79 2.51 2.51 2.89 2.89 1.92 1.92 1.96 1.96 3.25 3.25
Heating (103 cft)

Natural Gas 2.43 2.43 1.47 1.47 1.74 1.74 1.67 1.67 2.52 2.52 2.93 2.93 1.92 1.92 1.98 1.98 3.93 3.93
Cooling (103 cft)

No. 2 Fuel Oil (gal*) ** ** 0.422 3.03 0.440 3.16 0.435 3.13 0.469 3.37 0.459 3.30 0.419 3.01 0.451 3.24 0.469 3.37

Comnerclal Rates

Electricity (kWh) 0.0182 5.34 0.0672 19.70 0.0529 15.51 0.0409 12.00 0.0436 12.78 0.0132 3.87 0.0633 18.55 0.0681 19.97 0.0348 10.20

Electricity 0.0182 5.34 0.0617 18.08 0.0484 14.19 0.399 11.70 o
.0313 9.18 0.0135 3.96 0.0463 13.57 0.0479 14.04 0.0399 11.69All-Electric (kWh)

Natural 6as (103 cft) 3.55 3.55 2.57 2.57 2.13 2.13 1.93 1.93 2.93 2.93 3.72 3.72 1.97 1.97 2.11 2.11 3.20 3.20

* Price quotations for first quarter, 1977.
*- Not sold In Houston, assume Tulsa prices.

SOURCE: Gordlan Associates Inc.



EXHIBIT 9-4

CONVENTIONAL ELECTRIC HEAT PUMPS AND OTHER SYSTEMS: COMPARISON OF INSTALLED COSTS
(First quarter 1977 Dollars)

Houston Birmingham Atlanta Tulsa Philadelphia Seattle Columbus Cleveland Concord

Electric Heat Pump-Standard 3255.24 3119.14 3079.57 3397.40 3304.03 2671.29 3234.22 3406.22 2749.34
Electric Heat Pump-High Efficiency I 3598.18 3458.84 3417.67 3913.75 3646.99 3025.20 3634.96 3816.80 3165.80
Electric Heat Pump-High Effciency II 4170.41 . 4043.84 3660.18 4120.73 4232.01 3257.34 4144.46 4329.58 3558.78
Electric Heat Pump-High Efficiency III 3369.13 .3234.12 3197.19 3515.02 3422.28 2853.96 3347.02 3520.43 2932.41
Hybrid Electric Heat Pump-Gas Furnace 3645.17 3491.91 3453.25 4051.71 3719.87 3260.69 3628.84 3841.92 3200.87
Hybrid Electric Heat Pump-Oil Furnace 4489.03 4367.51 4292.81 5069 55 4564.95 4034.35 4468.40 4685.62 4039.59
Gas Warm Air Furnace/Central Air

Conditioner-High Efficiency 2745.00 2602.43 2552.58 2947.48 2668.18 2345.43 2717.19 2881.25 2365.95
Oil Warm Air Furnace/Central Air

Conditioner-High Efficier-v 3614.87 3560.62 3437.51 3832.08 3545.02 3148.33 3580.08 3754.58 3211.11
Central Electric Furnace/Central Air

Conditioner-High Efficiency 2882.93 2746.14 2717.75 3090.18 2850.39 2429.62 2899.34 3060.90 2508.79
Baseboard Convectors/ Wndotivlr

Conditioners 2378.14 2264.37 2165.29 2283.81 2452.54 2251.78 2367.93 2562.84 2305.43

System with Uninsulated Ducts*
NJ

. Gas Warm Air Furnace/Central Air 2612.01
Conditioner-High Efficiency 2558.83 2546.26 2496.41 2918.82 2234.26 2634.26 2825.08 2282.18

Oil Warm Air Furnace/Central Air 3488.85
Conditioner-High Efficiency 3458.70 3504.45 3381.34 3803.42 3037.16 3496.93 3698.41 3127.34

* Current Practice

Source: Gordian Associates, Inc.



rEXHIBIT 9-5

ORGANIC FLUID ABSORPTION GAS HEAT PUMP: INSTALLED
-uollars)

New** Add-on**

Houston 4044.09 2665.85

Birmingham 3910.89 2662.68

Atlanta 3857.44 2616.05

Tulsa 4350.97 2972.24

Philadelphia 4099.04 2745.90

Seattle 3170.65 2040.93

Columbus 4007.06 2670.30

Cleveland 4200.78 2785.15

Concord 3360.73 2226.67

* First Quarter 1977 costs.
** Cost based on developer's wholesale equipment cost estimate for a 3 ton unit, scaled for certain locations

as follows: Seattle, 2 ton; Concord, 2½ ton; Tulsa, 3½ ton.
*** Assumes air handler and ducts in-place.

Source: Allied Chemical Co. (1976);
Gordian Associates Inc.
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EXHIBIT 9-6

CONVENTIONAL ELECTRIC HEAT PUMPS AND OTHER SYSTEMS: COMPARISON OF TOTAL ANNUAL ENERGY COST*

(Dollars)

System Houston Birmingham Atlanta Tulsa Philadelphia Seattle Columbus Cleveland Concord

' Electric Heat Pump-Standard 221.13(193.39)** 339.46(299.24) 270.09(237.42 323.36(287.25) 380.00(336.69) 71.27(63.15) 403.47(365.18) 536.35(490.92) 703.72(655.88
Electric Heat Pump-High Efficiency 1 182.36 160.14) 291.51(257.93 231.69 204.62 273.90(243.79 325.592 89.37 63.72(56.23) 355.98 322.Z6; 480.17(439.14) 648.63(603.99)
Electric Heat Pump-High Efficiency II 200.14 173.00) 308.81 270.16 253.54 224.70 281.45(245.80 341.60 301.09 62.33 55.42 365.86(329.66) 487.51(444.84 600.07(557.24)
Electric Heat Pump-High Efficiency III 195.14(171.06) 307.99 272.20) 244.82(216.10 319.34(283.43) 349.80 310.87) 62.79(55.81) 379.53(344.02) 511.25(468.62) 620.62(576.71)
Hybrid Electric Heat Pump-Gas Furnace 236.80 360.23 290.95 305.88 408.39 121.37 390.96 480.55 580.53
Hybrid Electric Heat Pump-Oil Furnace 237.20 367.23 298.14 327.20 423.46 129.24 430.78 540.83 569.70
Electric Heat Pump-Heat Only/Central

Air Conditioner-High Efficiency 197.67(172.90) 299.73(263.82) 239.77(211.08) 280.28(247.63) 323.09(285.84) 57.30(51.01) 344.53(310.56) 458.39(418.66) 550.64(511.75)
*- Gas Warm Air Furnace/Central Air

Conditioner-High Efficiency 223.21 264.31 236.78 273.09 369.75 211.31 304.65 338.24 482.54
011 Warm Air Furnace/Central Air

Conditioner-High Efficiency 225.70 313.63 287.16 360.40 426.74 236.12 397.79 468.49 487.50
-_Central Electric Furnace/Central Air

Conditioner-High Efficiency 236.97 428.82 343.92 451.16 559.10 136.18 584.93 809.13 976.26
Baseboard Convectors/Window

Air Conditioners 153.17 341.39 270.16 379.50 490.12 131.91 537.40 770.05 946.35

* First quarter 1977 costs

** Numbers in parenthesis are energy costs calculated on steady state or full-load performance basis, dynamic efficiency losses are not included.

Source: Gordian Associates Inc.



EXHIBIT 9-7

ADVANCED HEAT PUMPS AND OTHER SYSTEMS: COMPARISON OF TOTAL ANNUAL ENERGY COST**
(Dynamic efficiency not accounted for*)

(Dollars)

System Houston Birmingham Atlanta Tulsa Philadelphia Seattle Columbus Cleveland Concord
Advanced Electric Heat Pump I *** 274.41 218.95 241.16 298.29 305.10 403.71Advanced Electric Heat Pump II 132.93 211.61 167.24 219.05 250.01 43.39 268.04 361.26 482.31Free Piston Stirling Rankine Gas HP 180.25 149.25 144.10 149.36 222.57 109.57 194.16 220.85 332.67V-Type Single Cylinder Stirling Rankine HP 186.81 162.11 155.00 172.44 231.13 93.05 199.04 227.78 353.48Organic Fluid Absorption Gas Heat Pump 255.87 178.77 179.77 183.22 261.66 14867 2 244 3744 48
Pulse Gas Furnace/Central Air Conditioner- 206.56 238.79 210.20 227.74 303.60 145.92 2455 2 26 347.00High Efficiency

* The energy costs presented may be understated for the advanced electric heat pump I, free piston Stirling Rankine gas heat pump and the organic
fluid absorption gas heat pump due; to possible understating of cycling and defrost losses. If the dynamtc efficiency losses of the advanced heat
pumps were similar to those of the conventional electric (Rankine cycle) heat pump, the energy costs above should be multiplied by the correction
factor of 1.12 for annual energy values.

** First quarter 1977 costs

** System is not sized for application in these cities



EXHIBIT 9-8

CONVENTIONAL ELECTRIC HEAT PUMPS AND OTHER SYSTEMS: COIPARISON OF HEATING AND COOIHNG SEASOH ENERGY COST*
(Dollarsl

HEATING Houston Birmingham Atlanta Tulsa Philadelphia Seattle Coluabus Cdeveland Concord

Electric Heat Pump-Standard 30.44(27.46)* 134.88(123.28 102.08(93.811 188.54(173.56 217.05(198.33 62.43(55.26 292.02269.83 4363 43.80 77
Electric Heat Pump-High Efficiency 1 25.61(23.14 118.19(108.30 89.03(81.93 164.06(150.86 188.59(172.42 56.51(49.79 262.39(241.73 3945364.28P9620.0 6 7 0 483 39453(364.281 604.793566101
Electric Heat Pump-High Efficiency II 27.33(24.61 122.23(111.89 96.73(88.93 161.34 148.34 193.83 177.19 54.184828 264.66 244.14 3958036566 551 .655.5193.83(117.19 54.18(48.28 264.66 4 3 9580366.66) 551.16(515524
Electric Heat Pump-High Efficiency III 28.95(26.10 129.21(118.38 97.93(90.23 183.96(169.18 207.66(189.98 55.26(49.17 282.37 26072 42222 39083 578.10(540.22
Hybrid Electric Heat Pump-Gas Furnace 36.79 144.66 113.83 165.74 236.42 111.92 273.31 37558525.08
Hybrid Electric Heat Pump-Oil Furnace 37.19 152.06 121.02 187.06 251.48 119.79 313.13 435.86 514.25
Electric Heat Pump-Heat Only 25.58(23.02) 114.67(104.80) 87.86(81.09) 148.41(136.25) 176.09(160.97) 49.29(43.95) 243.98(224.47) 366.83(338.67) 504.76(472.33)
Gas Warm Air Furnace 51.12 79.25 84.87 141.22 218.33 203.13 203.20 246.69 436.66
Oil Warm Air Furnace 53.61 128.57 135.25 228.53 275.32 227.94 296.34 376.94 441.62
Central Electric Furnace 64.88 248.56 192.01 319.29 412.10 128.17 484.38 717 58 930.38
Baseboard Convectors 63.54 243.76 188.21 314.28 406.07 125.01 477.61 707.61 915 21

COOLING

Electric Heat Pump-Standard 190.69 165.93 204.58 175.96 168.01(143.61 134.82(113.69) 162.95(138.31 8847.88 111459535 10000(8712 5295 4590)
Electric Heat Pump-High Efficiency I 156.75137.00 173.32149.63 142.66122.69 109.8492.93) 137.00 116.95 7.216.46 93.598053 85647486 4370379)
Electric Heat Pump-High Efficiency 11 172.81(148.39 186.58(158.27 156.81 135.77 120.11(97.46) 147.77(123.90 8.15 7.14 101.20(85.82 917179.18 4. 41.728.15 7.14 101.20 85.82 97779918 48.91(41.721Electric Heat Pump-High Efficiency III 166.19 144.96) 178.78 153.82 146.89(125.87 135.38(114.25) 142.14 120.89 7.53 6.64 97.16(83.30 89303(77.79 42.52 36.49
Hybrid Electric Heat Pump 200.01 215.58 177.12 140.14 171.98 9.45 117.65 104.97 5554
Central Air Conditioner-High ;;:i

Efficiency 172.09(149.88) 185.06(159.02) 151.91(129.98) 131.87(111.38) 151.42(128.52) 8.18(7.23) 101.45(86.90) 91.55(7999) 45.8839.42)
Central Air Conditioner-High

Efficiency (All electric rate) 172.09(149.88) 185.06(159.02) 151.91(129.981 131.87(111.38) 147.00(124.87) 8.01(7.06) 100.55(86.09) 91.65179991 45.88(39.42
Central Air Conditioner-Standard 205.12(178.98) 22043190.34 138 .21 181.111 9.5585 138.73(121.06(104.34) 106.699301 53174585
Central Air Conditioner-Standard

(all Electric Rate) 205.12(178.98) 220.43(190.341 181.11(155.191 138.73(117.21) 175.82(149.62) 9.36(8.39) 120.15(103.43) 106.69(93011 53.17(45851
Window Air Conditioners 89.63 (78.13) 97.63 (84.10) 81.95 (69.98) 65.22 (55.181 84.05 (71.17) 6.90(6.17 59.79 (51.32) 62.4453.29 31.1426.91

C,

* First quarter 1977 costs.

** Numbers in parenthesis are energy costs calculated on steady state or full-load performance basis, lynamic efficiency losses are not included.

Source: Gordlan Associates Inc.



EXHIBIT 9-9

ADVANCED HEAT PUMPS AND OTHER SYSTEMS: COMPARISON OF HEATING AND COOLING SEASON ENERGY COST**

(Dynamic efficiency not accounted for*)

HEATING : Houston Birmingham ;Atlanta Tulsa Philadelphia Seattle Columbus Cleveland Concord

Advanced Electric Heat Pump I *** 109.39 83.90 133.68 168.04 *** 216.38 320.66 ***
Advanced Electric Heat Pump II 18.98 .90.62 67.71 138.72 153.60 38.19 202.16 302.24 451.06
Free Piston Stirling Rankine Gas HP 23.96 53.10 49.78 78.20 135.42 86.56 133.65 168.48 281.29
V-Type Single Cylinder Stirling Rankine HP 22.58 52.02 48.19 80.81 131.48 68.39 129.53 168.36 295.33
Organic Fluid Absorption Gas Heat Pump 28.71 52.90 52.90 86.31 141.13 111.71 137.23 173.33 302.71
Pulse Gas Furnace 34.47 53.73 58.29 95.87 152.18 137.74 143.10 176.64 301.12

COOLING

Advanced Electric Heat Pump I *** 165.01 135;05 107.48 130.25 *** 89.72 83.05 ***
Advanced Electric Heat Pump 11 113.95 120.99 99.53 80.33 96.41 5.20 65.88 59.02 31.25
Free Piston Stirling Rankine Gas HP 156.28 96.16 94.31 71.15 87.15 23.02 60.52 52.37 51.37
V-Type Single Cylinder Stirling Rankine HP 164.22 110.10 106.82 91.63 99.64 24.67 69.51 59.42 58.15
Organic Fluid Absorption Gas Heat Pump 227.17 125.86 126.87 96.91 120.53 36.96 84.43 70.92 71.77

* The energy costs presented may be understated for the advanced electric heat pump I, free piston Stirlinq Rankine gas heat pump and the organic
fluid absorption gas heat pump due to possible understating of cycling and defrost losses. If the dynamic efficiency losses of the advanced heat
pumps were similar to those of the conventional electric (Rankine cycle) heat pump, the energy costs above ahould be multiplied by a correction
factor of 1.09 for heating season-values and by 1.18 for cooling season values.

** First quarter 1977 costs

o System is not sized for application in these cities

w



EXHIBIT 9-10

LIFE CYCLE COSTS FOR ALTERNATIVE RESIDENTIAL SPACE CONDITIONING SYSTEMS - NO INFLATION
(First Quarter, 1977 Dollars)

System as New Installation Houston Birmingham Atlanta Tulsa Philadelphia Seattle Columbus Cleveland Concord

Electric Heat Pump-Standard 826.01 931.48 855.46 954.97 995.10 590.29 1007.59 1163.75 1236.63
Electric Heat Pump-High Efficiency I 844.39 940.19 873.46 991.63 997.90 641.77 1027.61 1176.05 1251.01
Electric Heat Pump-High Efficiency II 957.62 1055.07 935.76 1033.71 1111.49 679.10 1121.81 1268.92 1268.00
Electric Heat Pump-High Efficiency III 819.02 919.19 849.81 954.28 984.63 612.28 1002.46 1157.70 1184.07
Hybrid Electric Heat Pump-Gas Furnace 934.85 1043.42 968.04 1074.72 1119.39 755.07 1088.57 1202.94 1217.91
Hybrid Electric Heat Pump-Oil Furnace 1077.08 1194.78 1115.49 1262.58 1277.33 908.12 1269.75 1412.43 1346.72
Gas Warm Air Furnace/Central Air

Conditioner-High Efficiency 671.30 699.03 664.72 753.25 806.39 605.53 750.33 803.07 882.75
Oil Warm Air Furnace/Central Air

Conditioner-High Efficiency 820.34 906.55 862.76 989.05 1011.84 771.73 989.16 1081.80 1029.14
Central Electric Furnace/Central Air

Conditioner-High Efficiency 705.94 885.00 795.88 952.98 1022.42 544.97 1057.11 1300.58 1450.78
th Baseboard Convector/Window

v^ ~ Air Conditioners 561.41 730.26 648.55 768.90 896.47 508.88 934.62 1186.33 1335.21
Electric Heat Pump-Heat Only 700.40 762.28 727.11 795.27 853.21 691.32 908.34 1055.34 1128.77

System as Add-On Installation

Electric Heat Pump-Heat Only 533.65 605.74 573.43 636.75 681.04 554.38 738.60 877.61 983.82

Source: Gordian Associates Inc.



EXHIBIT 9-11

LIFE CYCLE COSTS FOR ALTERNATIVE RESIDENTIAL-SPACE CONDITIONING SYSTEMS-

EFFECTS OF INFLATION ON ENERGY AND MAINTENANCE COSTS INCLUDED*

System as New Installation Houston Birmingham Atlanta Tulsa Philadelphia Seattle Columbus Cleveland Concord

Electric Heat Pump-Standard '968.52 1125.43 1019.25 ,1141.92 1206.67 667.67 1229.36 1443.27 1588.90
Electric Heat Pump-High Efficiency I 970.05 11.13.29 1020.56 1157.08 1185.82 688.17 1228.74 1431.15 1579.33
Electric Heat Pump-High Efficiency II 1091.01 1235.69 1092.36 1202.44 1306.37 752.59 1327.23 1527.21 1575.22
Electric Heat Pump-High Efficiency III 950.24 1099.46 1002.62 1139.48 1183.07 685.97 1213.82 1426.31 1500.22
Hybrid Electric Heat Pump-Gas Furnace 1102.79 1265.01 1159.52 1272.69 1361.92 882.84 1323.52 1479.83 1535.26
Hybrid Electric Heat Pump-Oil Furnace 1251.41 1425.63 1316.41 1476.03 1532.62 ,1035.52 1528.22 1715.73 1665.57
Gas Warm Air Furnace/Central Air

Conditioner-High Efficiency 815.13 862.76 815.12 921.23 1021.16 743.60 933.59 1002.59 1152.21
-011 Warm Air Furnace/Central Air -_ i

Conditioner-High Efficiency 973.49 1102.17 1129.80 1207.31 1262.21 929.82 1225.52 1352.39 1308.93
Central Electric Furnace/Central

Air Conditioner-High Efficiency 858.21 1130.15 999.93 1208.95 1330.64 648.45 1377.84 1729.85 1908.08
Backboard Convectors/Window

Air Conditioners 673.21 933.18 816.99 990.27 1171.39 610.39 1232.43 1596.77 1830.99
Electric Heat Pump-Heat Only 757.92 858.52 811.70 906.18 976.15 759.14 1060.79 1261.18 1394.56

System as Add-On Installation

Electric Heat Pump-Heat Only 591.17 701.98 658.02 747.66 803.98 622.20 891.05 1083.45 1249.61

* Annual inflation: energy cost, 8 percent; maintenance cost, 6 percent.

Source: Gordian Associates Inc.



EXHIBIT 9-12

ORGANIC FLUID ABSORPTION GAS HEAT PUMP: LIFE-CYCLE COST*
(No dynamic efficiency losses accounted for)

(Dollars)

ANNUALIZED COST EFFECTIVE ANNUALIZED COST WITH INFLATION**
New Add-on*** New Add-on***

Houston 1007.06 850.14 1164.35 1007.43

Birmingham 917.63 772.51 1041.46 896.34

Atlanta 909.67 763.73 1033.93 887.99

Tulsa 987.66 827.59 1114.42 954.35

Philadelphia 1024.15 869.28 1184.28 1029.41

Seattle 765.77 638.70 876.54 749.47

Columbus 969.47 816.67 1111.92 959.12

Cleveland 1018.96 858.41 1171.21 1010.66

Concord 1024.15 895.49 1232.92 1104.26

* First Quarter 1977 costs.
** Calculation on following assumptions: energy inflation - 8 percent, maintenance cost inflation - 6 percent,

cost of money - 9 percent, project life - 9 years.
*** Assumes air handler and ducts in-place.

Source: Gordian Associates Inc.



EXHIBIT 9-13

LIGHT COMMERCIAL HEATING'AND COOLING SYSTEMS: COMPARISON OF INSTALLED COSTS

(Second Quarter 1977 Dollars)

HOUSTON BIRMINGHAM ATLANTA TULSA PHILADELPHIA SEATTLE COLUMBUS CLEVELAND CONCORD
SYSTEM

Rooftop Gas Heating/Electric
Cooling Package 19009.66 18811.27 18600.28 18790.57 19769.50 16877.56 16303.05 17346.40 15650.77

Single Package, Two Stage
Central Air Conditioning
with Strip Heating 17427.14 17427.20 17032.83 17223.11 18167.92 15791.99 15442.20 16473.13 14823.03

Single Package Standard
Electric Heat Pump 20517.16 20528.98 20077.64 20278.64 21322.66 18583.57 18172.88 19292.55 17437.17

Brayton-Rankine Gas
Heat Pump 21242.50 21298.75 20792.80 20983.08 22038.66 17812.72 17409.50 18497.66 16637.74

Rankine-Rankine Gas
Heat Pump 21317.50 21374.47 20857.09 21057.37 22114.37 17888.00 17483.79 18573.01 16709.17

Source: Gordlan Associates, Inc.



EXHIBIT 9-14

LIGHT COMMERCIAL HEAT PUMPS AND OTHER SYSTEMS: COMPARISON OF TOTAL ANNUAL ENERGY COSTS
(First Quarter 1977 Dollars)

System Houston Birmingham Atlanta Tulsa Philadelphia Seattle Columbus Cleveland Concord

Gas Warm Air Furnace/ 790.74 1856.01 1342.49 1091.23. 1002.03 699.61 998.00 993.07 1012.23
Central Air Conditioner-
High Efficiency

Central Electric Furnace 660.24 2010.78 1528.44 1513.91 1059.50 397.12 1557.39 1706.17 1727.70
Central Air Conditioner-
High Efficiency

Electric Heat Pump-Standard 587.73 1668.23 1198.56 1052.31 614.73 208.21 1000.78 1012.98 962.67

Brayton-Rankine Gas Heat Pump 797.34 692.16 422.60 533.05 495.18 450.37 450.00 462.73 736.62

c~ Rankine-Rankine Gas Heat Pump 774.88 421.12 347.76 345.42 420.25 383.43 272.38 282.40 479.39

SOURCE: Gordlan Associates Inc.



EXHIBIT 9-15

LIFE CYCLE COSTS FOR LIGHT COMMERCIAL HEATING AND COOLING SYSTEMS
(Second Quarter 1977 Dollars)

System Houston Birmingham Atlanta Tulsa Philadelphia Seattle Columbus Cleveland Concord

Rooftop Gas Heating/Electric 4458.20 5505.61 4958.93 4729.24 4760.41 3771.10 3999.12 4118.06 3924.64
Cooling Package

Single Package, Two Stage 4080.83 5444.47 4900.36 4907.39 4568.03 3299.26 4424.21 4618.77 4510.78
Central Air Conditioning
with Strip Heating

Single Package Standard 4640.40 5738.19 5192.95 5070.72 4769.40 3677.83 4424.45 4577.86 4278.67
Electric Heat Pump

Brayton-Rankine Gas 5118.79 5038.32 4684.08 4816.76 4917.08 3939.21 3894.14 4042.83 4070.07
Heat Pump

Rankine-Rankine Gas 5108.84 4779.91 4621.63 4641.52 4854.78 3884.83 3728.91 3875.07 3821.76
D Heat Pump

SOURCE: Gordian Associates Inc.



EXHIBIT 9-16

LIFE CYCLE COSTS LIGHT COMMERCIAL HEATING AND COOLING SYSTEMS INCLUDING INFLATIONARY
EFFECTS ON ENERGY AND MAINTENANCE COSTS

(Second Quarter 1977 Dollars)

System Houston Birmingham Atlanta Tulsa Philadelphia Seattle Columbus Cleveland Concord

Rooftop Gas Heating/Electric 5224.39 6787.51 5992.23 5640.90 5628.89 4397.33 4769.80 4886.36 4702.01
Cooling Package

Single Package Two Stage 4783.84 6801.29 6008.41 6023.67 5464.33 3779.05 5465.69 5732.28 5634.71
Central Air Conditioning
with Strip Heating

Single Package Standard 5243.29 6810.73 6030.87 5875.54 5384.03 4028.90 5120.02 5278.73 4957.68
Electric Heat Pump

Brayton-Rankine Gas 5812.79 5686.61 5215.21 5395.89 5479.76 4395.54 4350.31 4504.54 4650.82
0 Heat Pump

Rankine-Rankine Gas 5793.08 5310.39 5120.22 5139.10 5384.88 4312.07 3717.11 4258.40 4290.71
Heat Pump

SOURCE: Gordian Associates Inc.

Calculation based on the following assumptions: energy inflation - 8 percent, maintenance cost inflation - 6 percent, money - 9 percent.



10. MARKET PROSPECTS OF ADVANCED HEAT PUMPS

10.1 Introduction

The market prospects of advanced heat pumps are influenced by a

number of factors such as first-cost, life-cycle cost, consumer acceptance--

and the potential market for space conditioning. Economic factors such

as capital and operating costs were discussed in Chapter 9. Institutional

factors, consumer attitudes about heat pumps and the consumer's willingness

to pay more for energy efficient space conditioning is covered in Chapter

11. This chapter treats primarily the question of the market prospects

for the advanced systems from the HVAC market potential point of view.

A brief analysis of the building market as it pertains to space

conditioning is given in Section 10.2. In Section 10.3, an analysis of

present market trends in heating and cooling equipment is presented.

Projections for the market prospects for advanced heat pumps are provided

in Section 10.4. The impact of various economic and institutional

factors on market prospects for advanced heat pumps is discussed in

Section 10.5. The findings of this chapter are summarized in Section

10.6.

10.2 Building Market Analysis

The building market analysis presented in this report is divided

into the two primary building categories of residential and nonresidential

buildings, a distinction based on their major differences in composition

and space conditioning requirements. For each building category, opportunity

for installation of a heat pump would include new construction, replacements
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and conversions. A replacement unit is defined as a new unit of the

same general type put in place of an existing unit which has become

unserviceable or obsolete. A conversion is understood to be the installation

of a heat pump in a building previously space conditioned by a system

other than a heat pump.

10.2.1 Residential Building Market

The residential building market may be characterized as being

fairly homogeneous as to building type within three basic structure

classes--single family, multifamily and mobile homes. In the latest

reported survey by the Census Bureau, the total U.S. housing stock in

1974 consisted of 51.2 million single family buildings, 20.9 million

multifamily buildings and 3.7 million mobile homes (Census Bureau,

1976).

In assessing the residential building market within the context of

space conditioning by either gas or electric heat pumps, the Census

Bureau's major region grouping (Northeast, North Central, South and

West) was used because of the wide regional variation in space conditioning

characteristics such as natural gas use in heating or central air conditioning

saturation. Regionally, the South has the major share of new residential

construction with 45 percent of the total, the West and North Central

each have 21 percent, while the Northeast has only 13 percent. Installation

of natural gas heating in new residential construction predominates in

the West (71 percent) and North Central (65 percent) while the South and

Northeast have installation rates of 38 and 35 percent respectively.

Not unexpectedly, the South leads in central air conditioning installed

in new construction with 62 percent, followed by the West at 39 percent,

North Central at 32 percent and Northeast at 13 percent (Census

Bureau, 1975).
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The annual conventional housing production for the 1977 to year

2000 period is estimated to be between 1.3 and 2.0 million units, with

an average of 1.75 million units per year (Smith Barney, 1976). Moderating

influences on housing growth during this 1977 to 2000 period include de-

clining population growth rate and an increase in the number of people,

65 and older, who are not prime home buying candidates (Census Bureau,

1977).

10.2.2 Nonresidential Building Market

The nonresidential building market may be characterized as fairly

heterogeneous, with a wide diversity of buildings including hospitals,

churches, stores, office buildings, warehouses and manufacturing facilities.

Unlike residential building data, there is much less information available

both as to the existing building stock as well as new construction.

Overall new nonresidential construction of all types is estimated to be

1895 million ft2 by 1981 (General Electric, 1976). Regional nonresidential

new construction indicates a greater concentration of new construction

in the South and West (60 percent) and away from the Northeast and North

Central regions (40 percent) (Commerce Department, 1976).

This regional trend in new construction appears to hold for both

office and store buildings. An exception is institutional building new

construction which is much lower in the West and about equal in the

other three regions. Building type is significant because this study is

concerned with nonresidential buildings that have an air conditioning

requirement which could be satisfied by light commercial service space

conditioning equipment (i.e. up to 25 ton cooling capacity). Hence high

rise buildings which have large built-up systems and buildings that are

not air conditioned would not be heat pump candidate buildings within

the scope of this study.
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10.3 Space Heating and Cooling Equipment Market Trends

The previous section viewed the space conditioning market without

considering the specific HVAC equipment involved. In this section, con-

sideration is given to the trends in the types of space conditioning

equipment supplied to the market. Space heating equipment market trends

are discussed in Subsection 10.3.1, and space cooling equipment market

trends are covered in Subsection 10.3.2. Heat pumps are considered in

both heating and cooling applications, since most heat pumps provide

both comfort.heating and comfort cooling, and are in fact advertised in

this manner.

10.3.1 Heating Equipment Market Trends

The trend in the years 1967 to 1975 in shipments of central heating

equipment (gas, oil, electric furnaces and electric heat pumps) is illus-

trated in Exhibit 10-1. As shown here, gas warm air systems dominated

the market until recently since gas has been a preferred fuel from both

an economic and a consumer utilization viewpoint. Lack of gas availability

(discussed in Chapter 11) and the emergence of electric heating has cut

into this dominance. Shipments for both gas and electric.warm air furnaces

declined significantly in 1975, due at least in part to the overall down-

turn in the construction industry. Generally, heating equipment shipments

follow the same trend as new residential construction, with the moderating

influence of a strong equipment after-market in replacements, conversions

or inventory.

To further illustrate this point, heating equipment shipment data

were compared to new single family residential completions and to other

installations (including nonresidential) or inventory. The comparisons
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given in the table below shows that between 52 and 60 percent of central

heating equipment units shipped are for use in other than new single

family construction. This other use, of course, represents a sizeable

market and would account for the heating equipment market showing less

of a response to the vagaries of new residential building construction

completions.

Central Heating Equipment Shipment Analysis

Units Installed in
Total New Single Family All Other Installations
Shipments Home Completions or Inventory

Year Units X 10- 3 Units X 10-l Percent Units X 10-3 Percent

1971 2,470 1,014 41.1 1,456 58.9
1972 2,778 1,143 41.1 1,635 58.9
1973 2,556 1,174 45.9 1,382 54.1
1974 2,301 932 40.5 1,369 59.5
1975 1,805 866 48.0 939 52.0

Source: National Association of Homebuilders, Census Bureau.

As discussed in Chapter 11, costs of all forms of energy have increased

rapidly since the Arab oil embargo of 1973. One response to higher electricity

cost has been the use of a heat pump in place of an electric furnace. Heat

pump shipments--which had been under 100,000 units per year until 1973--

-have been steadily on the increase since then. According to the Air-

conditioning and Refrigeration Institute, 1976 heat pump shipments totalled

312,000 units: a figure which is more than double that of the previous year.

When compared to all central heating units shipped, heat pumps have in-

creased their share of the total market to 8.3 percent in 1975 from 4.7

percent in 1973.
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The distribution of heat pump installations within the residential

building market is given in Exhibit 10-2 for the years 1971-1976. New

installations comprise about two-thirds of the total units installed in

residential service. The reduction in the percent of multifamily installations

would be related to the observed trend away from new multifamily building

construction.

Commercial service heat pumps--generally 3 tons or larger--comprised

about 25 percent of all heat pumps shipped in 1974 and 1975. Of this,

heat pumps 5 tons or larger accounted for 12.3 percent of all shipments

in 1974 and 10.1 percent in 1975. The proportion of heat pumps shipped

7 1/2 tons or larger was 2.9 percent in 1974, which declined to 2.4 percent

of total shipments in 1975 (Air-Conditioning and Refrigeration Institute,

1976).

One of the possible influences on the small proportion of 7 1/2 tons

and larger size units could be related to the substantial use of built-

up systems for larger installations. About half the commercial building

installed heat pump tonnage is estimated to be of the built-up type

(Edison Electric Institute, 1976).

10.3.2 Cooling Equipment Market Trends

Manufacturers' shipment data of unitary central air conditioning

equipment for the years 1967-1975 is illustrated in Exhibit 10-3.

Included are data for the electric air conditioner, the electric heat

pump and the gas air conditioner.

Comparison of unitary air conditioner shipment data with total

completed housing units adjusted by the central air conditioning in-

stallation rate for new housing indicates that up to about one-third
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of the units shipped are Installed In new residential construction, the

remainder going into existing buildings, new nonresidential construction,

or inventory. This comparison is shown in the table below.

Central Air Conditioning Shipment Analysis

Units Installed
Total In New Single Family All Other Installations

Shipments Home Completions or Inventory
Year TtUnits X Units X Percent Units X M'0 Percent

1971 1,877 614 32.7 1,263 67.3
1972 2,403 848 35.3 1,555 64.7
1973 2,839 988 34.8 1,851 65.2
1974 2,489 811 32.6 1,678 67.4
1975 1,623 635 39.1 988 60.9

Source: Air-Conditioning and Refrigeration Institute,
National Association of Homebuilders, Census Bureau.

A further indication of the growth in central air conditioning can

be seen from the Annual Housing Survey (Census Bureau, 1976) report for

1970 and 1974. In 1970, 7.3 million housing units or 10.7 percent of the

total housing stock had central air conditioning. By 1974, this penetration

had about doubled to 14.4 million units, or 18.9 percent of all housing

units in place. Based on the air conditioning saturation data for new

housing completions during the 1971-1974 period, about 3.3 million of the

increase in units with central air conditioning came from new residential
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construction, while 3.8 million units with central air conditioning

would have been retrofit installations in existing houses.

In the previous discussion of heating equipment market trends for

commercial installations, it was reported that heat pump shipments in

sizes 5 tons or larger were 10 to 12 percent of all heat pump shipments

for the years 1974 and 1975. By comparison, industry-reported shipments

of year-round air conditioners 5 tons or more were over three times

greater than the number of heat pumps shipped in 1975. The ratio for

year-round air conditioners 7½ tons and over for the same year was about

seven times greater than the reported shipments of heat pumps of a

comparable size (Air-Conditioning and Refrigeration Institute, 1976).

The large difference in year-round air conditioner versus heat pump

shipments suggests that a substantial potential exists for heat pumps in

the larger sizes. Moreover, the year-round air conditioner is generally

a roof top unit with heating supplied by natural gas or oil fired equipment.

This would be one of the target markets for the light commercial heat

pump. To the extent that the market is not now served by the electric

heat pump, a good market potential could develop for a gas heat pump,

particularly if natural gas is the present heating fuel.

One aspect of special interest to possible use of a gas heat pump

is the prevalence of gas air conditioning. As shown in Exhibit 10-3,

gas air conditioning shipments peaked in 1969 with under 70,000 units

shipped, and have continued to decline to 20,000 units in 1975. Possible

explanations for this decline are:

o Increased cost and lack of gas availability (discussed in
Chapter 11);

o Higher equipment cost. In 1973 the cost of an installed
gas air conditioner was $200 to $300 more than a comparable
electric air conditioner;
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o Former poor reliability. As gas air conditioning became
more heavily promoted in the late 1960's, there was
pressure to cut equipment costs to expand the market.
This apparently resulted in equipment of lower reliability
being offered. The reliability problems, however, are
not inherent in the technology of gas absorption air
conditioning. It is believed that the reliability of
present gas air conditioning equipment is good.

Only one manufacturer of gas air conditioners remains in the market,

two others having ceased production of this equipment (Columbia Gas Co., 1977).

10.4 Market Potential for Advanced Heat Pumps

This section presents projections of the total potential heat pump

market and estimates of the market prospects of electric and gas heat

pumps. The products considered are defined in Subsection 10.4.1. The

building model used for estimating the residential and nonresidential

space conditioning market is discussed in Subsection 10.4.2. Subsection

10.4.3 gives the projection of the total heat pump market for electric

and gas heat pumps, while 10.4.4 presents the market size estimates for

a conventional electric heat pump, an advanced electric heat pump, and a

gas heat pump.

10.4.1 Definition of Products Considered

In the course of this study, over 20 different heat pump concepts

or projects under development were investigated. Because of their varying

stages of development, it is not possible to identify a distinct market

for each product. Instead, the approach taken was to consider a generalized

class of advanced heat pump products, without specifying which particular

product would be commercialized or the extent of its market success. A

definition for each type of heat pump product is given below.
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o Standard Electric Heat Pump. The standard electric heat
pump envisioned is basically a single speed hermetic
electric motor driven unitary appliance in the nominal 1-
25 ton cooling capacity range. For this report, moderate
efficiency improvements are assumed (i.e. from the present
on-site 1.6 SPF to an SPF of 1.8). *

o Advanced Heat Pump. The advanced electric heat pump
considered here is expected to initially have a two-speed
motor, and later, to be continuously modulated, staged or
otherwise be substantially modified over the standard
electric heat pump. It is expected to be offered in the
nominal 1-25 ton cooling capacity range as a high efficiency
model (i.e. on-site SPF of 3)* in parallel with the
standard electric heat pump.

o Gas Heat Pump. The gas heat pump considered in this
report is a thermal engine driven Rankine cycle or absorp-
tion cycle product now under development. It is expected
to be offered in the nominal 1-25 ton capacity range as a
high efficiency--on-site SPF of 1.4 * --gas-fired product.

* The on-site seasonal performance factors (SPF's) shown are for a
particular location (Philadelphia), and represent an integrated
value for the steady state coefficient of performance (COP) and
energy efficiency rating (EER) characteristics of the equipment as
follows:

Standard High Efficiency Gas
Electric Electric Heat Pump Heat

Heat Pump Pump

COP, 17°F 1.8 2.1 1.5
COP, 47°F 2.2 2.9 1.7
EER, 95°F 7.1 7.8 (0.7 COP)

SPF, on-site 1.6 1.8 1.4

An SPF of 3 is projected for the advanced electric heat pump to
indicate a substantial improvement over any currently produced heat
pump. It is not possible, however, to estimate the expected COP for the
advanced electric heat pump at this time.

The nas heat pump COP is en fni-e8-site basis and is not directly
comparable to the electric heat pump COP's given because of the energy
losses of electricity generation and in the transmission and distribution
of both forms of energy.
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10.4.2 Model Description

To project the market prospects for advanced electric and gas

heat pumps, an estimate was developed for the total market potentially

available for that particular type of heat pump. The general equation

for total market is given as

Total Market = (New Building Construction + Net Conversions +
Replacements)x (Adjustment Factor)

For the purpose of this study, total market is understood to mean

the total domestic market. The adjustment factors in the above equation

include corrections for central air conditioning saturation, the penetration

of warm air heating systems, the incidence or availability of gas heating

fuel and, in the case of nonresidential buildings, the proportion of new

buildings expected to meet the light commercial building criteria (i.e.,

low rise, about 3 stories or less).

The estimated number of installations of a particular type of heat

pump for any particular year can then be determined from the equation:

Installations of Heat Pump Product in year t = (Estimated Market Penetration
in year t) x (Total Market in year t)

The market penetration rate for the standard electric heat pump was

based on industry leader projections for new residential construction

market share and trend extrapolation. Since the standard heat pump is a

currently marketed item, it is reasonable to utilize available current

market information and projections.

Because neither the advanced electric heat pump or the gas

heat pump are currently marketed, the methodology used to estimate market
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penetration was to assume certain patterns of development based on

analogous space conditioning equipment. Two growth rates were studied:

a high growth rate based on the relatively good market acceptance of the

unitary electric air conditioner when it was initially introduced, and a

low growth rate based on the actual growth of the electric heat pump,

which had numerous market acceptance problems when first introduced due,

among other things, to poor reliability and inadequate industry servicing

capability.

10.4.2 Total Potential Electric and Gas Heat Pump Market Projection

Fundamental to projecting the heat pump market universe are assumptions

that all buildings have electrical service and could therefore be space

conditioned by an electric heat pump, that a heat pump would only be

installed where comfort cooling is desired (an exception to this is the

heat-only heat pump), and that with minor exception for certain nonresidential

installations, a central air distribution system would be required for a

heat pump installation. In addition to these general requirements,

assumptions specific to each market are discussed along with the market

projections in the following sub-sections.

Electric Heat Pump Market

It was previously stated that, on the average, annual residential

construction is expected to be 1.75 million units yearly through the year

2000, distributed regionally similar to the 1971-1974 average for new

construction (Commerce Department, 1974). Adjustment of the regional

construction estimate by the saturation of central air conditioning,

as shown in Exhibit 10-4, provides an annual potential market estimate

of 1.079 million electric heat pump units for new residential construction

for each year during the period through year 2000.
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The replacement market in residential buildings is estimated to be

two-thirds the new construction plus conversions (American Gas Association,

1977). Since replacements would occur some time after a building has

been constructed, the warm air system saturation rate is used to estimate

the replacement market and the prevalent regional saturation rate for

central air conditioning. The potential replacement electric heat pump market

for residential buildings is estimated to be 611,000 units annually to

the year 2000.

Conversions of existing residential buildings to electric heat

pumps is assumed in this study to continue at the 1975 level of 31,000

units. The total annual potential market for electric heat pumps--new

construction, replacements and conversions--is estimated at 1.721 million

units. This is summarized by region in Exhibit 10-4.

The nonresidential market estimate for electric heat pumps was

derived from estimates of new construction (General Electric Co., 1976),

adjusted for building type (Commerce Department, 1976) and light commercial

heat pump service, i.e. centrally air conditioned with 25 ton or less

cooling equipment requirement. Available information on nonresidential

space-conditioning conversions and replacements would indicate this

market to be about 10 percent of the new construction market for nonresidential

buildings. Based on an estimate of one ton of cooling capacity required

for every 300 ft2 building area (Consolidated Natural Gas. Co., 1976)

and with an average 4.8 tons cooling capacity per electric heat pump,

the total nonresidential heat pump market for 1981 was estimated to be

581,000 units. This is summarized in Exhibit 10-5.
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For the nonresidential market, a new construction growth rate of 2

percent per year through 2000 was used (Smith Barney, 1976). The potential

electric heat pump market for nonresidential buildings in terms of area,

tonnage and units for selected years is given below.

Potential Nonresidential Electric Heat Pump Market

Building Heat Pump Heat Pump
Square Footage Tonnage Units

Year X 10-6 X 10- X 10-3

1977 770 2,567 535
1981 836 2,787 581
1985 903 3,010 627
1990 997 3,323 692
1995 1,100 3,667 764
2000 1,215 4,050 844

Gas Heat Pump Market

The gas heat pump market is more limited than the electric heat

pump market because not all areas are served by gas, nor is a major gas

service expansion foreseen (AGA, 1975). Data from the American Gas

Association on conversions to gas shows a continuing decline from 257,000

in 1974 to 100,600 in 1976, with a further drop to 85,000 expected by

1978). As discussed in Chapter 11, the available information indicates

further reductions in overall gas supply for all except high priority

users--i.e., the residential and commercial sectors--who will probably

have gas available through reallocation of service away from industrial

users, but a higher prices than at present. However, this gas availability

situation is far from stable at this time. Obviously any change in gas

254



availability could affect the conclusions presented in this study on the

market potential for the gas heat pump.

A summary of the residential building gas heat pump market by

region is given in Exhibit 10-6. The total residential market potential

during the 1981-2000 year period is estimated at 1,108,000 gas heat pump

units per year.

As shown in Exhibit 10-7 the nonresidential building market potential

for gas heat pumps is estimated to be 479,000 units in year 1981. Area,

tonnage and units estimated for selected years is given below.

Potential Nonresidential Gas Heat Pump Market

Building Heat Pump Heat Pump
Area Tonnage Units3

Year ft x 10 X 10 X 10-

1981 690 2,300 479
1985 743 2,427 516
1990 814 2,713 565
1995 893 2,977 620
2000 922 3,240 675

As is the potential residential gas heat pump market, the nonresidential

gas heat pump market is smaller than that of the electric heat pump because

of regional limitations of gas coverage and availability.

10.4.3 Market Share Projections for Electric and Gas Heat Pumps .

In the previous two Subsections, the heat pump market model and

total heat pump market was developed for electric and gas heat pumps.
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In this section, the model will be applied to produce estimates of the

projected market share of the electric and gas heat pumps.

The market model assumptions and the market penetration rates used

in this study are described in Exhibit D-1 in the Appendix. The conventional

electric heat pump market penetrations are based on manufacturers' estimates

and extrapolations, and are shown for each year through the year 2000.

In the case of a presently marketed product such as the standard electric

heat pump, some confidence in market penetration projections can be

placed in the fact that a prior experience record is available, and near

term projections generally will bear a very close relationship to the

established market.

A much greater problem exists, however, for the advanced electric

and gas systems since neither are currently marketed. The approach used

in this report was to assume penetration rates based on historical market

penetration data for analogous space conditioning systems. Two appliances

were used; for the high growth scenario, the electric air conditioner

which had relatively good initial market acceptance and growth, and for

the low growth scenario, the electric heat pump which had numerous

market acceptance problems when first introduced due, among other things,

to poor reliability and inadequate manufacturer servicing capability.

These appliances were selected because their operation and complexity

would be more closely related to an advanced electric or gas heat pump

than, for example, those of a gas furnace. The penetration rates used

are smoothed data based on the actual historical penetration rates.
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In using these growth rates to project the market size for the

conventional and advanced systems, certain assumptions should be noted.

o Standard electric heat pumps will continue to be improved
in efficiency and performance. They will constitute a
basic or builder's model product which is expected to follow
the growth trends projected by the industry;

o First generation advanced electric heat pumps may be intro-
duced in 1979. Second generation continuously modulated
advanced electric heat pumps may.be introduced in mid-1982.
Growth trends in the advanced electric heat pumps are ex-
pected to follow a pattern similar to historical growth
patterns observed for similar comfort conditioning equipment;

o First generation gas heat pumps are projected to be intro-
duced by 1981 and will follow growth rates as indicated
above inthose markets where gas is traditionally the
heating fuel;

o The selling price increase for the advanced heat pumps will
be within the maximum 30 percent premium expected by the
manufacturers;

o There will be no significant insurmountable institutional
barriers to the use of advanced heat pumps. (Various in-
stitutional related accelerating or retarding factors
are discussed in Chapter 11). There are some factors,
such as the possible future shortage of natural gas, which
could severely limit the market potential for a gas heat
pump (but may actually enhance the market potential for
an advanced electric heat pump).

Market Projection for the Standard Electric Heat Pump

The historical and projected domestic market for standard electric

heat pumps to the year 2000 is given in Exhibit 10-8. Also shown in

this exhibit are forecasts for 1976-1981 made by the Air-Conditioning

and Refrigeration Institute (ARI) based on individual manufacturer ship-

ment estimates. The Gordian projection for total electric heat pump

shipments is in good agreement with the Air-Conditioning and Refrigeration

Institute's forecast for the period covered.
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By 1990, it is estimated that the standard electric heat pump market

share will be 46.5 percent of total residential and nonresidential

building heating equipment market. This is expected to reach 63 percent

by the year 2000. In terms of units, the projection is for shipments

of 1,125,300 units in 1990 (800,300 residential; 325,000 nonresidential)

and 1,621,300 units by year 2000 (1,084,200 residential and 537,100 non-

residential units). On a tonnage basis, the residential units would re-

present 2.16 X 106 ton cooling capacity, and the nonresidential units

1.56 X 106 ton cooling capacity in 1990; and in the year 2000, the tonnages

projected are estimated to be 2.93 X 106 ton residential capacity and

2.58 X 106 ton nonresidential capacity. Thus, while the residential

market shipments are projected to be 67 percent of total units shipped

in 2000, they are projected to be only 53 percent of the tonnage cooling

capacity shipped.

Market Projection for the Advanced Electric Heat Pump

The projected domestic market for advanced electric heat pumps is

given in Exhibit 10-9. The nominal projection shown represents the average

case between the projected high and low growth rates. A high-low range is

used because of the uncertainty as to how the market place will accept

the new technology. The expected units sold and the corresponding tonnage

is shown below for selected years.

Unit Sales and Tonnage Projections for the Advanced
Electric Heat Pump

Low Projection High Projection

Year Units X 103 Tonnage X 103 Units X 103 Tonnaqe X 133

1 11.1 25;;9 18.9 61.9
5 40.8 132.4 104.8 240.6
10 71.8 236.4 222.6 732.2
20 146.1 493.4 609.7 2,059.1
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As with the standard electric heat pump, the nonresidential tonnage,

at 46 percent of all tonnage installed in the year 2000, represents a

substantial share of the market. This relationship of units to tonnage

is further illustrated by Exhibit 10-10, which shows the total potential

market in 1979 for the advanced electric heat pump by size of units and

by number of units compared to the tonnage distribution by size of

unit shown in Exhibit 10-11 for the same year. The latter exhibit suggests

that tonnage is a valid measure of market importance along with the estimate

for number of units sold.

Market Projection for the Gas Heat Pump

The projected domestic market range for gas heat pumps is given

in Exhibit 10-12. Also shown in this exhibit are market projections

made independently by the American Gas Association (for the residential

building market only) and by the General Electric Co. (for their nominal

growth projection). Both independent projections lie within the range

developed by the Gordian projection.

,Given below are expected unit sales and corresponding tonnages for

selected years based on the projections given In Exhibit 10-12.

Unit Sales and Tonnage Projections for the Gas Heat Pump

Low Projection High Projection

Year Units X 103 Tonnage X 103 Units X 03 Tonnage X 103

1 8.0 26.6 13.5 45.1
5 28.5 106.3 73.4 247.6
10 50.4 172.1 156.2 533.5
20 103.8 364.5 433.3 1,521.3
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Although sizeable, the market prospects for the gas heat pump are

projected to be less than for the advanced electric heat pump because

the total potential market for gas-fired equipment is limited by gas

availability in addition to the demand for comfort cooling, which is

generally the limiting factor for electric heat pump market potential.

10.4.4 Implementation Time Scale

The foregoing analysis of the market prospects for advanced electric

and gas heat pumps was based on the assumption that growth rate would

follow the historical market share growth pattern regardless of the year

introduced. While this approach permits projection of the expected

upper and lower market bounds for the advanced heat pumps, it is necessary

to estimate the expected calendar time of introduction of the advanced

heat pumps in order to assess their potential for conserving scarce

fossil fuels over specific periods in the future. A preliminary analysis

of the impact of advanced heat pumps on electric and gas utilities is

discussed in Chapter 13, based on the estimates for market size and time

of implementation presented in this chapter.

As discussed in Chapters 3 through 7, there are a number of different

heat pump concepts now in varying stages of development. In going from

feasibility to commercialization, a number of stages may be involved,

including:

Feasibility - establish technical viability of concept and build

"breadboard" (i.e. laboratory constructed) working model. At this

stage, the various components of the system may not be tested as

one unit. A period of 1-2 years or longer is usually involved.

Prototype - hand build working units for testing of system in

laboratory. A period of 12 to 18 months may be involved.
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Preliminary Field Test - based on improvements made over the first

prototype units, a limited number of units (from 5-20) may be put

into the field to optimize the system performance and to check out

possible design problems. A period of 12 to 18 months may be

involved.

Full Scale Field Test - following the preliminary field test of

hand built units, limited production is undertaken to build and

field test between 100 and 1000 units. At least 2 full heating

seasons are needed to ascertain system reliability and performance,

a period of 18 to 24 months.

Commercialization - tooling-up to produce units in quantity of from

10,000 to 50,000 units. Part of this tooling-up can be concurrent

with the field test.

Based on the foregoing a rough minimum time estimate for development

of a new heat pump concept through commercialization may be 5 years, but

more likely 7 or 8 or longer. Available funds are critical to the

development time, because while the stages from prototype onward can be

carried out simultaneously, entrepreneurial caution dictates that each

stage be successfully completed before going to the next. Program

acceleration of up to 2 years could be obtained by concurrent testing

and tooling-up for commercialization, assuming that funds could be made

available for concurrent programming of development stages.

A projected time scale for commercial introduction of advanced

electric and gas heat pump products is given in Exhibit 10-13. This

projection is based on the assessment of the status of technical develop-

ments of the systems in question as a result of discussions with various

advanced heat pump concept developers and manufacturers.
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Where a concept is presently in the experimental or pre-feasibility

stage (or at an earlier theoretical concept stage), the assessment may

be made that the time to commercialization is even greater than the 7 to

8 years previously indicated. It should also be noted that the time of

product introduction shown in Exhibit 10-13 is the author's estimate for

the earliest expected time for commercialization assuming no acceleration

as a consequence of additional funding.

10.5 Impact of Economic and Institutional Factors On Market Prospects
for Advanced Heat Pumps

The previous sections of this chapter analyzed the market potential

for advanced heat pumps in terms of buildings and market share or penetration

rate based on analogous comfort conditioning appliances. Projections of

units installed to the year 2000 have been made for both advanced electric

and gas heat pumps, as derived from a space conditioning point-of-view.

In the actual market place, however, other considerations such as economic

and institutional factors come into play. Although both aspects are

discussed more fully in Chapters 9 and 11 respectively, a brief discussion

is presented here as to the possible accelerating or retarding influences

these economic and institutional factors may have on the market prospects

for advanced heat pumps.

10.5.1 Economic and Institutional Factors Impact on Advanced Electric
Heat Pumps

Impact of Economic Factors

The primary accelerating economic factor favoring advanced

( higher efficiency) electric heat pumps is the rapidly increasing cost of

energy which translates into higher utility bills (i.e. higher operating cost)
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for space conditioning. Purchasers of space conditioning equipment have

in recent surveys (Arkansas Power & Light Co., 1974; Professional Builder,

1976) indicated that lower operating and maintenance cost expectations

were a major factor in selecting a heat pump, and that an added investment

of up to $600 for energy conservation would be acceptable if the payout

were within six years.

This added investment, for example, would be within the range of

added first-cost found in this study for installing a high efficiency

electric heat pump in place of the standard heat pump. However, under

today's energy costs, a decision to purchase greater efficiency in a space

conditioning device may not be economically justified on a life-cycle

cost basis because of the higher first-cost of the more energy efficient

equipment.

Obviously, if the advanced electric heat pump (taken to have an

annual SPF of 3) is to reach its projected market penetration, installed

cost cannot greatly exceed the buyer's limit for marginal investment in

return for energy cost savings. It should be stressed that, although

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

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

the extent that the added investment could potentially be recovered

through the savings in fuel consumption. If the advanced electric heat

pump (when commercially available) were to be much higher in first-cost

than today's high efficiency electric heat pumps, cost would be an

obvious potentially retarding factor. Since an advanced SPF 3 electric

heat pump has not as yet been built, there is no adequate basis for

assigning some actual quantitative effect to the higher first-cost vs.

efficiency trade-off.
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The foregoing discussion, while based primarily on the residential

building comfort conditioning studies, would not be expected to be sub-

stantially different for nonresidential building space conditioning con-

siderations.

Impact of Institutional Factors

There do not appear to be any significant retarding institutional factors

related to the use of electric heat pumps in new residential buildings.

Present accelerating factors are the shortage of natural gas and the

high cost of electricity, with the former forcing the space conditioning

appliance choice away from the gas furnace toward electric heat, and the

latter forcing the choice toward the more efficient heat pump versus

resistance heating. The increasing popularity of central air conditioning

is a further accelerating factor to the use of a heat pump. Likewise,

consumer attitudes, both of present owners and potential buyers, are

favorable toward the heat pump. While an advanced electric heat pump is

expected to be more efficient, it will still be in design and basic mode

of operation fairly similar to today's heat pump. Therefore, no additional

consumer learning or acceptance process is expected to be necessary for

the new generation electric heat pump for residential buildings when it

becomes available in the market place.

The above situation should be much the same for nonresidential

building as for residential building electric heat pump installations,

with one major exception. A recent legislative enactment in the State

of California prohibits the use of strip heat from supplying more than

10 percent of the total heat requirement for a nonresidential building.
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The net effect of this rule is to require oversized compressor capacity

in order for the heat pump to meet a greater heating load than would

normally be the case. This requirement may not only result in greater

first cost for a larger appliance, but may be wasteful of energy because

an over-sized compressor will cycle more frequently than a compressor

that has been properly sized to meet the building cooling load. As

discussed in the next chapter, the rule has not as yet been enforced by

the State of California. (California Energy Resources Conservation and

Development Commission, 1976).

10.5.2 Economic and Institutional Factors Impact on Gas Heat Pumps

Impact of Economic Factors

The competitive choice vis-a-vis the gas heat pump is the gas

warm air furnace with a high efficiency air conditioner. Excluding the

baseboard convector with room air conditioner system because, although

lowest in both first cost and life-cycle cost, it does not provide

comfort conditioning comparable to a centrally ducted system, the gas

warm air furnace with high efficiency air conditioner has the lowest

system installed cost of all the systems studied. In addition, it

generally has the lowest life-cycle cost of all systems studied, with

the one exception as noted above. Equipment cost for the gas heat pump,

on the other hand, has been estimated to be between 15 and 30 percent

higher than a comparable-sized conventional gas furnace with high efficiency

air conditioner. Installed gas heat pump system cost is even greater,

since the contractor's fee is applied to a larger base equipment cost.

(See Chapter 9 for a discussion of the calculation of equipment installed

cost.)
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Present system installed cost estimates for both residential and non-

residential gas heat pumps are substantially over $600 greater in first-

cost than the base gas furnace/air conditioner comparison, a situation

which would be a definite retarding factor with respect to acceptance by

the residential building consumer. Similarly, life-cycle costs for gas

heat pumps only show cost equivalence under inflated energy considerations.

The payout on marginal installed cost for commercial-size gas heat

pumps in particular appears to exceed for most locations the 5 year

maximum that nonresidential building owners have indicated as the outer

limit. However, it is possible that gas heat pump equipment costs will

be less than presently estimated, and that gas fuel costs may be even

higher than projected, in which case lower first-cost and greater operating

cost savings will enhance the selection of the gas heat pump. In view

of the economic uncertainty as to first-cost or life-cycle cost for gas

heat pumps it is not possible at this time to estimate the impact of the

economic factors on the market prospects for gas heat pumps. However,

if the equipment cost does exceed 30 percent one could readily expect

buyer resistance in spite of the fact that the gas heat pump actually

saves gas in most locations while providing both heating and cooling

space conditioning.

An even greater threat to the market prospects of the gas heat pump

is the pulse gas warm air furnace currently under development by the

American Gas Association. This furnace is expected to provide efficiency

improvements in the order of 40 to 50 percent over the present conventional

warm air furnace. However, it is not expected to cost much more than

the present conventional gas furnace. If the consumer's interest is in
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comfort heating only, the more efficient pulse gas furnace would be a

logical choice. This development could, in particular, affect the

replacement market where the consumer has gas heat and wishes to replace

his-worn out or inefficient gas furnace with a new one. Unless the

owner wishes to up-grade his space conditioning system to include comfort

cooling, the choice of a much lower cost pulse gas furnace would not be

unexpected. As noted, the pulse gas furnace is still under development,

therefore any estimate of its impact on market penetration of the gas

heat pump would be at this time speculative.

Impact of Institutional Factors

The most significant factor, obviously retarding, is the gas availability

situation. In spite of various estimates that gas will be available for

new residential or commercial buildings, there is substantial uncertainty

as to the amount of gas that can be supplied. Weather obviously has a

major influence on gas availability and if there are more winters as

severe as the 1976-1977 winter, there is little doubt that more gas

curtailments and restrictions will be imposed. However, since the

number of gas heat pump units initially projected to be installed are

not very large, it is likely that they could be supplied with gas

regardless of restrictions in new gas hook-ups. In addition, restrictions

would not be expected to the installation of a gas heat pump as a replacement

for an existing gas furnace. The replacement market has been viewed by

one gas heat pump developer as representing over half of all projected

installations for their gas heat pump.

Another retarding factor, at least potentially, is restrictive code

requirements due to the high working pressure of some of the gas
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heat pump configurations under development (but not all, e.g.Brayton-

Rankine gas engine driven heat pump operates at atmospheric or

even slight negative pressure). As discussed in the next chapter, the

high pressure involved with certain gas heat pump systems is not believed

to be a serious problem to obtaining code approval.

10.6 Summary

The market prospects of advanced electric heat pumps and gas heat

pumps are projected to be significant for both residential and nonresidential

building applications. For the advanced electric heat pump, a market of

between 72,000 and 223,000 units is estimated for the tenth year after

introduction, while a market of between 50,000 and 156,000 gas heat

pumps is estimated for a similar time after introduction, provided develop-

ment results in a practical and cost-effective product. Because of

limitations in gas distribution and gas availability, the potential

market for a gas heat pump is less than for an advanced electric heat

pump.

Development of a new heat pump concept from the feasibility stage

through commercialization may require 7 to 8 years or longer. Acceleration

of the time to commercialization of up to 2 years may be possible if

adequate funds are provided to hasten the lengthy and costly full-scale

field testing that is necessary before any manufacturer would be willing

to introduce a new comfort conditioning appliance. Time scale estimates

project the introduction of the organic absorption gas heat pump in

1981, followed by an advanced concept electric heat pump by mid-1982.

A gas heat pump for commercial applications could be introduced by 1983.
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The major driving force toward market acceptance of an advanced

electric or gas heat pump is operating cost savings compared to a base

system such as electric resistance heating or gas furnace with central

electric air conditioner. However, the consumer, although energy-conservation-

conscious, will not pay for additional space conditioning system efficiency

if the payout period exceeds 5 or 6 years, or if the first cost of the

system greatly exceeds what he is prepared to spend in additional in-

vestment. Based on recent consumer attitude surveys, this ceiling may be

as low as $600 for a residential consumer, or 20 percent more than the cost

of the base system for a nonresidential building consumer. Present data

indicates that life-cycle costs still favor the base competing systems.

Similarly, payout analyses for gas heat pumps versus the gas furnace with

central air conditioner indicate that energy cost savings under present in-

flation expectations would represent at best a breakeven situation over

the life of the equipment which is taken to be 9 years for a gas heat

pump. This of course may change if the actual gas heat pump equipment

first-cost is below present estimates, or if the cost of natural gas inflates

higher than presently projected.

With the exception of natural gas shortages causing some possible

uncertainty in the availability of new building gas hook-ups for the gas

heat pump (and which still leaves a sizeable replacement market opportunity),

there are no institutional factors that appear to have a significant retarding

impact at this time for the advanced systems.

A possible competitive product which could greatly under-cut the market

prospects for the gas heat pump is the pulse gas furnace currently under

development. If the pulse gas furnace development is successful, it would

provide efficiency not too far from a gas heat pump, yet likely have a

life-cycle cost below the present gas warm air furnace with high efficiency
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central air conditioner.

There does not appear to be a comparable competitive situation

facing the advanced electric heat pump at this time. However, evolutionary

improvements in conventional electric heat pump performance may narrow

any marginal operating cost savings advantage of an advanced electric

heat pump, thereby reducing the market prospects of the latter.
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EXHIBIT 10-1

CENTRAL HEATING EQUIPMENT SHIPMENTS
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-Sh > -500Shipments
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o / a<--Gas Furnace / \
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Furnace,-
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Source: Gas Appliance Manufacturers Association. Air-Conditioning and Refrigeration Institute,
Air Conditioning, Heating & Refrigeration News.
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EXHIBIT 10-2

DISTRIBUTION OF RESIDENTIAL HEAT PUMP INSTALLATIONS

Percent of Residential Installations
1976 1975 1974 1973 72 1971

New installations in

single family homes 61.1 57.5 53.1 50.4 44.5 44.7
multifamily homes 8.0 5.9 12.5 12.6 18.5 26.9

mobile homes 0.8 0.3 1.0 0.1 -- --

First installations in

existing homes 24.8. 24.5 29.2 32.0 24.7 19.4
("add-ons")

Replacements 5.3 11.8 42- 4.9 12.3 90
100.0 00 100.0 100.0 100.0 1 0 100

TOTALS 250,300 128,000 97,000 87,000 81,000 67,000

Source: Air-Conditioning and Refrigeration Institute, 1977.
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EXHIBIT 10-3

UNITARY CENTRAL AIR-CONDITIONER SHIPMENTS

3000
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EXHIBIT 10-4

POTENTIAL RESIDENTIAL BUILDING MARKET FOR ELECTRIC HEAT PUMP (1981)

Projected Percent Total Replacement Conversion Total
Total New Central Air New Market 1/ Market 2/ Potential

Region Construction Conditioning Construction Units X To3 Units X-l-3 Market
Units X 10 '3 Saturation Potential MarkPt Units X103

Units X10r3

Northeast 228 22.7 52 16 4 72

North Central 367 48.3 178 97 7 282

South 788 86.0 678 398 13 1,089

West 367 46.6 171 100 7 278

Totals 1,750 -- 1,079 611 31 1,721

_/ Replacement market based on warm air installations.

2/ Conversion market based on 1975 actual heat pump conversions.

Source: Gordian Associates Inc.
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-.1 EXHIBIT 10-5

POTENTIAL NONRESIDENTIAL BUILDING MARKET FOR ELECTRIC HEAT PUMP(1981)

Potential Market Total Potential Market
New Con- Conversions/

New Construction 4/ Light Service struction Replacements6/ Tonnaqe7/ Units 7/
Building Type ft X10-6(lg1981) Factor 5/ ft2 X 1.0-6 ft X10- - ft2 Xl.0- 6 X10- ~ XlO-3

Office 1/ 502 50 251 25 276 920 192

Commercial 2/ 420 75 316 32 348 1160 242

Institutional 3/ 618 31* 193 19 212 707 167

Total 1,540 -- 760 76 836 2787 581

1./ Includes miscellaneous and public buildings.

2./ Includes stores, warehouses and shopping centers.

3./ Includes hospitals, educational and religious buildings.

4./ Gordian estimate excluding industrial construction.

5/ Estimated percent of building type that is air conditioned and a potential user of an electric
heat pump up to 25 ton capacity. (*the institutional factor is weighted.)

6L/ Estimated 10 percent of new construction market.

7./ Number of units based on 1 ton cooling requirement for every 300 ft2, with each unit having an average
4.8 ton capacity.

Source: Gordian Associates Inc.



EXHIBIT 10-6

POTENTIAL RESIDENTIAL BUILDING MARKET FOR GAS HEAT PUMPS (1981-)000)

Projected Percent Total New Replacement Conversion Total
Total New Central Air Construction Market 2/ Market 3/ Potential
Construction . Conditioning Potential Units X 10 Units X 10-3 Market
Units X10-3 Saturation Market Units X 10-.3

Region _ Units X 10-3

Northeast 228 22.7 52 16 5 /3

North Central 367 48.3 178 91 21 290

South 788 38.0 _1 299 178 11 488

West 367 46.6 171 83 3 257

Totals 1,750 700 368 40 1,108

1./ Estimated gas warm air saturation rate.

2J/ Replacement market based on new gas heat installations.

3./ Total gas heat conversions estimated at 85,000, adjusted to projected central air conditioning saturation
for 1981.

Source: Gordian Associates Inc.



EXHIBIT 10-7

POTENTIAL NONRESIDENTIAL BUILDING MARKET FOR GAS HEAT PUi.P (198!)

Potential Market Total Potential Market
New Construction 4/ Light Service New Con- Conversions/
ft2 X 10-6(1901) Factor 5/ S -struction ReRlacements 6/ ft 2 10 Tonnaqe Units /

Building Type _ ft2 X 10-6 ft 2 X 10
- X 1_ X0l X10-6

Office 1/ 502 41.3 207 21 228 760 158

Commercial 2/ 420 62.0 261 26 287 957 199

Institutional 3/ 618 25.6* 159 16 175 583 122

Total 1,540 627 63 690 2,300 479

^ ~ 1./ Includes miscellaneous and public buildings.
co

2./ Includes stores, warehouses and shopping centers.

3./ Includes hospitals, educational and religious buildings.

4./ Gordian estimate excluding industrial construction.

5./ Estimated percent of building type that is a potential light service heat pump user, adjusted
for gas coverage. (* The institutional factor is weighted.)

6./ Estimated 10 percent of new construction market.

7./ Number of units calculated based on 1 ton cooling requirement per 300 ft2 space, with each unit
having an average 4.8 ton capacity.

Source: Gordian Associates Inc.



EXHIBIT 10-8

HISTORICAL AND PROJECTED DOMESTIC MARKET FOR
S-ANDARU ELELCIIC HLAI PUMPS

1750

1970-1976 Actual Shipment Data
1977-2000 Gordian Projection

1500-

Total
Shipments

1250

1000 / Residential
Shipments

750- I
750 ARI High Forecast

500
Non-Residential

d l~~llU Ufy^ ^ ~Shipments
c/>W/^ AR I Median Forecast

250

190 15 19 15 199 1995 20o0

Sources: Air-Conditioning and Refrigeration Institute, Gordian Associates, Inc.



EXHIBIT 10-9

PROJECTED DOMESTIC MARKET FOR ADVANCED ELECTRIC HEAT PUMPS

1000

(Residential and Non-Residential Buildings)

500

Gordian High
Growth Projection / //

200

lo / / /o / / ordian Low Growth
x 50 - / l/ / ij^Projection

20 -

5 _ ' ' ' ' 1 ' ' ' ' lb ' ' ' ' 5 ' ' ' 2dib 15 2

YEAR AFTER INTRODUCTION

Source: Gordian Associates, Inc.
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EXHIBIT 10-10

SIZE DISTRIBUTION OF:TOTAL POTENTIAL MARKET FOR
ADVANCED ELECTRIC HEAT PUMPS - 1979 ESTIMATEP
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I--
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Source: Gordian Associates, Inc.



EXHIBIT 10-11

SIZE DISTRIBUTION OF TOTAL POTENTIAL TONNAGE FOR
ADVANCED ELECTRIC HEAT PUMP -1979 ESTIMATE

2400
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- NON-RESIDENTIAL

Co 1600

x

,o 1200

800
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Source: Gordian Associates Inc.



EXHIBIT 10-12

PROJECTED DOMESTIC MARKET FOR GAS HEAT PUMPS

1000

(Residential and Non-residential Buildings)

500

Gordian High Growth
Projection

200

100
(Y,

YEAGAFTER INTRODUCTION

50 -
Sources: Americrdian Low Growth

283 Projection

20

10

* AGA Projection For Residential Buildings only
** GE Projection For Nominal Growth

5 10 15 20
YEAR AFTER INTRODUCTION

Sources: American Gas Association; General ,Electric Co.; Gordian Associates, Inc.
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EXHIBIT 10-13

PROJECTED TIME SCALE OF ADVANCED ELECTRIC AND
GAS HEAT PUMP PRODUCT INTRODUCTION

1977 1980 1985 1990
I ' I I I I I I I I I I I I I

Standard electric heat pump with improved efficiency

cTwo-speed electric heat pump (advanced)

Solar-assisted electric heat pump

(Continuously modulated, two-stage, etc. electric heat pump (advanced)

Organic absorption cycle gas heat pump

J as turbine/Rankine cycle heat pump

C Steam turbine/Rankine cycle heat pump

Stirling engine/Rankine cycle heat pump

Solar engine/Rankine cycle heat pump

Source: Gordian Associates Inc.



11. INSTITUTIONAL AND OTHER FACTORS

11.1 Introduction

The previous chapter considered the overall market prospects for

advanced heat pumps from the viewpoint of market opportunity and market

share without reference to the complex interplay of the factors involved

in the decision-making process to purchase a particular space conditioning

system. This chapter presents an evaluation of the influence of institutional

and other factors on heat pump market penetration. The variables considered

include consumer income level, traditional financing methods, building

codes and consumers' and local officials' attitudes. Other factors

included are energy availability and cost, real estate factors and

building trends, and demographic factors as they apply to the purchase

of heat pumps.

Where possible, the factors have been identified as to whether they

have or would have an accelerating or retarding influence on heat pump

market penetration. In some cases, factors that are presently identified

as retarding influences may in the future become accelerating influences

instead. While these factors are discussed separately here, it is

recognized that in any particular transaction, several of the above

cited factors, as well as others, may have an influence on the ultimate

buying decision.

11.2 Lending Institution Factors

Whether the heat pump is purchased as part-of a new home or as a

replacement, the consumer will most likely finance this purchase through

his mortgage or by a home improvement loan. Since a heat pump represents
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an additional investment over a conventional gas or oil furnace, particularly

if central air conditioning would not be purchased separately, a buyer

may be forced to accept a lower first-cost option if the added down

payment or monthly amortization costs exceed his economic resources.

Through their mortgage or home improvement loan policies, banks and

other lending institutions can directly influence the space conditioning

appliance purchase decision.

The influence of lending institutions to encourage the use of

energy conserving building construction methods and HVAC systems could

be significant, should they exert it. Through favorable lending policies

to either the builder or the buyer, and through direct assistance in

free building construction planning and inspection services, a few banks

have created programs that have successfully fostered the use of energy

conserving devices such as heat pumps.

Some examples of favorable lending institution policies include:

o Additional construction loan to builder specifically for
installing a heat pump (Cartersville Federal Savings &
Loan Association, 1976).

o Lower mortgage interest rate for new housing that meets certain
energy conserving criteria such as use of a heat pump for
energy efficient heating (Seattle Trust & Savings Bank, 1976).

o Lower home improvement loan interest rate specifically for energy
conserving improvements such as upgrading the heating system to
a heat pump (Winters National Bank, 1977).

o Free planning and inspection service to enable homebuyer to lower
utility cost by following energy conserving home plans which
recommend a heat pump for smaller homes, and require a heat
pump for larger homes (Home Federal Savings & Loan Association, 1976).

For the majority of banks and other lending institutions, no change

has been found from the traditional conservative lending practices. Home

buyers are qualified based on income and down payment without using

286



operating cost (i.e. cost of utilities) as a consideration (Lincoln

Federal Savings and Loan Association, 1976).

Present conventional mortgage rates vary, depending on the down

payment, from 8.5 percent for 50 percent down to 9.25 percent for 10

percent down. The average effective mortgage rate for 1976 was actually

up slightly over 1975(9.06 percent versus 9.01 percent). (Federal

Home Loan Bank, 1977). Home improvement loan rates vary with length of

the loan with a term of 5 years having a 10.8 percent annual interest

rate, while a term of 10 years has a 10.1 percent annual interest rate.

A heat pump retrofit would be eligible for a home improvement loan.

Nonresidential building lending may reflect operating cost considerations

to a much greater degree: than is found in the residential sector.

Commercial building owners now include a fuel adjustment clause in their

lease, presumably to assure a return that would permit their fixed costs

to be covered even if certain aspects of operating cost (i.e., cost of

fuel) were to change considerably (Betz & Bischoff, 1976).

At this time, we are not aware of any special "energy conserving"

lending institution programs directed toward the nonresidential building

sector.

11.3 Energy Availability and Costs

The choice of a space conditioning system may not be dictated by

economics alone. Recent shortages of natural gas have resulted in

builders using alternative heating systems such as oil warm air furnaces,

electric warm air furnaces, baseboard convectors or,for many, a heat

pump (Ryan Homes, 1976).
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The salient energy related factors are, on the accelerating factor side,

the expected higher cost of energy of all forms, which would further enhance

the prospects for energy conserving devices, and on the retarding side, the

projected diminished supply of natural gas, which could adversely affect the

market prospects for the gas heat pump.

The issues raised in the latter case include: gas reserves and gas

well exploration, gas price deregulation, customer restrictions and

curtailments, priority regulations, and reallocations of available supply.

An extensive examination of these issues is beyond the scope of this report,

however, a brief review of the current and projected outlook for natural gas

is presented in subsection 11.3.1 below.. Generally, the position that

appears to be emerging is that there will be an overall reduction in future

gas supply but that high priority users -- residential and commercial --

will be supplied through reallocation of the available gas, but at much higher

prices.

A brief discussion of electricity and fuel oil costs is covered in the

following subsection 11.3.2.

11.3.1 Natural Gas Situation

The current natural gas shortage has been developing for some period

of time. For example, the reserve to production ratio for natural gas has

been declining steadily from 32.5 in 1945 to 11.1 in 1974. Moreover,

the actual net additions of new gas have been less that half the quantity

produced, with the exception of one year, over the last seven years

reported ending in 1974. Other indicators such as the productivity (in

Mcf gas per foot) of successful gas well footage drilled has also generally

shown a decline over the same 1969 to 1974 period (Zareski, 1976).

Beginning in 1970, shortages began to develop which eventually resulted

in the present restrictions in use. The effects of these developments

are discussed below.
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Restrictions and Curtailments

The American Gas Association (AGA) reported in their 1975 Gas

Heating Survey that there were at that time extensive restrictions on

the addition of new gas customers, particularly in areas of heavy population

concentration. However, recent reports indicate that 341,000 new customers

were added in 1976 by the gas utility industry, increasing the total

homes and small commercial establishments served to 44.9 million. It is

contended by the gas utilities that new customers are needed to avoid

rate increases and loss of their gas allocation (New York Times, 1977).

Curtailments or demand deficiencies, were reported by the Federal

Power Commission (FPC) for the 1976-77 heating season to be prevalent in

most of the states. As shown in Exhibit 11-1, only a few states, mainly

the less populous, have an expected curtailment below 10 percent.

However, application of the curtailment appears generally to be made

against those customers with the lowest priority standing. As discussed

below, residential and small commercial customers are the last to be

curtailed under present FPC policy.

Priorities and Reallocations

The FPC established in 1973 (Federal Power Commission, 1973) nine

priority categories with residential and small commercial gas users

(less than 50 Mcf on a peak day) being made the top priority. Large

interruptible users, users with alternate fuel capabilities, and boiler

fuel uses were assigned the lowest priorities. In establishing the

priority plan, the FPC assigned residential and small commercial end

uses the highest priority because interruption of service to these

classes of service would require manual shut-off and reignition, with
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the potential for disaster should any home or small commercial customer

be overlooked or not be present for entry during the relighting process

following a shut-off (Federal Power Commission, 1976).

The FPC priority plan also had conservation as its goal, with a

reduction or elimination of the use of gas to fire utility boilers and

other industrial uses where an alternate fuel could be employed. Since

the industrial and utility end-use categories comprise over 50 percent

of the total gas presently consumed, (Bureau of Mines, 1974) a reduction

in their consumption could make substantial quantities available for the

high priority end-uses.

A projected redistribution of gas utility sales by class of service

is given in Exhibit 11-2. This projection, made by the American Gas

Association, indicates that both residential and commercial service gas

use is expected to increase, while industrial and other uses is expected

to decline through 1990.

Gas Product Prices and Projections

The projected short-fall in domestic gas supply is expected to be

met from various supplementary sources such as pipeline imports, LNG

imports, and synthetic natural gas (SNG) from naphtha cracking and in

the 1990's, from coal gasification (Federal Energy Administration,

1976). All of these sources, as well as others that are considered

potential supply sources are expected to be substantially higher in

price than the current regulated price of gas -- $0.52/Mcf for old gas

and $1.42/Mcf for new gas (Bureau of Mines, 1976).

Price decontrol, to encourage greater gas well exploration, is also

a strong possiblility. The effect of decontrol would be to further

raise gas prices to a parity with oil prices. If gas is deregulated, it
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is projected that the price of gas will be at $3/Mcf by 1980 and $3.50/Mcf

by 1985 (Bureau of Mines, 1976). These well-head gas price projections

are in agreement with an 8 percent energy inflation rate, which is used

as the energy inflating factor in this report.

11.3.2 Electricity and Fuel Oil Situation

Electricity is expected to be available for the heating market as

needed, but at higher prices. For example, the average cost of service

per kWh increased 8.9 percent in 1974 and 13.4 percent in 1975 (Edison

Electric Institute, 1976). An inflation rate of 8 percent per year is

projected.

Home heating fuel oil (No. 2 oil) is expected to be available for

the heating market, with possibly some local shortage situations. The

market share of new homes equipped with an oil furnace during the 1971-

1975 period was 9 percent, with most of the installations in the Northeast

and North Central regions (Census Bureau, 1975). The projected market

share of oil-fired equipment in new residential construction is expected

to average 10 percent during the time frame of this report.

Fuel oil prices, as with the other energy forms, are also expected

to inflate by 8 percent per year. A median price increase of 15.3

percent was found compared to a similar survey taken mid-1975 (Gordian

Associates, 1975).

11.4 Consumer Attitudes On Heat Pumps and Energy Conservation

Heat pump equipment marketed in the 1950's and early 1960's had

serious performance and reliability problems. As a counter-measure, a
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Heat Pump Improvement Research Project was initiated in 1963 under the

sponsorship of the Edison Electric Institute. The primary objective of

the program was to improve the reliability and performance of heat pump

equipment.

In addition to equipment shortcomings, there were also substantial

problems associated with installation and servicing. The net result of

this combined breakdown in equipment performance and poor service delivery

led to a general rejection of the heat pump by utilities, HVAC contractors

and the ultimate consumer. It was not until 1970 that the industry

could report that new design and improved performance equipment had been

successfully developed and tested (ASHRAE, 1970).

This early lack of adequate equipment reliability and poor service

left a negative consumer attitude legacy that has only recently begun to

change as a result of the pressures of energy shortages and higher

energy prices. Recent surveys indicate that the consumer is receptive

to buying an unconventional HVAC applicance such as a heat pump, if

there are energy savings sufficient to justify the added investment.

While this positive attitude appears to be shared by residential

and nonresidential building owners alike, it is derived along somewhat

different lines of thought. The residential building owner, as discussed

in subsection 11.4.1 below, does not view his purchase of a home as

business with the need to minimize operating expenses, and he frequently

has capital limitations. Neither is he generally a key buying influence,

but rather one who is being influenced by the builder, contractor,

utility company and the like.
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In contrast the nonresidential building owner is much more cost

conscious, even to the extent that economic analyses may be conducted

for a variety of HVAC systems during the architectual planning stage,

with system selection based on such factors as the builders assessment

of payout and expected length of building ownership (Levin and Associates,

1976). The attitudes of nonresidential building owners is discussed in

subsection 11.4.2.

11.4.1 Residential Building Purchasers

The general progression in formulating a buying decision is: need

recognition, alternatives evaluation,and purchase action. The need

recognition is generally apparent (e.g. you need to replace your heating

or HVAC system or you are buying a new house) and the purchase action is

the final outcome to satisfy the need, but the alternatives evaluation

is the critical hurdle. To stand a chance at being selected, the system

must be one that would be an acceptable alternative to the purchaser.

The attitudinal and key buying influences that exert a force upon potential

heat pump consumers are discussed below.

Residential Consumer Attitudes

A 1974 survey of recent heat pump owners found a high degree (83

percent) of customer satisfaction with their heat pump. A major factor

in their purchase decision was the expected lower operating and maintenance

costs of a heat pump compared to a gas furnace or electric resistance

furnace (Arkansas Power & Light Co., 1974).

Surveys reported in 1975 and 1976 found that 78 and 89 percent

respectively of active* new home buyers would be willing to spend at

* Active buyer is one who has announced a serious intention to buy a
new home in: near future.
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least $600 more in marginal investment if they could save $100 per year

in energy costs. In addition, 87 percent of active home buyers surveyed

in 1976 thought that a heat pump was a good or excellent idea. Similarly,

86 percent of potential buyers* in the prime home buying 25 to 44 age

group viewed the heat pump as a good or excellent idea (Professional

Builder, 1975, 1976). The apparent willingness of active new home

buyers to pay more for energy savings -- with a simple 6 year payout --

and the positive attitude of present heat pump owners and of active home

buyers toward heat pumps suggest that the heat pump may no longer need

view itself in the past negative light. Furthermore, the consumer

associates the heat pump with energy conservation, which provides additional

reinforcement for the consumers positive attitude towards the heat pump.

Residential Key Buying Influence

Residential consumer heat pump purchases are influenced by third

party authoritative sources such as: builders, developers, architects,

utility representatives, engineers and HVAC contractors (Electric

Comfort Conditioning News, 1975). Over 60 percent of heat pump buyers

surveyed by Arkansas Power & Light Co. in 1974 first learned of the heat

pump from one of these sources, and approximately the same percentage

discussed the purchase with one of these key buying influences before

making a decision to buy a heat pump.

Builders, developers and utilities(where they have a marketing

program) appear to be responding to the energy conservation challenge

with policies and programs designed to foster heat pump usage. For

example: Ryan Homes expected to install heat pumps in over half the

6000 homes they were building in 1976 (Ryan Homes, 1976); Lowe's Companies

* A "potential" buyer is one who would be a candidate from the general market,
but does not presently intend to buy.
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has made available a redesigned energy conserving home package, with

sales to builders double the previous year (Lowe's Companies, 1976) and

Mississippi Power and Light Co. (1977) has a heat pump promotional program

(Easy on Energy) which has exceeded target sales objectives by 200

percent.

Generally, the findings are that third party key buying influences

are both important and active in promoting the heat pump to the residential

consumer. However, the previous subsection on consumer attitudes does

also suggest that future home buyers will have greater awareness for the

need to cut energy costs, which may create or induce a demand for heat

pumps in addition to the acceleration given by the key buying influences

discussed.

11.4.2 Nonresidential Building Purchasers

HVAC purchase decisions for nonresidential buildings primarily

reflect the owners objective for short or long-term investment. If the

owner expects to sell the building within a year or two after completion,

first costs will be uppermost. Conversely, low operating cost becomes

the more important criterion for a building owner who expects to continue

ownership over a longer period. In general, the nonresidential consumer

attitudes and key buying influences reflect a better informed and more

sophisticated population that the residential building owner population.

Nonresidential Consumer Attitudes

A survey of nonresidential building owners (corporations) found a

substantial majority believed that: heat pumps are practical and economical,

a roof top gas heat pump would be considered for both new and replacement

use, and life-cycle costing is usually employed in the decision making
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process. The nonresidential building owner would most likely be willing

to pay a premium of up to 20 percent for an energy conserving HVAC

system, where the payback would be less than three years (Garrett

Airesearch, 1976).

Nonresidential Key Buying Influences

The building architect or HVAC consulting engineer has the

greatest influence on the nonresidential consumer's HVAC buying decision.

The HVAC engineer typically conducts studies to show the payout of

various HVAC system alternatives. A two-year payout is always acceptable

while a five-year payout is acceptable only if the building owner expects

to retain control for that period of time. Longer payout periods are

not considered acceptable (Levin and Associates, 1976).

One further aspect of the architect's or engineer's influence is

their control over the selection of alternatives, which may be exhibited

by a preference for a decentralized heat pump system over for example, a

central HVAC system. This bias would be less of a problem where the

heat pump installation would be a conversion in an existing building.

If the building is ducted, a central system would be a logical choice.

If the building is not ducted, individual heat pump units which can be

connected to room air diffusers with flexible connections would appear

to be a better choice since it would avoid the requirement of installing

large runs of ductwork.

11.5 Building Code and Government Regulatory Factors

Most communities, and certainly all cities of even modest size,

have either a national or a local building code in effect. The code
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frequently relies on standards developed by various testing organizations

such as the American Society of Heating, Refrigeration and Air-Conditioning

Engineers (ASHRAE) who, for example, have developed standards for heat

pumps. The codes are administered by local officials, who normally

would not have any control over HVAC equipment standards or certifications.

While this system would tend to protect the public from unsafe construction,

building codes tend to change slowly, and in some instances may not

reflect the latest developments, or may impose unnecessarily severe

requirements (Hittman Associates, 1976). Thus, while well intentioned,

the codes may act as a barrier to the use of a heat pump in some jurisdictions,

especially with regard to advanced electric and gas heat pumps.

A brief discussion of the various model and national codes, as they

apply to both residential and nonresidential buildings, is given in

subsection 11.5.1.

The high internal working pressures of a gas heat pump may result

in restrictive pressure vessel requirements being applied as prescribed

by the ASME boiler code. This aspect is considered in subsection 11.5.2.

In one state, California, regulations have been promulgated that

would appear to restrict the use of electric heat pumps in nonresidential

buildings because of their auxiliary strip heat component. This is

discussed in subsection 11.5.3.

11.5.1 Building Code Factors

The four model building codes recognized by the Departments of

Housing and Urban Development, and Health, Education and Welfare are

Building Officials and Code Administrators (BOCA), International Con-

ference of Building Officials (ICBO), National Board of Fire Underwriters,
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and Southern Building Code Congress International. These codes do not

have separate heat pump standards, but rely on various related sections

of the code such as those governing mechanical refrigeration, electric

strip-heat and combustible furnace requirements. (BOCA, 1976; ICBO,

1976, National, 1976; Southern, 1976). All model codes, and in fact

about 98 percent of all jurisdictions in the United States, use the

National Electric Code (NEC) with regard to electrical requirements.

The NEC requires the heat pump circuit to be rated at 125 percent of the

current capacity for any continuous demand of 3 hours or more -- and 100

percent for a non-continuous demand. Included in this requirement would

be the current demand for motors, compressor and all auxiliaries, and

strip heat (National Fire Protection Association, 1976).

Although this electrical service requirement may result in some

additional investment, it is not believed likely that service beyond 200A!

would be required (Town of Westfield, 1976). Cost estimates for

electrical service from Means 1976 Building Construction Cost Data Book

were given at $200 for 100 A service and $450 for 200 A service, hence

the marginal investment for added electrical service would be $250 for

an electric heat pump installation.

Separate code sections or supplements for heat pumps based on the

American Society of Heating, Refrigeration and Air-Conditioning Engineers

Standard 90-75 are now being developed by each of the model code organizations.

Coefficient of performance (COP) requirements for heat pumps as provided

by ASHRAE 90-75 are given below for the heating mode.

Minimum COP Requirement

Outdoor Temperature, OF By 1/1/77 By 1/1/80

47 dry bulb, 43 wet bulb 2.2 2.5
17 dry bulb, 15 wet bulb 1.2 1.5
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The ICBO is under contract to put ASHRAE 90-75 into code language.

The code requirements for a gas heat pump are not expected to

be greatly different than for the electric heat pump. For the ICBO,

the Uniform Mechanical Code (published jointly by ICBO and the International

Association of Plumbing and Mechanical Officials) provides that local

building officials can accept any alternate system if it can be

shown to provide equivalent performance and equivalent safety to health

and welfare.

The ASHRAE 90-75 standard not only appears to be the leading influence

on the model codes, it is also the basis for the new Minimum Property

Standards (MPS) to be established by HUD as a result of the Energy

Conservation and Production Act of 1976 (P.L. 94-385) (Housing and

Urban Development, 1976).

Local building codes frequently are patterned after one or more

of the model codes. Some major jurisdictions such as New York City,

Chicago, and San Francisco have their own codes. Smaller localities

may have their own code, but would of necessity need to follow a model

code since the locality would lack the resources of a large city in

developing its own code modifications. Also, an increasing number of

states are going to a single model code. New Jersey, in adopting the

BOCA code statewide as of January, 1977, is the most recent example of

this trend.

Finally, where local code requirements for heat pumps are found to

be considerably more stringent than provided for in the model codes,

legal action may be employed to have the unnecessary barrier removed.

This would be of course reserved only for major market jurisdictions.

299



11.5.2 Potential Restrictions Due to High Working Pressures

Several of the gas heat pump configurations are reported to

have high internal working pressures. As indicated in the table below,

three of the systems currently under consideration have internal pressures

greater than 100 psig, and one -- the Stirling-Rankine system -- is re-

ported to exceed 1000 psig.

Appliance Maximum Pressure Maximum Temperature
Configuration psig °F

Stirling-Rankine 1600 1200
Rankine-Rankine 285 1100
Brayton-Rankine Sub-atm. 1500
Gas Absorption approx. 100 approx. 280

Source: Colosimo, 1976.

The American Society of Mechanical Engineers (ASME) Boiler and

Pressure Code provides that any fired boiler with pressures over 15

psig is subject to the ASME design code which among other things pre-

scribes preferred materials of construction and design. However, the

Code also states that not all possible details of design or construction

are covered, but it is intended that the manufacturer shall provide

for design and construction which will be as safe as otherwise required

by the Code.

The position of at least one gas heat pump developer is that they

will meet or exceed the Code, and that based on preliminary discussions

with ASME and State officials, flexible application of the Code by the

various state and local jurisdictions is expected. For example, they

do not believe that the licensed stationary engineer requirement

for fired boilers over 6 Hp would be enforced for systems such as a

gas heat pump since it would not be reasonable application of the

Code.
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Also, there is precedent for the acceptance of high pressure devices

without requiring a stationary engineer. For example, the pressure in

the refrigeration loop in an electric heat pump or air conditioner may

be as high as 450 psig, and an auto-steam-cleaner boiler may operate

at pressures up to 300 psig, yet no special licensed engineer requirements

are imposed on the homeowner or the car wash facility. Similarly, it

is believed the gas heat pump will not be classed as an operating

boiler, although the heat pump manufacturer will have to establish

that the appliance's construction meets or exceeds the ASME code.

11.5.3 California Energy Code

The State of California recently promulgated certain regulations

that, whether or not intended, do have a restrictive effect on electric

heat pumps for nonresidential buildings. Under Title 24:6 Section T 20-

1504, electric-resistance heating cannot exceed 10 percent of the building

space heating requirement. The strip heat of a heat pump would come

under the 10 percent restriction.

It is conceded by the state's energy office that the effect of this

rule would be to require the heat pump compressor to be oversized in

order to minimize the strip heat necessary to provide auxiliary heating

when the temperature falls below the balance point. However, the rule,

scheduled to go into effect in February 1977, has not been enforced and

may be changed. The intent was not to make heat pumps less desirable,

but by forcing purchase of oversized equipment, it is expected that

fewer heat pumps will be sold (California Energy Resources Conservation

and Development Commission, 1976).
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11.6 Real Estate Factors and Building Trends

In this section, real estate and building trend factors are considered

as to their effect on heat pump market penetration. Installation of a

heat pump may enhance or detract from the saleability of a building,

depending on such factors as location and property taxes. This is

discussed in subsection 11.6.1.

In subsection 11.6.2, the possible effect of current residential

building trends are considered from the view-point of their accelerating

or retarding potential to the market penetration of heat pumps. Nonresidential

building trends are discussed briefly in subsection 11.6.3.

11.6.1 Real Estate Factors

Prior studies (Gordian Associates, 1976) had indicated that consumers

who were unfamiliar with the heat pump would likely be wary of buying

it. More recent information tends to reinforce this position to the

extent that many people look upon the electric heat pump as "electric

heat" and therefore as costly as electric resistance heat. Where heat

pumps are generally not known to the consumer, such as in the Northeast,

sale of real estate with a heat pump may be more difficult and may

perhaps even sell at some discount (Betz & Bischoff, 1976: Newman,

1976).

However, where heat pumps are fairly well known, such as in the

South, the available information would suggest a result the opposite

of that found in the Northeast (Arkansas Power & Light Co., 1976).

Other evidence supports this finding that where the consumer has

been made aware of the heat pump through various educational and

marketing programs, his receptivity has been very good, both as to the

purchase of a heat pump and to maintenance of real estate values in

housing containing a heat pump (Professional Builder, 1976).
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A second real-estate-related factor is the added cost of purchasing

a heat pump, and the likely added property tax because of a higher

building valuation. To further assess this factor, a letter of inquiry

was sent to six states that had recently announced passage or were in

the process of passing legislation providing for property tax reductions

for energy conservation heating systems (New York Times, 1976).

Replies from four of the states, Connecticut, Hawaii, Michigan

and Vermont, all indicate that the tax relief is directed toward solar,

wind and water energy conservation systems and does not include heat

pumps (Connecticut, 1976; Hawaii, 1976; Michigan, 1976; Vermont, 1976).

Based on these findings, the local property tax system would have a

retarding effect on the use of heat pumps, at least to the extent that

the added annual outlay would lengthen the payback period.

11.6.2 Residential Building Trends

Some of the important residential building trends and their

effect on heat pump market penetration are:

High Consumer Preference for a Single Family Dwelling. New single family

residential building construction is expected to comprise about 70 per cent

of the current total housing market, an increase from the 55 percent share

of new housing built during the 1960's and early 1970's. This is expected

to occur due to the large number of Post-World-War-II babies that are now

entering the prime 35 to 45 age category for single family home ownership,

and the fact that over 60 percent of new housing is purchased by a

previous homeowner who is trading on the equity in his present home to

upgrade his housing (Smith Barney, 1976).
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The influence of this trend would be to favor a larger overall

market for heat pumps, with perhaps greater emphasis on the smaller

size units due to new energy-conserving construction.

Emergence of Energy Efficient Housing

Various new construction techniques (e.g. 2 x 6 inch stud sidewalls,

24 inches on center) and the much greater use of insulating materials

has enabled a reduction of up to two-thirds in the heat loss/heat gain

for new single-family residential buildings compared to pre-1977 HUD MPS

housing (Lowe's Companies, 1976). Others are obtaining from one-third

to one-half heat loss/heat gain reduction in new construction by using

more insulation and careful caulking alone, without altering the basic

shell construction (Ryan Homes, 1976).

While the average new home size has been holding its own or perhaps

even slightly increasing to 1638 ft2 in 1976 (National Association of

Home Builders, 1976), the size of heat pump necessary to adequately

comfort condition the new "energy efficient home" will not need to be as

large as in the past. Demand for heat pumps in the 1 and 1-1/2 ton

nominal cooling-capacity sizes is expected to increase. Even now, there

is some unfulfilled demand for units in these sizes (Lowe's Companies,

1976).

Resurgence of the Modular Home

The modular home is a home built in a factory using conventional

construction and then delivered to a home site with prepared foundation.

Unlike the mobile home, modular housing qualifies for conventional 30
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year mortgage financing. The appeal of modular housing is its lower

cost -- under $25,000 for a 1200 ft2 conventional built home complete on

a lot with foundation (Precision Built Homes, 1976). Mobile home prices,

while they have been increasing rapidly, are on the average about half

the price of the modular home (Manufactured Housing Institute, 1976).

The higher price and more permanent nature of the modular home

makes it a prime candidate for the electric heat pump. One modular home

manufacturer advised their problem was being unable to buy heat pumps

direct from the factory, but having to deal with the local franchised

contractors and thereby pay a higher price (Guerdon Industries, 1976).

The total market for manufactured housing is expected to average

250,000 units per year through 1980, with modular housing contributing

up to 60,000 units per year during the same period. The present modular

market is about 5 to 10 percent of the manufactured housing market.

11.6.3 Nonresidential Building Trends

Major potential heat pump user categories in the nonresidential

building sector are office buildings, stores and institutional buildings,

including schools and hospitals.

For the 1971-1977 period, office building construction has been

declining in relative share of total construction, while stores and in-

stitutional construction has shown a slight increase. Present indications

from construction industry experts are that they expect a leveling for

1977 in new nonresidential construction, with perhaps a slight 2 to 3

percent increase in office buildings and stores, and an even holding on
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institutional building new construction. On a regional basis, the

current share of new nonresidential building construction is 33 percent

South, 27 percent West, 25 percent North Central and 15 percent Northeast.

As with residential homes, the concentration of nonresidential

building in the South and West is an accelerating factor with respect to

heat pump usage since electricity is the major heating fuel and the

incidence of air conditioning would be expected to be high.

11.7 Consumer Income and Demographic Factors

In this section, consumer income and demographics are briefly

considered with regard to their possible influence on the purchase of a

heat pump for residential buildings. Consumer income and housing purchase

correlations are discussed in 11.7.1, and consumer demographic factors

are considered in 11.7.2.

11.7.1 Consumer Income Related Factors

As shown below, there is a long term correlation between income and

housing unit value.

Housing Unit Value Compared to 1974 Median Income

Value of Housing Unit, Dollars Median Income (1974) Dollars

< 5,000 4,000
5 - 10,000 6,100

10 - 15,000 8,700
15 - 20,000 10,700
20 - 25,000 12,200
25 - 35,000 14,500

> 35,000 20,300

Source: U.S. Department of Commerce: Annual Housing Survey: 1974

However, an even more important factor than income itself is the

monthly or annual payment for housing compared to the income. As noted

306



in subsection 11.2.2, home buyers are qualified on the basis of income

and down payment. Data reported for 1974 new home purchases show that

the more expensive the home, the greater the down payment.

1974 Housing Sales Price (Dollars) Percent Down Payment

<: 25,000 2.7
25 - 30,000 7.7
30 - 35,000 10.2
35 - 40,000 12.5
40 - 50,000 18.1

> 50,000 22.8

Source: Census Bureau, Construction Report, 1974

These data further support the position that a substantial portion

of the new home buying population is upgrading by trading on their

equity from a previously owned residence. Only 13 percent of the new

houses sold in 1974 were under $25,000, while 52 percent were in the

$35,000 and over category, indicating that the consumer is not buying at

the low end of the new housing market but is looking for more and better

housing. For example, central air conditioning was installed in 58

percent of the new homes that sold for more than $50,000 in 1974, while

those selling for less than $25,000 had a 38 percent installation rate

(Census Bureau, 1976).

In terms of heat pump market Influence, there has been a belief

that the heat pump, being a higher first cost item, would be sold mainly

to buyers of the more expensive housing. With the average new home

costing $48,600 in 1976 (Federal Home Loan Bank, 1976), it would appear

that the housing market has shifted to a position where the heat pump

could be considered a candidate for the average new residential building.
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11.7.2 Demographic Factors on Consumer Heat Pump Purchases

The heat pump buyer has been found, in one survey, to be better

educated, have a higher than average income, hold a managerial, administrative,

or professional job, be home-oriented and value-conscious. Age was not

found to be a factor. The average buyer planned to live in his house

for a least 8 years, while only 4 percent planned to live at their

present location 5 years or less (Arkansas Power & Light Co., 1974).

This latter finding may be compared with the sale of existing

single-family homes which was reported for 1976 to be at the annual rate

of 3.3 million homes (National Association of Realtors, 1976). Based on

a total of 52.5 million single-family homes, the turnover rate appears

to be 6.3 percent for existing housing or 9 percent for new and existing

housing combined. At 9 percent, the average length of single-family

home ownership at one location would be about eleven years.

11.8 Summary

Examination of various institutional factors related to the market

acceptance of heat pumps indicates that there are no insurmountable

barriers to the use of advanced electric or gas heat pumps.

Consumer attitude toward the use of a heat pump is favorable because

it has the potential for savings in lower operating cost. Greater

promotion of heat pumps by the key buying influences such as utilities

and HVAC contractors appears to be rapidly expanding the present heat

pump market. Both residential and nonresidential building owners are

willing to make an additional investment in an energy saving appliance
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such as a heat pump, but the added investment should be recoverable from

savings in lower operating cost. In particular, nonresidential buyers

seek a fairly short term payout of 2 years, which could inhibit heat

pump growth in that market.

There are no property tax advantages in using a heat pump, nor is

there likely to be. Nevertheless, trends toward increased use of heat

pumps can be identified in the upgrading of housing generally, the

increased saturation of central air conditioning and the high cost of

energy.

The market potential of the gas heat pump is clouded, to some

extent, by present and projected shortages in natural gas. This situation

may not be a major barrier to the market prospects if reallocation of

the available supply to high priority use is achieved as projected by

the American Gas Association.
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EXHIBIT 11-1

Natural Gas Curtailments By State - 1976/1977
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EXHIBIT 11-2

Projected Gas Utility Sales Distribution by Class of Service*
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12. PRIMARY ENERGY UTILIZATION BY HEAT PUMPS

12.1 Introduction

In this chapter, a discussion of the impact of alternative space

conditioning systems on primary fuel resources is presented. Although a

reduction of total energy consumed on-site for space conditioning is

desirable, this is not an end in itself. Rather, the effect of increased

heat pump market saturation on the types of fuels consumed to produce

the energy for on-site use should be examined. This is particularly

important in light of the increasing scarcity of such primary fuels as

oil and natural gas.

The sections below address this issue in two ways. First, primary

fuel consumption by space conditioning systems is compared for each of

the nine test cities. In a following section, the effect of increased

heat pump market saturation on the nation's primary fuel resources is

discussed on a regional basis.

12.2 Primary Energy Consumption by Individual HVAC Systems in the
Nine Test Cities

12.2.1 Methodology

The energy consumption data presented in Exhibits 8-14 and 8-15 re-

present the equivalent energy values of the fuels and electric energy

consumed on site for residential and commercial space conditioning. In

this section, the basis of comparison is broadened to include the energy

input to produce the energy consumed on-site. Using on-site energy

consumption data presented in Chapter 8, primary energy consumption data

were developed in the following manner:
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Electric energy: average state plant heat rates were used to
convert on-site consumption to resource energy consumption by the
generating station; these heat rates are shown below for each city.

City Plant Heat Rate
(BTU/kWh--

Houston 10,304
Birmingham 10,194
Atlanta 10,696
Tulsa 10,283
Philadelphia 10,249
Seattle 9,717
Columbus 10,187
Cleveland 10,187
Concord 10,874

Source: Edison Electric Institute, 1975

In addition, transmission and distribution losses of 9% were assumed
for electric energy.

Natural Gas: heating value of natural gas was assumed to be constant
throughout the nation at 1,000 BTU/cft; 8% transmission and distribution
losses were assumed.

Fuel Oil: heating value taken as 139,000 BTU/gal. No distribution
losses were assumed.

From the primary energy consumption data, primary energy seasonal

performance factors were computed for residential and commercial HVAC

equipment. These SPF's were defined as the ratio of total seasonal

heating or cooling load satisfied by the HVAC system to the total primary

energy consumption. The primary energy consumption and SPF's are presented

in sections 12.2.2 and 12.2.3 below for residential and commercial HVAC

systems, respectively.

12.2.2 Residential Systems

The results of the primary energy CUIIIorlpariSOl Uo n n. dvi'u .syatLrC

basis are shown in Exhibits 12-1 through 12-4. The SPF data appear

318



in Exhibits 12-1 and 12-2, for the conventional and advanced systems,

respectively.

As expected, electric heat pumps were found to be more efficient than

any of the all-electric HVAC systems examined. High efficiency residential

electric heat pumps had performance factors in the 0.78-0.43 range for

heating and the 0.61-0.82 range for cooling, constituting an average 9%

improvement over the standard heat pump representing 1975 technology.

In primary energy terms, electric heat pumps were comparable to or slightly

less efficient than the combustion heating systems combined with electric

cooling in regions with a significant heating load. In very cold regions,

the combustion systems were more efficient. However, combustion system

efficiencies were calculated based on insulated supply and return air ductwork.

This is the observed practice with electric but not with combustion

heating systems in general. Calculations showed that the performance of

the combustion furnaces was considerably improved with duct insulation.

With uninsulated ducts, electric heat pumps would probably have a slightly

higher efficiency than the combustion systems.

Gas heat pumps now under development have a higher efficiency in a

primary energy sense than electric heat pumps, combustion furnaces or

resistance heating systems. Of the residential gas heat pumps examined,

the gas-fired free-piston and the V-type single cylinder Stirling-

Rankine heat pump were found to have performance factors in the 1.16-

0.91 range for heating and in the 0.68-0.88 range for cooling. The

corresponding results for the organic fluid absorption heat pump were

lower: 0.95-0.87 for heating and 0.48-0.46 for cooling.
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Total annual energy consumption shown in Exhibits 12-3 and 12-4

for residential space conditioning, is smallest for the combination

of fossil fuel fired furnaces and high efficiency central air conditioners

in colder parts of the country and is greatest for electric air conditioners.

These results parallel heating season energy consumptions observations

because of the relatively small impact of air conditioning requirements

compared with heating season energy needs in colder climates. The hybrid

heat pump, in colder regions, consumes about up to 15% more total

primary energy annually than fossil fuel fired furnace/high efficiency

air conditioners while the best high efficiency electric heat pump

uses up to 20% more.

On an annual basis, the free piston Stirling-Rankine gas heat pump

appears to consume the.smallest amount of primary energy compared with

the other heat activated heat pump systems. In the warmer cities, the

pulse combustion gas furnace/high efficiency air conditioner combination

is only slightly more energy consuming than the free piston Stirling-Rankine

gas heat pump. The relative primary energy consumption of the combined

system seems to increase in the colder cities, however, where the V-type

single cylinder Stirling-Rankine gas heat pump can be ranked second

to the free piston system. The advanced electric heat pump I also appears

to consume more primary energy compared to other advanced systems as

climatological conditions call for more heating in the colder cities.

This behavior is experienced more dramatically with the advanced

electric heat pump II, which is the most primary energy efficient system

in the warm ciites (Houston, Birmingham, etc), but is the least efficient

unit in the coldest city (Concord).
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12.2.3 Commercial Systems

Commercial HVAC system primary energy SPF data are presented in

Exhibit 12-5. The results show that the Rankine-Rankine and Brayton-

Rankine heat pumps have a higher primary energy efficiency (performance

factors 1.43-0.76 heating; 0.91-0.72, cooling) than electric heat pumps

or rooftop air conditioners with gas or electric resistance heat.

Primary energy consumption data, presented, in Exhibit 12-6, clearly

show that the new technology advanced unitary heat pump under development

for light commercial building applications will consume less annual primary

energy than any of the conventtional heating and cooling systems examined.

The Rankine-Rankine gas heat pump performs better than the Brayton-Rankine

gas heat pump in all the cities exmained. Among the conventional

heating and cooling systems, the standard electric heat pumps uses the

least energy in all climates compared with the single package rooftop

gas furnace and electric resiatance heating combined with electric air

conditioning. Generally, the Rankine-Rankine gas heat pump uses about

25-46% less energy for commercial building comfort conditioning than

the standard electric heat pump in all cities examined. The larger

savings are associated with colder climates.

12.3 Regional Primary Fuels and Energy Consumed by HVAC Systems

12.3.1 Methodology

The data presented in sections 12.3.2 and 12.3.3 below represent

primary fuels and energy consumed on a regional basis for the operation

of individual HVAC equipment and for estimated residential and commercial

market penetration. These results were calculated in the following manner:
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In order to estimate the quantities of fuel consumed by the various

systems on a regional basis, energy consumption data specific to the

nine test cities had to be extrapolated to the nine U.S. census regions.

Since each census region may span several climatic or degree day belts,

each region had to be characterized with appropriate weighted average

indices which could be correlated against cooling and heating season on-

site energy consumption of the HVAC system investigated.

The correlating parameters used were:

Design Heating Load x Heating Degree Days
Heating: Design Temperature Difference

Design Cooling Load x Cooling Degree Days
Cooling: Design Temperature Difference

A good correlation was found when heating and cooling energy consumption

in each of the nine test cities was plotted against the correlating

parameter for each residential and commercial HVAC systems studied.

These plots were then used to determine the appropriate energy consumption

of a given HVAC system, using values of the heating or cooling correlating

parameters for each state in the contiguous United States by way of an

intermediate correlation.

The intermediate correlation was one between the heating or cooling

correlating parameter and statewide heating or cooling degree days. The

procedure for determination of statewide average heating degree days is

given elsewhere (Gordian Associates, 1976); calculations of cooling

degree days was made in the same fashion.

The state-by-state data were then reduced to regional data by

computing a weighted average consumption for each census region. This
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average was determined by weighting the state-by-state results with the

number of single family detached dwellings in each state for the appropriate

census region:

Er Z(E, x D)
z Ds

where Er = regional average on-site energy consumption
Es = state average on-site energy consumption
Ds = number of single family detached dwellings in state

This procedure was used for both residential and commercial HVAC systems.

It was deemed acceptable for light commercial buildings, since the

number of such buildings in each state would tend to reflect the population

density of the state, and hence, the number of single family detached

dwellings.

Where electric energy was used in heating or cooling, the regional

values for on-site energy consumption developed above were translated

into primary fuel consumption in the following manner. The fuel mix for

electric utilities was-determined regionally from published data compiled

monthly by the Federal Power Commission(1976), shown in Exhibit E-1 and

E-2 in Appendix-E. Use of these data for heating and cooling months,, in

conjunction with plant heat rates and fuel heating values, compiled by

the Edison Electric Institute (1976), enabled the determination of

pounds of coal, gallons of fuel oil and cubic feet of natural gas burned

at the generating plant to supply one kilowatt-hour of electric energy

for on-site consumption. Fractions representing kilowatt hours of

generation by nuclear and hydroelectric plants per kilowatt hour consumed

on-site were also determined. Amounts of natural gas consumed on-site

were increased by 8% to account for utility transmission and distribution
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losses. Appendix E contains computer printouts showing primary fuels

and electric energy consumed in each of nine census regions, for 23

different HVAC systems.

These data, developed per square foot of residential living space

or commercial building floor area, used in conjunction with market

penetration data (described in Chapter 10), enabled the analysis of the

impact on primary fuel resources of increased system market saturation

in the census regions.

The primary fuel data for each of the system on the nine-region

basis were reweighted in terms of four major census regions, Northeast,

North Central, South and West. Specific systems were compared to produce

data (on a per square foot basis) exhibiting primary fuels and other

energy sources which would be saved and/or consumed upon the substitution of

one HVAC system for another. In conjunction with the market penetration data,

which represents the number of square feet of building space expected to be

conditioned by a particular system, projected through the year 2000, savings

and or consumption of primary fuels and energy for alternative combinations

of systems were calculated on 5 year intervals from 1985 through 2000.

12.3.2 Residential Systems

The information collected in Appendix E can be used to directly

examine the differences in primary fuel usage for different HVAC systems

on the same basis. It is appropriate to scrutinize the primary fuel

data developed in this form prior to examining the impact on primary

fuels for the U.S. due to market penetrations of the different types of

heating and cooling systems.
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A comparison of two different heating and cooling systems exclusively

using the same type of on-site energy should reveal savings of all types

of primary fuels for the more efficient systems. Thus, a comparison of

primary fuels used to provide energy for a high efficiency heat pump using

only electric energy shows a reduction in the quantities of each type compared

with the standard electric heat pump (compare Appendix E, Exhibits E-3 and

E-4 for example). Similarly a comparison of the primary fuels used

to provide energy for the gas warm air furnace/high efficiency central

air conditioner and the pulse combustion furnace/high efficiency central

air conditioner reveals a significant decrease in primary gas usage.

for the pulse combustion system (Exhibits E-lO and E-19). Almost identical

quantities of all other-primary fuels are used for the two different

systems. The reason for this, of course, is that electric energy usage

by the two systems (to operate circulating fans and for air conditioning)

are almost identical, whereas different quantities of gas are required

by the different furnaces for heating.

While these-are almost trivial and obvious comparisons, they do

seem to suggest that efficiency and primary fuel usage are directly related,

which is not at all correct. One example is to compare a gas-fired advanced

heat pump (such as the free piston Stirling-Rankine gas heat pump, Exhibit

E-16) with a conventional electric heat pump (such as a high efficiency

all electric heat pump II, Exhibit E-5). Annual performance factors for

the gas heat pump (Exhibits 121 and 12-2) are greater than those for the

electric gas heat pump in all test cities, suggesting.that it uses less

total primary energy to space condition one square foot of residence on

an annual basis. An estimation of primary fuels consumed reveals
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that less of each type is used for the advanced gas heat pump than for

the electric heat pump with the single exception of natural gas. For

natural gas, all census regions show greater usage by the advanced gas

heat pump than for the electric HVAC system. The primary fuel saving is

due to the difference between the large amount of electric energy used

by the electric heat pump and the small amount of electric energy for

auxiliaries used by the advanced gas heat pump. The primary fuels

that would have been used to generate this quantity of electric energy

are not used. However, the amount of primary natural gas used by the

advanced gas heat pump far exceeds the gas saved to generate electric

energy and results in a net increase in gas consumption. The single

exception involves the West South Central census region where natural

gas is the principal fuel for power generation. In this case, the highly

efficient Stirling-Rankine heat pump consumes less gas than the electric

heat pump. For the nation as a whole, however, natural gas is minimally

used to generate electricity and a net increase in gas consumption

can be expected upon comparing primary fuels for the Stirling-Rankine

heat pump with an all electric heat pump.

With this introduction, we compare below selected advanced and

conventional heating and cooling systems (and between different conventional

systems, in one case) indicating the impact on primary fuel usage of

each based on the data compiled in Appendix E. Estimated first is the

difference in primary fuel usage upon replacing a single conventional

HVAC system with an advanaced (or different conventional) system.

These are then aggregated for four regions of the U.S. based on estimated

new starts for residential and commercial building and estimated pene-

tration in these markets by different HVAC systems. These raw data are

tabulated in Appendix F.
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Advanced Electric Heat Pump II and Conventional Electric Heat Pump - Standard

; Exhibits E-3 and E-15 indicate that the advanced electric heat pump

will conserve all types of primary fuels in all census regions when

compared with a standard electric heat pump. This is a direct consequence

of the higher efficiency of the advanced electric heat pump compared

with the type of conventional electric heat pump mainly in residential

service today. Savings of coal and oil vary from 50-60% and gas savings vary

from 55 to 70% on an annual basis. Of particular importance are the annual

savings of critical fuels, fuel oil and natural gas, in all regions of the

country. In some regions which use small quantities of natural gas for power

generation the savings will be small.in terms of cubic feet of gas conserved.

However, the West North Central, Mountain and especially in the West South

Central region where relatively large amounts of gas are used the total

quantities saved could be quite significant.

The total annual savings are given in Exhibit 12-7 for the entire

U.S. Natural gas and fuel oil savings by 1985 are projected to be less

than one billion cubic feet (104,000 BFOE)* and 76,190 barrels, respectively.

By the year 2000, these savings increase to 24 billion cubic feet of gas

( 3.9million BFOE) and 2.9 million barrels of fuel oil.

Free Piston Stirling-Rankine Gas Heat Pump and a Conventional Electric
Heat Pump - High Efficiency II

Because the conventional electric heat pump uses only electric

energy and the gas heat pump uses electricity only to operate parasitic

equipment, large savings of fuels used to produce electric energy are

to be expected. Exhibits E-5 and E-16 show that approximately 20% of

* One BFOE (barrel of fuel oil equivalent) is equal to 6.05 million
Btu, assuming low sulfur fuel oil at about 20°API.

327



primary fuel quantities used by the conventional electric heat pumps are

required by the Stirling-Rankine gas heat pump to condition one square

foot of residence. The pattern of gas consumption, though, is quite

different. In all but one of the nine census regions, natural gas usage

is greater for the advanced gas heat pump than for the conventional

electric heat pump. The largest increase is in the New England area

where about 264 times more natural gas is required by the gas heat pump

than by a high efficiency electric heat pump. The smallest increase is

in the Mountain area where only 5 times more gas would be used by the

gas heat pump. The difference in gas usage increases is due to the

difference in fuel mix used to generate electric power, more gas being

used in New England than in the Mountain states. A slight decrease in gas

usage is observed for the West South Central region because of the large

dependence on gas for power production in this area. For the nation as

a whole, a net increase would be expected, and for gas-poor regions,

such as the New England area, the increase in gas usage demanded by the

Stirling-Rankine gas heat pump could be particularly serious. These

observations are borne out by estimations of the impact on primary fuel

quantities assuming a displacement of conventional electric heat pumps

by the Stirling-Rankine gas heat pump in new single family residences

for the period 1985-2000.

Exhibit 12-7 shows that as much as 555 million pounds of

coal (1.2 million BFOE) and 255,000 barrels of oil could be saved by 1985

(assuming high estimates of building starts and market penetrations are

met). By the year 2000, savings of coal would increase to 6700 million

pounds of coal (14.5 million BFOE) and 3 million barrels of oil. However,
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during this same time period, natural gas consumption would increase by

7 billion cubic feet (1.1 million BFOE) in 1985 and by 82 million cubic

feet (13.5 million BFOE) by the year 2000.

Free Piston Stirling-Rankine Heat Pum Replacing a Gas Warm Air Furnace/
Conventional High Efficiency Central Air Conditioner

Replacing a gas warm air furnace and a high efficiency central air

conditioner with a free piston Stirling-Rankine gas heat pump will, in

general, reduce net annual consumption of each type of primary fuel

resource, as shown in Exhibits E-10 and E-16. The gas heat pump was

previously shown to have a higher heating season performance than a gas

warm air furnace, but this is strictly true for gas usage,not for electric

energy. The auxiliary electrical demand of this gas heat pump (air

circulating fan, heat recovery system pumps and combustion blower) is

greater than the parasitic electric demand of the gas warm air furnace

(air circulating fan only), but the gas heat pump uses less gas for

heating than the gas furnace.

Exhibit 12-7 shows that indeed savings of all types of primary

energy may be expected. From high estimates of residential building

starts and market penetration of gas heat pumps, gas and primary fuels

saved on a national basis are shown. These data are reported below,

adding BFOE equivalent saved as a measure of-energy conserved.

Coal Saved Oil Saved Gas Saved
lbs x 10' BFOEx 10-6 gal x 10-6 BFOE x 10-6 cft x 10 9 BFOE x 10-6

1985 100 - 0.2 2 0.4 3 0.6
1990 352 0.8 8 0.1 11 2.0
1995 729 1.6 17 0.5 22 3.72000 1213 2.7 28 0.7 37 6.1
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Organic Fluid Absorption Gas Heat Pump Replacing a Gas Warm Air Furnace/
Conventional High Efficiency Central Air Conditioner

The organic fluid absorption gas heat pump is not as efficient as

the free piston Stirling-Rankine gas heat pump. The absorption heat pump heating

season performance factor is about 13% less than the Stirling-Rankine

gas heat pump and about 33% less for the cooling season performance

factor. One might,therefore,generally expect less savings of primary

fuels when an absorption gas heat pump replaces a gas warm air furnace/high

efficiency conventional central air conditioner than if the conventional

system is replaced by a Stirling-Rankine gas heat pump. Exhibits E-10, E-16

and E-18 confirm this prediction although with some important exceptions.

During the heating season, the absorption gas heat pump uses more coal

and oil, but less gas, than a conventional gas warm air furnace uses. This

is identical to a comparison of the free-piston Stirling-Rankine gas heat

pump with a gas warm air furnace. However, the savings in gas energy for

the absorption gas heat pump is less, than that for the

Stirling-Rankine gas heat pump. The reason for this is, as noted above,

the lower heating season SPF for the absorption system than for the

Stirling-Rankine system. However, although the absorption gas heat pump

uses more coal and oil than the gas warm air furnace, the Stirling-Rankine

gas heat pump uses even more. The explanation for this difference is that

the demand for electric energy by the absorption gas heat pump is less than

that for the Stirling-Rankine system (48% less) but only slightly greater

than the electrical demand by the circulating fan of the gas warm air furnace.

During the cooling season, the absorption gas heat pump reduces the usage

of all primary fuels except for natural gas, the consumption of which

increases. The reason is the same as that offered above for the Stirling-Rankine

gas heat pump -- electricity required by the absorption gas heat pump is
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less than fora central electric air conditioner. More natural gas is

used by the absorption heat pump than the central air conditioner because

this primary fuel is burned on-site to drive the system prime mover.

Compared to the Stirling-Rankine gas heat pump, however, more gas is

consumed by the absorption heat pump, again because the

absorption gas heat pump is not as efficient for cooling as the Stirling-

Rankine gas heat pump. Also, more primary fuels are saved, other than

natural gas, during the cooling season by the absorption system than the

Stirling-Rankine system because of the smaller electrical demand by

auxiliaries.

The net result on an annual basis is a reduction of all primary

fuels, except for natural gas, when an absorption gas heat pump is used

in place of a gas warm air furnace/central air conditioner. These

savings are greater for the absorption heat pump than for the Stirling-

Rankine heat pump because of the argument advanced above in terms of

relative electrical requirements for parasitics for the two systems.

The net result for natural gas usage annually is not clear cut. In four

census regions, representing on the average mild summer weather conditions,

the absorption gas heat pump uses less natural gas than a gas warm

furnace/central air conditioner but the amount conserved is less than

the more efficient Stirling-Rankine system. In five census regions

representing quite warm summer conditions, the absorption heat pump

uses more natural gas than a gas warm air furnace/central air conditioner,

whereas the more efficient Stirling-Rankine system conserved natural gas

in these regions. The net result estimated for the entire country, as
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shown in Exhibit 12-7, is that all primary fuels, except for natural

gas, are conserved, and to a greater extent than conserved by the Stirling-

Rankine gas heat pump. Natural gas usage, however, is seen to be greater

on a national basis for advanced absorption gas heat pumps replacing gas

warm air furnaces/central air conditions. This result could not have

been anticipated by comparing performance factors for the absorption

heat pump and the gas warm air furnace/central air conditioner. Exhibits

12-1 and 12-2 show that the absorption heat pump annual performance

factor is 20-40% better than for the conventional system. Indeed, there

is a total net savings in primary fuels. But in terms of the mix of

primary fuels used in this country, natural gas would not be conserved.

The short table below, derived from Exhibit 12-7,emphasizes this point.

Coal Saved Oil Saved Gas Saved
1bx10- 6 BFOExlO-6 galxlO- 6 BFOExlO- 6 cftxlO- BFOExlO - 6

1985 133 0.3 3 0.1 -1 0.1
1990 471 1.0 10 0.3 -2 0.3
1995 965 2.1 21 0.5 -4 0.6
2000 1604 3.5 36 0.8 -7 1.2

The interesting results observed for these systems illustrates the

importance of the role played by auxiliary electric energy demands in

determining the impact on primary fuels of advanced heat pumps and the

need to examine the impact of system performance on Individual primary

fuels, particularly critical fuels.
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Smaller savings of natural gas and other fuel resources are to be

expected for the Stirling-Rankine system and greater consumption of

natural gas for the absorption gas heat pump if these advanced systems

replace gas warm air furnaces and high efficiency central air conditioners.

This is due to the fact that the comparisons have been made including

dynamic efficiency losses for the conventional system but not including

these effects for the advanced systems. Using the approproximate factors

shown in Section 8.2.5 to adjust energy usage by the advanced systems

and then comparing with conventional systems would results in modest

corrections to predicted fuel resource impacts, but would not substantially

change the results described.

Pulse Combustion Furnace Replacing a Gas Warm Air Furnace

This comparison is essentially an examination of heating season

performance. Both advanced and conventional furnaces are assumed to use

central electric air conditioners of equal efficiency and therefore

would use equal quantities of primary fuels for summer comfort conditioning.

The analysis of the impact of these gas heated furnaces is rather

simple, partly based on the manner of estimating the pulse combustion

system energy requirements. Simply stated, electric energy consumption

by auxiliaries were assumed slightly higher for the pulse combustion

furnace, and gas consumption for the pulse combustion furnace decreased,

based upon a 92.5% on-site combustion efficiency compared with an average

of about 60% for the gas warm air furnace. Under these assumed conditions,

there would be small differences in primary fuel consumption, except for

natural gas, upon replacing a conventional gas furnace with a pulse

combustion system. This prediction is borne out by examining Exhibits

E-10 and E-19.
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The savings of natural gas, however, for this assumed replacement

are quite significant compared with other comparisons made up to this

point. By 1985 about 125 billion cubic feet of gas (21 million BFOE)

could possibly be saved annually by replacing gas warm air furnaces with

pulse combustion furnaces, as shown in Exhibit 12-7. This saving is

estimated to rise to about 498 billion cubic feet (82 million BFOE) by

the year 2000.

Hybrid Electric Heat Pump/Gas Furnace Replacing a Conventional Standard
Electric Heat Pump

This comparison is between two'currently available conventional

HVAC systems. Comparing Exhibits E-3 and E-7 shows that annual residential

usage of natural gas would increase significantly in all regions, except

for the West South Central area. This is to be expected because of the

natural gas consumed on-site by the gas furnace of the hybrid system

below the balance point, whereas the conventional electric heat pump

uses electric energy for the heat pump compressor and supplemental

electric resistance heating. The small increase in the West South

Central region is again due to the fact that electric energy is predominantly

generated by natural gas in that census region.

Exhibits E-3 and E-7 also show that all other primary fuels are

conserved for winter heating as well as annually when a hybrid electric

heat pump/gas furnace is used, compared with a standard electric heat

pump. These savings are due solely to the reduction in electric energy

used by the hybrid system which replaces electric energy below the

balance point with natural gas burned by the gas furnace. These savings

could possibly be larger than those shown except for the fact that the
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hybrid system modelled uses an electric heat pump that is not as efficient

as a standard electric heat pump (see Exhibit 8-7). Primary fuel savings

other than natural gas would increase if a high efficiency electric heat

pump were used as part of the hybrid system. This is also the reason for

the increased usage of primary fuels for summer cooling by the hybrid

system compared with a standard electric heat pump. The small differences

shown are real and due simply to the lower efficiency of the electric

heat pump used as part of the hybrid system compared with the standard

electric heat pump.

Exhibit 12-7 shows the annual impact on primary fuel usage assuming

the hybrid electric heat pump selectively replaces standard electric

heat pumps. Natural gas consumption is seen to increase by 30 billion

cubic feet (4.9 million BFOE) while fuel oil decreases by 548,000 barrels

in 1985. By the year 2000, natural gas consumption would increase by 92

billion cubic feet (18 million BFOE) and fuel oil decrease by 1.7 million

barrels.

One potentially interesting advanced system not included in this

study would be a hybrid combination of an electrically driven high

efficiency advanced heat pump with a pulse combustion furnace. Such a

system would reduce primary fuels used to produce electric energy compared

with conventional electric heat pumps, and reduce natural gas consumption

burned on-site compared with a gas warm air furnace.
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12.3.3 Commercial

Two comparisons were made of the impact on primary fuel resources

by advanced heat pumps intended for light commercial applications. The

first comparison assumes that a Rankine-Rankine gas heat pump is used in

place of a combined single-package conventional gas furnace/electric air

conditioner. The second assumes that the same advanced gas heat pump

replaces a unitary standard electric heat pump.

As might be anticipated, replacing conventional HVAC systems that

largely use electric energy with a gas fired advanced heat pump does not

conserve natural gas. The greatest impact is caused by the Rankine-Rankine

heat pump substituting for a conventional electric heat pump. Estimates

of the square footage of light commercial buildings in place by 1985

and high and low estimates of market penetration, result in a forecast

of increased natural gas use by 1985 of 420 million cubic feet (69,000

BFOE) as a low estimate and 850 million cubic feet (141,000 BFOE) as a

high estimate. By the year 2000, additional natural gas consumption

would be anticipated; a total increase to 10.4 billion feet (1.7 million

BFOE) as a low estimate and about 25.6 billion cubic feet (4.2 million BFOE)

as a high estimate. All other primary fuel resource usage decreases.

For example, fuel oil saved could amount to 55,000 barrels of fuel oil

in 1985 and 1.6 million barrels in the year 2000 (high estimate).

Exhibits E-22 and E-25 indicate that the Rankine-Rankine gas heat

pump uses much less natural gas than the rooftop gas furnace/electric

air conditioner for heating; however, cooling sees a much higher natural

gas consumption by the gas heat pump. On an annual basis, the Rankine-

Rankine gas heat pump uses less natural gas in the cooler regions.
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As Exhibits F-7a shows, natural gas is conserved, on an annual basis,

in all regions except the South, where cooling is the primary HVAC

service. For the total U.S., a small net saving in natural gas would

be realized by utilization of the gas heat pump instead of the rooftop

gas furnace/electric air conditioner. Gas savings of 24.6 million

cubic feet (4,000 BFOE) as a low estimate and 52.9 million cubic feet

(8,700 BFOE). as a high estimate, could be realized by 1985. Forecasting

to the year 2000, 650 million cubic feet (107,000 BFOE) as a low estimate

and 1,598 million cubic feet (264,000 BFOE) as a high estimate, could

be realized.

12.4 Summary

The greatest consumers of primary-energy, on a total thermal

equivalent basis, are electric resistance heating systems, represented

by the-central electric furnace and baseboard convectors. The smallest

amount of total primary energy is consumed by fossil fuel warm air furnaces

in mild winter areas of the country and by conventional electric heat

pumps in colder winter areas. Conventional electric air conditioners are

generally not as energy efficient with respect to primary energy usage

as high efficiency electric heat pumps for air cooling.

The Stirling-Rankine gas heat pump uses the least amount of total

primary energy for both heating and cooling in all cities examined and

is matched by a highly efficient advanced electric heat pump only in

mild winter regions. The organic fluid absorption gas heat pump is not

as efficient as the Stirling-Rankine gas heat pump.

The regional analysis was performed by selectively examining the

impact on primary fuels of replacing conventional HVAC systems with advanced
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heating and cooling systems currently being developed. It was generally

found that advanced systems replacing conventional systems using essentially

the same type of on-site energy will generally conserve all types of

primary fuel resources. Thus, an advanced electric heat pump replacing

a conventional electric heat pump will conserve all forms of primary

fuel resources. The quantities of primary fuels that could potentially

be saved depend strongly on the relative efficiencies of the advanced

and conventional system being examined and the region of the country

considered. Local conditions determine fuel mix used to generate electric

energy and the severity of winter and summer weather to which heat pumps

are sensitive.

Advanced gas heat pumps examined were found to have potential for

reducing all types of primary fuels, except natural gas, when replacing

conventional electric heat pumps. However, this result is dependent

upon the extent to which electrical energy is required for gas heat pump

auxiliaries. Natural gas consumption is always found to increase for

this replacement strategy. In replacing less efficient gas equipment,

advanced gas heat pumps were found to have a potential for conserving

all primary fuels, including natural gas, but this result must be carefully

qualified. Because heat pump performance is generally not as efficient

for cooling as for heating, only very high efficiency gas heat pumps

will be acceptable in warmer regions of the country where cooling season

energy is a major part of annual system energy requirements. For the

two different generic gas heat pump systems examined here, the organic

fluid absorption gas heat pump and gas heat pumps based on Stirling-

Rankine cycle, only the Stirling-Rankine system appears to have potential

for conserving natural gas in all regions of the country. The absorption
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gas heat pump would conserve natural gas (and other primary fuels) in

colder regions of the country, but not in warmer regions where

its cooling efficiency is too low. In any case, the conservation

potential for natural gas is greater for the Stirling-Rankine gas heat

pumps than for the absorption gas heat pump in all parts of the country.

The hybrid heat pump with fossil-fuel-fired furnace appears to have

potential for conserving all primary fuel resources except natural gas

or fuel oil compared with currently available conventional electric heat

pumps.

The pulse combustion furnace appears to have the greatest potential

for reducing natural gas use for residential heating of all the gas

fired advanced systems examined. Advanced electric heat pumps would

probably reduce natural gas consumption even more dramatically and cer-

tainly to a greater extent than is estimated for advanced gas heat

pumps.

The same general findings for residential HVAC systems may be applied

to the light commercial HVAC systems. When compared to the all electric

HVAC systems, gas heat pumps conserve all primary fuel resources except

natural gas. When compared to the rooftop gas furnace/electric air

conditioner system, gas heat pumps conserve all forms of primary fuel

resources for heating, but consume more natural gas for cooling. Hence,

in those regions where the primary HVAC service is for cooling, a

net increase, on an annual basis, in natural gas cohsumption is observed.
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EXHIBIT 12-1

CONVENTIONAL ELECTRIC HEAT PUMPS AND OTHER SYSTEMS: COMPARISON OF SEASONAL PERFORMANCE FACTORS ON A PRIMARY ENERGY BASIS

Heating Houston Birmingham Atlanta Tulsa Philadelphia Seattle Columbus Cleveland Concord

Electric Heat Pump - Standard 0.65 0.72)* 0.59(0.66) 0.58 (0.64) 0.51 (0.55) 0.57 (0.63) 0.59 (0.67) 0.52 (0.57 0.52 0.56) 0.41 (0.43
Electric Heat Pump - High Efficiency 1 0.78 0.861 0.69 (0.76) 0.68 (0.75) 0.59 (0.64 0.66 (0.72) 0.65 (0.74) 0.58 (0.64 0.57 0.63) 0.43 (0.47
Electric Heat Pump - High Efficiency II 0.73 0.81 0.67 0.74) 0.61 0.68 0.60 0.65 0.64 (0.70) 0.68 0.76 0.58 0.63 0.57 0.62 0.48 0.51
Electric Heat Pump - High Efficiency III 0.69 0.76 0.62 0.69) 0.61 0.66 0.52 0.57 0.60 0.65) 0.67 0.75 0.54 0.59 0.53 (0.58) 0.46 0.49
Hybrid Electric Heat Pump-Gas Furnace 0.55 0.61 0.52 0.57 0.51 (0.55 0.55 (0.60 0.52 0.56) 0.52 (0.55 0.52 (0.5 0.52 (.55 0.5 (0.53
Hybrid Electric Heat Pump-Oil Furnace 0.55 0.61 0.53 0.57 0.51 (0.56 0.56 (0.61 0.52 0.57) 0.53 (0.55) 0.53 (00.57 054 57 0.52 (055
Electric Heat Pump - Heat Only 0.78 0.87) 0.72 (0.79) 0.69 (0.75 0.65 (0.71 0.75 (0.77) 0.75 (0.84) 0.63 (0.69) 0.62 (0.68) 0.51 (0.56)
Gas Warm Air Furnace 0.53 0.53 0.52 0.54 0.54 0.55 0.55 0.56 0.55
Oil Warm Air Furnace 0.59 0.59 0.59 0.61 0.60 0.61 0.61 0.62 0.62
Central Electric Furnace 0.30 0.30 0.30 0.30 0.30 0.30 0.30 0.30 0.28
Baseboard Convectors 0.30 0.31 0.29 0.30 0.31 0.32 0.31 0.31 0.29

Cooling

Electric Heat Pump - Standard 0.60 (0.69) 0.60 (0.69) 0.57 (0.67) 0.58 (0.69) 0.60 (0.71) 0.67 (0.75 0.61 0.75 0.61 (0.72 0.57 (0.66
Electric Heat Pump - High Efficiency I 0.70 0.80 0.70 0.81 0.67 (0.78) 0.70 (0.83) 0.71 0.83) 0.82 (0.92 0.71 0.83 0.73 (0.85) 069 (0.79
Electric Heat Pump - High Efficiency II 0.65 0.76 0.65 0.77 0.61 (0.71) 0.66 u.78) 0.66 0.79) 0.73 (0.83 Q.66 (0.79 0.67 (0.80) 0.61 (0.72
Electric Heat Pump - High Efficiency III 0.69 0.79 0.68 0.80 0.66 (0.77 0.58 (0.69) 0.69 0.81 0.79 (0.90 0.69 (0.81 0.70 (0.83) 0.71 (0.82
Hybrid Electric Heat Pump 0.56 0.65 0.56 0.66 0.54 (0.64 0.55 (0.67) 0.56 (0.67) 0.62 (0.72) 0.57 (0.67 0.57 (0.68) 0.53 (0.64
Central Air Conditioner - High Efficiency 0.66 0.76 0.66 0.77 0.63 (0.74 0.60 (0.71) 0.67 (0.79 0.75 (0.84) 0.67 (0.78 0.68 (0.80) 0.64 (0.75
Central Air Conditioner - Standard .0.55 0.64 0.55 (0.64) 0.53 (0.62 0.57 (0.67) 0.56 (0.66) 0.63 0 0 .56 (0.65 0.57 (0.67) 0.57 (0.66
Window Air Conditioners 0.67 0.71 0.67 0.69 0.70 0.68 0.71 0.70 0.67

Annual Heating and Cooling

Electric Heat Pump - Standard 0.61 0.69 0.59 0.68 0.57 0.65 0.54 0.60 0.58 (0.65) 0.60 (0.68) 0.54 (0.59 0.53 (0.58) 0.42 (0.45)
Electric Heat Pump - High Efficiency I 0.71 0.81 0.70 0.79 0.67 0.77 0.62 0.70 0.67 (0.75) 0.67 (0.75 0.61 (0.67 0.60 0.66 0.45 (0.49)
Electric Heaf Pump - High Efficiency II 0.66 0.77 0.66 0.75 0.61 0.70 0.62 (0.69 0.65 (0.72) 0.69 (0.77 0.60 (0.66 0.59 (0.65) 049 (0.53)
Electric Heat Pump - High Efficiency III 0.69 0.78 0.66 0.75 0.63 0.72 0.54 (0.61 0.62 (0.69) 0.68 (0.77) '.57 (063 0.56 0.61 0.48 (0.51
Hybrid Electric Heat Pump-Gas Furnace 0.56 0.64 0.54 0.62 0.52 0.60 0.55 0.62) 0.53 (0.59) 0.53 0.S57 0.53 (0.58 0.53 (0.57 0.50 (0.54
Hybrid Electric Heat Pump-Oil Furnace 0.56 0.65 0.55 0.62 0.52 0.60 0.56 (0.63) 0.52 (0.59) 0.54 (0.57) 0.54 (0.59 0.550.58 0.52 (0.56
Gas Warm Air Furnace/Central Air 0.60 0.56 0.55 0.55 0.55- 0.56 0.56 0.57 0.55

Conditioner-High Efficiency
011 Warm Air Furnace/Central Air 0.65 0.63 0.61 0.61 0.62 0.62 0.62 0.63 0.62

Conditioner-High Efficiency
Central Electric Furnace/Central Air 0.54 0.44 0.41 0.37 0.36 0.35 0.35 0.33 0.30

Conditioner-High Efficiency
Baseboard Convectors/Window Air 0.49 0.41 0.38 0.35 0.34 0.34 0.34 0.33 0.30

Conditioners
Electric Heat Pump-Heat Only/Central 0.68 (0.78) 0.68 (0.78) 0.66 (0.74) 0.63 (0.71) 0.73 (0.78) 0.75 (0.84) 0.64 (0.71) 0.63 (0.70) 0.:52 (0.57)

Air Conditioner-High Efficiency

* Numbers in parenthese are on-site energy consumptions based on steady state or full load performance, i.e no dynamic
efficiency losses are included.



EXHIBIT 12- 2

ADVANCED HEATING AND COOLING SYSTEMS: COMPARISON OF SEASONAL PERFORMANCE FACTORS ON A PRIMARY ENERGY BASIS

Residential Space Conditioning

HEATING Houston Birmingham Atlanta Tulsa Philadelphia Seattle Columbus Cleveland Concord
Advanced Electric Heat Pump I ** 0.76 0.73 0.72 0.74 ** 0.72 0.72 **Advanced Electric Heat Pump II1 1.04 0.86 0.86 0.69 0.81 0.96 0.74 0.73 0.58
Free Piston Stirling-Rankine Gas Heat Pump 1.10 1.07 1.06 1.04 1.05 1.09 1.03 1.03 0.98
V-Type Single Cylinder Stirling-Rankine Gas HP 1.16 1.11 1.10 1.01 1.10 1.11 1.07 1.07 0.91
Organic Fluid Absorption Gas Heat Pump 0.95 0.92 0.91 0.90 0.91 0.94 0.90 0.90 0.87
Pulse Combustion Furnace 0.78 0.79 0.79 0.81 0.81 0.82 0.82 0.82 0.82

COOLING

Advanced Electric Heat Pump I ** 0.74 0.71 0.74 0.75 ** 0.75 0.76 *0
Advanced Electric Heat Pump II 1.00 1.01 0.96 0.98 1.02 1.15 1.02 104 0.68
Free Piston Stirling-Rankine Gas Heat Pump 0.72 0.69 0.69 0.71 0.70 0.71 0.69 0.87 0.82
V-Type Single Cylinder Stirling-Rankine Gas HP 0.81 0.80 0.81 0.73 0.84 0.88 0.82 0.8 0.4
Organic Fluid Absorption Gas Heat Pup 0.48 0.46 0.47 0.48 0.46 0.47 0.46 0.4 0.46

ANNUAL HEATING AND COOLING

Advanced Electric Heat Pump I ** 0.75 0.72 0.73 0.74 ** 0.73 0.73 61
Advanced Electric Heat Pump II1 1.01 0.95 0.91 0.78 0.86 0.98 0.80 0.77 0.61
Free Piston Stirling-Rankine Gas Heat Pump 0.77 0.81 0.82 0.89 0.92 ).02 0.92 0.90 0.90
V-Type Single Cylinder Stirling-Rankine Gas HP 0.85 0.89 0.90 0.87 0.99 1.06 0.98 1.01 0.90
Organic Fluid Absorption Gas Heat Pump 0.53 0.59 0.60 0.68 0.71 0.83 0.73 0.78 0.80
Pulse Combustion Furnace/Central AirConditioner-High Efficiency 0.67 0.71 0.70 0.72 0.76 0.81 0.78

* The energies presented may be underestimated for the advanced electric heat pump I, free piston Stirling-Rankine gas heat pump and the organic fluid absorption gas heat pump due to possible underestimation ofcycling and defrost losses. If the dynamic efficiency losses of the advanced heat pumps were similar tothose of the conventional electric (Rankine cycle) heat pump, then adjusted estimates of energies whichinclude these effE:ts can be obtained by multiplying the values in this table by a factor of 1.231 forthe heating season, 1.181 for the cooling season and 1.252 for annual energy values.
** System is not sized for application in these cities.



EXHIBIT 12-3

CONVENTIONAL ELECTRIC HEAT PUMPS AND OTHER SYSTEMS: COMPARISON OF TOTAL FUEL AND ELECTRIC ENERGY CONSUMPTION ON A PRIMARY ENERGY BASIS

(Btu x 10-6)

Heating Houston Birmingham Atlanta Tulsai Philadelphia Seattle Columbus Cleveland Concord

Electric Heat Pump - Standard 15.75 (14.16)* 42.08 137.94) 44.17 (40.08) 88.30 (81.29) 85.05 (77.73) 72;67 (64.62) 114.79 (105.35) 1.37.2 (126.16) 199.09 (186.61)
Electric Heat Pump - High Efficiency I 13.17 (11.86) 36.11 (32.67) 37.7 (34.21) 76.84 (70.66) 73.90 (67.56) 6607 (58.24) 102.29 (93.66) 123.00 (112.66) 185.06 (173.18)
Electric Heat Pump - High Efficiency II 14.09 (12.64) 37.55 (33.42) 41.53 (37.67) 75.56 (69.48). 75.97 (69.43) 63.36 (56.49 103.08 ( 94.53) 123.39 (113.31) 168.61 (157.71)
Electric Heat Pump - High Efficiency III 14.95 13.44) 40.04 (36.19 42.12 (38.29) 86.16 L79.24) 81.37 (74.44) 64.62 (57.53 110.69(101.56 132.46 (121.73 176.50 165.26
Hybrid Electric Heat Pump-Gas Furnace 18.67 (16.82) 47.96 (43.91) 50.41 (46.12) 81.43 (75.35) 94.04 (86.91) 83.22 (78.75 114.58 (107.73) 135.02 (127.83) 160.16 (152.15)Hybrid Electric Heat Pump-Oil Furnace 18.63 16.79) 47.58 (43.63) 50.15 (45.90) 80.22 (74.31) 92.95 (85.92) 81.80 (78.30 111.77 (105.40 131.34 (124.95) 155.41 (147.96)
Electric Heat Pump - Heat Only 13.16 11.74) 34.87 (31.46) 37.14 (33.80) 69.51 (63.82) 69.00 (63.07) 57.67 51.42 94.48 86.34) 113.50(103.87 154.42 (144.50)
Gas Warm Air Furnace 19.58 47.09 48.25 83.78 89.69 78.46 107.94 12i.53 144.60Oil Warm Air Furnace 17.29 41.97 43.03 74.05 80.62 70.51 97.40 111.55 130.95Central Electric Furnace 34.69 82.68 88.64 149.54 161.47 136.69 196.28 231.35 284.62
Baseboard Convectors 33.40 81.06 86.75 147.30 159.11 133.76 193.41 22J.94 250.46

Cooling

Electric Heat Pump - Standard 81.04 (70.46 55.87 (47.79 54.80 (46.65) 43.41 36.55 33.58 28.47) 10.39 (9.27) 31.10 (26.60 23.91 20.33 16.20 14.04Electric Heat Pump - High Efficiency 66.61 (58.16 47.07 (40.63 46.39 (39.72) 35.40 29.91 28.23 (24.07 8.49 7.62) 26.11 22.46 19.8 17.01 13.37 11.59Electric Heat Pump - High Efficiency 11 73.41 (69.98 50.69 (42.98 51.08 44.04) 38.66 32.85 30.45 25.51) 9.59 (8.42) 28.24 23.85 21.E( 18.14 14.96 12.76
Electric Heat Pump - High Effi ncy III 7061 6153 4855 4177 47 (40.78 43.60 36.74 29.29 24.89 8.86 7.83 27.11 23.24 20. ( 17.77 13.01 11.16Hybrid Electric Heat Pump 85.02 (73.08 58.59 (49.73) 57.82 (48.71 45.10 37.32 35.42 29.62) 11.10 9.68 32.82 27.76 25.2! 21.27 16.96 14.11Central Air Conditioner - High Efficiency 73.12 (63.62 50.27 43.18 49.46 (42.14 42.46 35.81 30.29 25.70) 9.42 8.32) 28.06 24.01 21.5; 18.34 14.04 12.06)
Central Air Conditioner - Standard 87.20 (76.02) 60.06 51.70 59.13 (50.48 44.66 (37.68 36.23 30.80 11.00 9.87 33.53 28.75 25.11( 21.98 16.27 14.03)Window Air Conditioners 38.21 26.51 26.68 21.40 17.63 8.14 16.73 184 9.53

Annual Heating and Cooling

Electric Heat Pump - Standard 96.79 (84.62) 97.75 (85.73) 98.97 (86.73) 131.71 (117.84) 118.63 (106.21) 83.06 (73.89) 145.89 (131.95) 161.21(146.50) 215.28 (200.65)
Electric Heat Pump - High Efficiency I 79.78 70.02) 83.18 (73.30) 84.11 (73.93) 112.24 (100.51) 102.13 ( 91.63) 74(56 (65.86 128.40 (116.12) 142.8'(129.67) 198.43 (184.78
Electric Heat Pump - High Efficiency II 87.50 75.62) 88.23 (76.91) 92.61 (81.72) 114.23 102.33 106.40 94.94) 72.95 64.91) 131.32 (118.38 144.9'(131.45 183.58 (170.47Electric Heat Pump - High Efficiency III 85.56 74.96) 88.60 (77.96) 89.92 (79.07) 129.76 (115.97) 110.66 ( 99.33) 73.48 (65.36) 137.80 (124.80 153.3(139.50) 189.51 (176.43)
Hybrid Electric Heat Pump-Gas Furnace 103.70 (89.90) 106.55 (93.64) 108.23 (94.83) 126.53 (112.67) 129.46 (116.60) 94.31 (88.43) 147.40 (135.50 160.3(149.09) 177.13 166.27Hybrid Electric Heat Pump-il Furnace -103.65 (89.86) 106.17 (93.36) 107.97 (94.61) 125.32 (111.63) 128.37 (115.61 92:90 7.98 144.59 (133.16 156.E(146.22 172.3 62.07
Gas Warm Air Furnace/Central Air 92.70 97.36 97.71 ~126.24 119.98 ol.88 136.00 B.08 158.64Conditioner - High Efficiency
Oil Warm Air Furnace/Central Air 90.41 92.23 92.48 116.51 110.92 79.93 125.46 1.10 144.99Conditioner - High Efficiency
Central Electric Furnace/Central Air 107.81 133.05 138.10 192.00 191.76 146.11 224.34 3.90 298.66Conditioner - High Efficiency
Bas~eboard Convectors/Window Air 71.61 107.57 113.43 168.70 176.74 141.90 210.14 3.78 259.99Conditioners
Electric Heat Pump-Neat Only/Central 86.28 (75.41) 85.14 (74.64) 86.60 (75.94) 111.97 ( 99.63) 99.29 (88.77) 67109 (59.74) 122.54 (110.35) 135.((122.21) 168.46 (156.56)Air Conditioner - High Efficiency

* Numbers in parenthese are on-site energy consumptions based on steady state or full load performance
i.e., no dynamic efficiency losses are included.



EXHIBIT 12- 4

ADVANCED HEATING AND COOLING SYSTEMS: COMPARISON OF TOTAL FUEL AND ELECTRIC ENERGY CONSUMPTION ON A PRIMARY ENERGY BASIS

(Btu x 10-6)

HEATING Houston Birmingham Atlanta Tulsa Philadelphia Seattle Columbus Cleveland Concord

Advanced Electric Heat Pump I ** 33.08 35.15 61.52 65.87 82.07 97.57
Advanced Electric Heat Pump II 8.11 22.16 23.33 49.97 45.91 36.45 61.24 73.26 108.05
Free Piston Stirling-Rankine Gas Heat Pump 9.32 23.47 24.17 43.30 46.43 39.43 5905 68.97 83.05
V-Type Single Cylinder Stirling-Rankine Gas HP 8.83 22.51 23.12 44.46 44.51 38.77 55.67 66.02 87.19
Organic Fluid Absorption Gas Heat Pump 10.84 27.12 27.79 49.81 53.44 45 97 65.44 78.91 93.21
Pulse Combustion Furnace 13.09 31.34 32.21 55.97 60.37 53.39 73.04 86.34 98.31

COOLING

Advanced Electric Heat Pump I ** 44.82 43.84 34.54 26.83 *25.03 19.20
Advanced Electric Heat Pump II 40.68 27.89 27.22 21.33 16.57 5.41 15.52 11.87 8.19
Free Piston Stirling-Rankine Gas Heat Pump 66.82 48.00 45.31 35.59 28.87 9.99 26.95 20.64 13.41
V-Type Single Cylinder Stirling-Rankine Gas HP 75.64 55.71 51.72 45.36 32.62 11.20 30.89 23.11 15.48
Organic Fluid Absorption Gas Heat Pump 99.93 72.25 67.90 53.32 43.44 15.19 40.57 31.02 20.0P

ANNUAL HEATING AND COOLING

Advanced Electric Heat Pump I ** 77.90 78.99 96.06 92.70 ** 107.10 116.77 **
Advanced Electric Heat Pump II 48.79 50.05 50.55 71.30 62.48 41.86 76.76 85.13 116.24
Free Piston Stirling-Rankine Gas Heat Pump 76.14 71.47 69.48 78.89 75.30 49.42 85.01 89.61 96.46
V-Type Single Cylinder Stirling-Rankine Gas HP 84.46 78.21 74.84 89.82 77.13 49.97 86.56 89.13 102.67
Organic Fluid Absorption Gas Heat Pump 110.77 99.37 95.69 103.13 96.88 61.16 107.01 109.93 113.29
Pulse Combustion Furnace/Central Air

Conditioner-High Efficiency 76.71 74.53 74.34 91.77 86.08 61.72 97.06. 104.68 110.36

* The performance factors presented may be underestimated for the advanced electric heat pump I, free piston
Stirling-Rankine gas heat pump and organic fluid absorption gas heat pump due to possible underestimation
of cycling and defrost losses. If the dynamic efficiency losses of the advanced heat pumps were similar to
those of the conventional electric (Rankine cycle) heat pump, then adjusted estimates of performance
factors which include these effects can be obtained by multiplying the values in this table by a factor of
1.097 for the heating season, 1.164. for the cooling season and 1.118 for annual performance factor values.

** System not sized for application in these cities.



EXHIBIT 12-5

ELECTRIC HEAT. PUMP, CONVENTIONAL SYSTEMS, AND ADVANCED HEAT- PUMPS FOR LIGHT 'COMMERCIAL BUILDING APPLICATION:
COMPARISON OF AVERAGE HEATING. COOLING AND ANNUAL PERFORMANCE FACTOR - PRIMARY ENERGY BASIS

Electric Heat Pump and Conventional Systems Houston Birmingham Atlanta Tulsa Philadeiphia Seattle Columbus Cleveland Concord

Electric Heat Pump - Standard

Heating 0.81 0.76 0.70 0.72 0.75 0.75 0.66 0.66 0.59
Cooling 0.65 0.65 0.62 0.65 0.64 0.70 0.67 0.68 0.63
Annual 0.66 0.68 0.64 0.67 0.69 0.73 0.66 0.66 0.60

Electric Resistance Heating/Electric
Air Conditioning

Heating 0.29 0.29 0.28 0.29 0.29 0.31 0.30 0.30 0.28
Cooling 0.65 0.65 0.62 0.65 0.54 0.71 0.68 0.68 0.61
Annual 0.59 0.50 0.47 0.45 0.39 0.39 0.39 0.37 0.34

Rooftop Gas Furnace/Electric
Air Conditioning

; v Heating 0.32 0.41 0.39 0.43 0.41 0.43 0.45 0.45 0.46
in Cooling 0.60 0.60 0.58 0.60 0.60 0.66 0.63 0.63 0.59

Annual 0.56 0.54 0.51 0.53 0.50 0.49 0.51 0.50 0.50

Advanced Heat Pump Systems

Brayton-Rankine Gas Heat Pump

Heating 0.94 0.92 0.86 0.87 0.91 0.93 0.84 0.84 0.76
Cooling 0.78 0.76 0.76 0.74 0.77 0.73 0.77 0.77 0.72
Annual 0.79 0.79 0.78 0.78 0.83 0.85 0.81 0.82 0.75

Rankine-Rankine Gas Heat Pump

Heating 1.43 1.35 1.32 1.30 1.34 1.35 1.28 1.27 1.27
Cooling 0.85 0.86 0.86 0.88 0.85. 0.91 0.88 0.90 0.91
Annual 0.88 0.94 0.95 1.00 1.01 1.16 1.08 1.12 1.11



EXHIBIT 12-6

ELECTRIC HEAT PUMP, CONVENTIONAL SYSTEMS, AND ADVANCED HEAT PUMPS FOR LIGHT COMMERCIAL BUILDING APPLICATION:
ANNUAL PRIMARY ENERGY CONSUMPTION - COMBINED HEATING AND COOLING (MILLIONS OF BTU'S)

Electric Heat Pump and Conventional Systems Houston Birmingham Atlanta Tulsa Philadelphia Seattle Columbus Cleveland Concord

Electric Heat Pump - Standard 363.49 300.41 288.76 295.70 219.35 163.48 239.78 234.91 285.74

Electric Resistance Heating/Electric 408.34 405.88 397.64 443.28 383.37 310.18 409.56 420.62 499.45
Air Conditioning

Rooftop Gas Furnace/Electric 429.03 374.63 362.55 377.09 302.40 246.74 311.04 309.29 342.84
Air Conditioning

Advanced Heat Pump Systems

Brayton-Rankine Gas Heat Pump 303.96 256.33 237.67 253.70 182.00 141.49 196.81 190.85 230.07

Rankine-Rankine Gas Heat Pump 274.23 215.46 195.96 199.18 148.46 103.73 147.31 139.30 154.27

LJ



EXHIBIT 12-7

ANNUAL PRIMARY FUEL AND ENERGY SAVINGS WITH ALTERNATIVE HVAC SYSTEMS - RESIDENTIAL SYSTEMS
(Basis: Total United States)

Coal 11 Gas Hydro Nuclear
lb x 10-6) (gal x l -6) (cft x l1-9) (kWh x 10-6) (kWh x 10-6)

Low High Low High Low Hgh Low Hgh Low Hgh

Hybrid Electric Heat Pump-Gas Furnace
instead of Electric Heat Pump-Standard

1985 1674 23 30 246 (258
1990 3063 43 55 456 (471
1995 4207 59) 75 (626 (646
2000 5127) (71) 92 (764) (788)

Advanced Electric Heat Pump II
instead of Electric Heat Pump-Standard

1985 153 336 73 (7 7 (1 (36 79 (27 59,
1990 613 1646 (13) (34 (3 ( 7 144 386 (107 286
1995 1104 3386 23 72 5 (14 260 815 (193 593
2000 1592 5870 33 122 7 24 374 1381 (280 1025

Free Piston Stirling-Rankine Gas Heat
Pump instead of Gas Warm Air Furnace/
Central Air Conditioner-High Efficiency

1985 ( 44) ( 100) (1) (2) ( 1) ( 3) ( 15) ( 33) 8) 20)
* 1990 135) (352) ( 3) (8) ( 4 (11) ( 45) (121 27) 70
1995 (226) (729 (5) (17) (7 (22) (75 ( 242 45) 144

2000 317) (1213 ( 7) (28) (10 (37 (105 ( 400) 63

Pulse Combustion Furnace instead of
Gas Warm Air Furnace

1985 49 1 (125) 13 9
1990 99 2 250 27 17
1995 148 3 374) 40 25
2000 197 4 (498) 54 34

Organic Fluid Absorption Gas Heat
Pump instead of Gas Warm Air Furnace/
Central Air Conditioner-High Efficiency

1985 (58) ( 133 (1) ( 3 0+ 1 18) 41 (11 25
1990 179 (471 4) 10 0+ 2 56 150 34 90
1995 299) (965 6 21 1 4 93) (300 57 184
2000 420) (1604) 9 36 2 7 (131) (498 80 306

Free Piston Stirling-Rankine Gas Heat
Pump instead of Electric Heat Pump-
High Efficiency II

1985 ( 242) (555) ( 5) (11) 3 7 ( 62) 141) (42) (99)
1990 (750) (2011) 15) (38 9 24 (190) 15) 131 (346
1995 1250) (4035 24) 77 15 49 (317) 1023) 218) (699
2000 (1758) (6700) (34) (129) 22 82 (446) 1699) 307) (1164

Note: Numbers in parentheses represent resource savings.



EXHIBIT 12-8

ANNUAL PRIMARY FUEL AND ENERGY SAVINGS WITH ALTERNATIVE HVAC SYSTEMS: COMMERCIAL SYSTEMS
(Basis: Total United States)

Coal 011 Gas Hydro Nuclear
(lb x 10-6) (gal x 10-6) (cft x 10-9) (kWh x 10-6) (kWh x 10-6)Lo- Tigh Lo High Low Nigh Low High Low High

Rankine-Rankine Gas Heat Pump 
L Hg L hinstead of Rooftop Gas Furnace/

Electric Air Conditioner

1990 (12) (342) (8l 0) (0) 08) (15) (5) (10)199 5
32 (4)3(8 (0 39) (102) (27) (691995 326 (701) 8 (17) (1 (97) (209) (66) (142)2000 (627) (1539) ) () (187 (459) (127) (311)

Rankine-Rankine Gas Heat Pump
instead of Electric Heat Pump
Standard

1985 (45) 91) 1 2) 0 1 (14 28) 9) (19)v 1990 235) 608) 65) (15 2 6 71 184 48) (125)
2000 (1115) 2737) 28 (69 10 25 (338) 831) (228) (561)

NOTE: Numbers in parentheses represent net savings.



13. PRELIMINARY ANALYSIS OF THE IMPACT OF HEAT PUMPS
ON ELECTRIC AND GAS UTILITIES

13.1 Introduction

Before concluding the analyses of conventional and advanced heat

pumps presented in this report, the effect of sufficiently large numbers

of electric and gas heat pumps on electric and gas utility load character-

istics must be considered. Although a quantitative or definitive analysis

of this question was outside of the scope of this study, a preliminary

analysis was, nevertheless, undertaken and some conclusions drawn.

The demand-statistical parameters of interest in considering the

question of utility load impact are (a) annual or seasonal load factor

(b) annual or seasonal performance factor, and (c) coincidence factor.

Although other demand parameters are often defined and measured also,

the above will suffice for our discussion. The load factor is defined

as the ratio of the average demand to the maximum demand; the performance

factor as the ratio of the heating or cooling load of the building to

its on-site energy consumption. A system with a high load factor, then,

represents a reasonably "level" demand; a system with a high seasonal

performance factor uses less energy to meet a given seasonal building

heat loss or gain than a system with a low seasonal performance factor.

In addition to the two parameters defined above, an additional

quantity of interest is the coincidence factor. That is the ratio of

the maximum demand imposed by a group or class of individual units to

the sum of the individual demand maxima of all the units in the group

or class under consideration. Central air conditioning, for example,

represents a load class with relatively high coincidence factor: in
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hot weather a large demand is imposed on the utility as almost all the

air conditioners are on in response to the thermostats.

13.2 Effect of Electric Heat Pumps

In a previous study (Gordian Associates, 1976), the authors considered

the question of the effect of electric heat pumps on electric utility

load characteristics on the basis of a typical heat pump "balance point"

curve. It was shown how stepwise rather than gradual increases in demand

would occur if the outdoor temperature dropped below the first balance

point, the second balance point, etc. An actual installation would not,

of course, have a fixed balance point (or balance points, if more than

one stage of supplemental heat is involved). Rather, the balance point

would vary depending on the insolation, wind velocity, internal heat

generation, thermostat setting, and, possibly, other variables. Nor

would the balance points of different buildings (say, either residential

or commercial) necessarily coincide, creating a demand diversity. This

demand diversity is, of course, all-important to the utility, because

it only "sees" the load-class average or diversified demand, not a multiple

of the individual demand curves.

Unfortunately, the hour-by-hour simulation of the energy require-

ments (i.e. a hourly demand profile) of a heat pump conditioned building

does not itself alone enable the computation of the diversified demand,

unless a large number of simulations of building energy demand were under-

taken. However, some load survey data and other information are available

on heat pump demand diversity, permitting certain qualitative conclusions

as to its impact on electric utility load characteristics. Some of these

data are discussed below.
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AEIC Load Research Committee reports (1971-72) have shown that

electric heat pump diversified demand per customer (i.e. the demand

the utility "sees") correlates reasonably well with heating and

cooling degree-days, respectively. That is, daily maximum 30-minute

integrated heating season electricity demand increases as a linear

function of degree-days, whereas the analogous cooling season electricity

demand increases as a linear function of cooling degree-days. The coin-

cidence factor varies with the severity of the heating or cooling re-

quirement as follows:

Heat Pump Coincidence Factors from Load Survey Data

Heat Pump Coincidence
Factor (Percent)

Heating Cooling

Maximum 76.8 61.8
Month of maximum February June

Minimum 24.7 37.8
Month of minimum September October

Annual average 69.2 60.2

Source: Baltimore Gas and Electric Co. 1969 load
survey (AEIC, 1971-72).

The results of this load survey showed that the heat pump has a significant-

ly higher maximum heating coincidence factor than on cooling and that the

heating coincidence factor appears to be more weather-sensitive.

Another interesting result was obtained in the Westinghouse northern

climate heat pump improvement study (Kirschbaum and Veyo, 1977a): electric

heat pumps expected to be installed in three selected utilities' service
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territory by 1985 were shown to produce only a small increase in annual

energy demand (i.e. generation) but a large increase in the annual peak.

Annual load factors were shown to decrease from 2.2% to 17.3%, depending

on the utility. A summary of the Westinghouse results is shown in the

table below.

Effect of Projected Cumulative 1985 Heat Pump Saturation
on Three Electric Utilities

(Per Cent Change)

Niagara-Mohawk Boston Public Service
Power Corp. Edison Co. Co. of Colorado

Annual Peak 3.2 0.3 27.0
Annual Load Factor -2.2 -3.9 -17.3
Energy Generation 1.0 1.0 10.5
Revenue 0.9 0.8 10.5

Source: Kirschbaum and Veyo (1977a)

It should be noted that solar assisted electric resistance heat supplemented

systems are not even incorporated in the above result. These, of course,

would be expected to cause even greater load factor deterioration.

Use of hybrid heat pumps (e.g. electric heat pumps using combustion

furnaces for supplemental heat) would improve heat pump demand character-

istics but deteriorate gas utility load factors.

13.3 Effect of Gas Heat Pumps

Little quantitative information is on hand on the pertinent factors

affecting the load characteristics of gas space conditioning appliances

on gas utility loads. However, it is well known that gas utilities ex-

perience a very season-and-weather dependent heating gas demand which

essentially vanishes in the summer, the saturation of gas air conditioning
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probably being insignificant in most areas. The effect of gas heat

pumps in lieu of gas furnaces (with electric cooling, say) would clearly

be to improve utility annual load factors by decreasing the heating

season gas demand due to higher equipment efficiency and addition of

load during the cooling season. It has been argued that gas heat pumps

will increase electric utility load factors as well by drawing away some

of their cooling load, but that argument appears specious with regard to

regions where gas heat pumps would be most likely applied since in these

areas electric utilities may well be winter-peaking in the near future

anyway. Since a quantitative analysis of these questions did not fall

within the scope of this study, little more can be said about the probable

effect of gas heat pumps. In any case, however, no significant effect

is likely to be felt for a long time even if commercially successful

equipment were developed.

13.4 Summary

It is clear from the foregoing discussion that increased penetration

of electric heat pumps with supplemental resistance heat will cause, in

some cases, the deterioration of system annual load factors, unless

appropriate thermal energy storage systems are also developed. Capacity

modulation with heating or cooling load would mitigate the load factor

decrease to some extent; increased use of solar assisted heat pumps

(without appropriate thermal storage) would probably greatly accelerate

load factor deterioration.
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14. RESEARCH AND DEVELOPMENT NEEDS IN HEAT PUMP TECHNOLOGY

14.1 Introduction

The previous chapters have described new developments in heat pump

technology and provided comparisons of on-site and primary energy

efficiency and life cycle owning and operating cost of selected advanced

and conventional or state-of-the art heat pumps. In this chapter,

research needs in the area of advanced heat pump and related technology

are identified. A suggested Federal Government sponsored research

program complementing or supporting private sector research is outlined

in Chapter 15. Again, this discussion makes no pretense of being comprehensive,

since it has not been possible to investigate in depth all of the various

heat pump concepts under development; certain-impbrtant areas of heat

pump technology such as applied or built-up heat pumps, of necessity,

have been ignored altogether.

Before discussing heat pump research and development needs, a

review of the status of existing programs and projects is necessary. Section

14.2 attempts to give a broad overview of ongoing research. Some related

material may be obtained from a survey of heat pump research needs

commissioned by the President's Council on Environmental Quality (Crane

et al., 1976) and several EPRI publications on this subject (see Section

14.2.2).

14.2 Existing Research Programs

Heat pump research in the United States is being conducted by a

number of firms, institutions or other organizations and by individual

inventors. The diversity of the approaches considered and work ongoing
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should be apparent from Chapters 3-7. For convenience the discussion of

ongoing work in this section will be organized into broad segments of

the private and public sector as follows:

o ERDA and other Federal Government programs

o Air conditioning industry programs

o Electric Power Research Institute programs

o Other electric utility industry programs

o American Gas Association programs

o Other gas utility industry programs

o University and independent research organization programs

14.2.1 ERDA and Other Federal Government Programs

The preceding sections have discussed two gas-fired thermal engine

Rankine-cycle heat pump projects of which the Consumer Products and

Technology Branch of ERDA's Office of Conservation is sponsor or co-

sponsor. Additional information on these and other programs is available

in a recently published Program Plan (ERDA, 1977) and will not be repeated

here.

A number of heat pump or heat pump related projects are being

funded by the Solar Energy Division of ERDA.

o Chemical heat pump

o Sulfuric acid heat pump

o Solar pivoting tip rotary vane expander-driven heat pump

o High temperature absorption heat pump

Projects included in the program plan but not necessarily funded

are:
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o A study to compare solar-assisted heat pump systems,
direct solar heating systems and conventional heat pumps
for use in various climates. Different configurations
will be studied for performance advantages for both
residential and commercial installations in new and old
buildings,

o A study to evaluate the technical and economic feasibility
of heat pump systems where the compressor is driven by a
heat engine.

o A study to evaluate the technical and economic feasibility
of using natural or otherwise available elements for
thermal storage in a solar assisted heat pump system.

o A study of the performance and economic feasibility of
incorporating wastewater heat recovery in a solar-assisted
heat pump system.

o A study to identify the electric utility load characteristic!
of solar-assisted heat pumps. Also a study to investigate
means of using thermal storage for load leveling in these
systems.

o Configuration studies of various combinations of heat
pumps (both water source and air source), collectors, and
storage units. The characteristics of the best combinations
and the sensitivity of each combination to changes in
component performance are to be determined.

14.2.2 Air Conditioning Industry Programs

Only electric-motor-driven heat pumps are being manufactured today

for residential and light commercial-industrial applications. Under-

standably, many, if not most, of the details of ongoing research and

development work are highly proprietary. Chapter 3 describes what has

been learned in our field investigations through contacts with various

manufacturers and by following technical trends and developments in the

industry. A summary of areas in which research or development work is

believed to be ongoing is as follows:
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o Two-speed heat pump compressor development -- a major
manufacturer announced in 1973 a two-speed air-conditioner
compressor in the 5 ton size. Others have developed two-
speed hermetic refrigerant compressors. A two-speed heat
pump has been built and is undergoing tests.

o Improvement of low-temperature capacity and efficiency -
dramatic improvements in some manufacturer's lines have
been observed since our FEA study (Gordian Associates,
1976);

o Solar assisted heat pump development - in comparison to
resistance heat, the electric heat pump constitutes a low
load-factor load to the utility; the solar-assisted heat
pump even more so, unless substantial storage is provided.
Several manufacturers have introduced solar assisted or
boosted air-to-air heat pumps and have or are improving
their water-to-air heat pump line;

o Continuous speed and capacity modulation;

o Improved heat pump controls and malfunction diagnostics.

14.2.3 Electric Power Research Institute Programs

Since its founding, EPRI has been sponsoring research into a number

of areas involving heat pump systems, with the objective of fostering

the development of so-called "preferred-systems", i.e. those that are

efficient, reliable and cause the least deterioration of utility load

factors.

Ongoing programs include:

o An analytical study to develop and optimize electric heat
pump design to colder climates, with special consideration
being given to solar assisted heat pumps. A final report
on this project was issued recently (Kirschbaum and Veyo,
1977). (RP544-Contractor: Westinghouse Electric Corp.)

o A program to design and implement instrumentation for the
performance evaluation of residential solar assisted heat
pumps. (RP649-Contractor: Potomac Electric Power Co.)

o A program to design and implement instrumentation for the
performance evaluation of a demonstration of solar assisted
heat pump system in a commercial building. (RP650-
Contractor: Boston Edison Co.)

o A study evaluating energy conservation and load management
characteristics of a residential solar assisted heat pump
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system, Direct solar augmentation of the solar assisted
heat pump system is also being explored. (RP845-Contractor:
New Bedford Gas and Edison Light Co.),

o A detailed analysis of cost and performance data for an
installed solar assisted heat pump system. (RP924-
Contractor: City of Colorado Springs Department of
Public Utilities)

o A study of the performance and economic feasibility of a
commercial building solar assisted heat pump which
utilizes the building's rejected heat. (RP924-Contractor:
Southern California Edison Co.)

o A study is being conducted by the Public Service Company
of New Mexico to develop five residential solar augmented
space conditioning systems, three of which will be heat
pump systems. They are subcontractors to Arthur D.

=Little, Inc., which is developing a model to predict the
compatibility of solar space conditioning systems with
utility system. A paper describing.the project has been
released (Pepper, 1976). Another participant in this
program is Long Island Lighting Co. with another five
buildings.

o A project is being conducted in which instrumentation was
developed by Carrier Corporation and Niagara Mohawk Power
Company to monitor the performance of existing heat pump
systems. The study concerns itself primarily with northern
climate cities. A paper describing the work has been
published (Reedy, et al., 1976).

14.2.4 Other Electric Utility Industry Programs

A number of electric utilities have ongoing projects evaluating the

reliability and performance of heat pumps vs. competitive heating systems

in mostly residential buildings. Some of the reliability data accumulation

programs were described'in our previous study (Gordian Associates,

1976); additional information on utility programs has been described in

(Kirschbaum and Veyo, 1977) and a number of articles in Electrical World

and other periodicals. To our knowledge no utility is by itself involved

in heat pump equipment development, but may be cooperating with EPRI or

heat pump manufacturers on joint projects testing heat pump'performance

in various applications (e.g. heat or cold storage and recovery, solar

assisted systems, etc.). Much of this effort is ultimately designed to
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produce equipment of improved performance and reliability and is of

great value in assisting the industry to better define conditions under

which heat pump equipment must operate in practice.

14.2.5 American Gas Association Programs

As already described, a number of heat pump studies and hardware

development projects are being conducted under sponsorship of the AGA

and by individual gas companies. A recent article in the ASHRAE Journal

discusses the AGA programs (Sarkes et al., 1977), although the description

of the absorption cycle heat pump development is apparently dated. A

list of selected projects is given below; however, since all of these

have already been described in some detail in the preceding chapters,

only the project participants are listed here:

o Organic fluid absorption gas heat pump: Sponsors: Allied
Chemical Co., AGA; Systems Contractor: Phillips Engineering
Co.

o Brayton-Rankine gas heat pump: Sponsor: AGA; Contractor:
Garrett Airesearch Mfg. Co. of California.

o Stirling (free-piston)-Rankine gas heat pump:
Sponsors: AGA, ERDA; Contractor: General Electric Co.,
Space Div.

14.2.6 Other Gas Utility Programs

Other gas-fired thermal engine and absorption cycle heat pump

programs in progress under the sponsorship of individual gas utilities

include the following:

o Steam turbine-Rankine heat pump: Sponsor:
Consolidated Natural Gas Service Co.ERDA; Systems
Contractor: Mechanical Technology Inc.

o (Aqua-ammonia) fluid absorption gas heat pump: Developer:
Columbia Gas System Service Corp.

o Linear gas engine-Rankine heat pump: Sponsors:
Columbia Gas System Service Corp. MTS Research Corp.
Contractor: Tectonics Research Corp.
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14.2.7 University and Other Private Sector Programs

Heat pump research, including (but to a lesser degree) equipment

development, is also being carried out at a number of academic or research

institutions, small companies and by private individuals. Some of these

projects are sponsored by some of the organizations already mentioned

and, thus, have already.been described. Some of those not mentioned

before include:

o Heat pump modelling and exploratory studies on a compressor
or suction valve closing device (Hiller and Glicksman,
1976);

o Regional assessments of electric heat pump performance
and reliability by state energy agencies (see, for example,
Wildin et al., 1976);

o Solar energy heating system demonstrations involving heat
pumps (for examples, see Proceedings of Second Annual Heat Pump
Technology Conference, 1976).

14.3 Research Needs Identified in this Study

As is evident from Section 14.2, a full spectrum of research projects

and programs is already ongoing in the private and public sector.

In view of the decrease of electric heat pump capacity and COP with

decreasing outdoor temperature, an obvious need exists to improve the

low temperature capacity as well as the overall efficiency of the heat

pump. A number of articles (Spofford, 1959; Ambrose, 1966) have discussed

the reasons for the low efficiency of the actual heat pump in contrast

to theoretical performance of a Carnot refrigeration machine operating

under similar indoor-outdoor temperature conditions. Many of the proposed

approaches to performance improvement center around developing a more

efficient compressor capable of stepwise or continuous capacity modulation.

There is an already voluminous and growing technical literature on
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possibilities of COP improvement by improved compressor design or refrigeration

loop modifications. The recently completed study by Westinghouse (Kirschbaum

and Veyo, 1977), has identified most of the possible approaches to

improvement of the state-of-the art electric heat pump. Other possibilities

have been mentioned in the paper by Comly et al. (1975),including:

o Parallel compressors (possibly of different size);

o Cascaded refrigeration loops (with different refrigerants,
if necessary);

o Series compressors

o Turbocharged compressor (i.e. precompressor);

o Two stage heat pumps.

A considerable amount of electric heat pump research is being

carried on by the segment of the HVAC industry producing heat pumps or

air conditioners. In many cases this may be best characterized as a

process of product evolution and improvement - to increase performance,

increase reliability and cut manufacturing costs. However, additional

areas may be worthy of investigation. Research needs identified in this

study are listed below. Clearly, many more could have been added to

this list. Also, some projects have been or are being worked on and not

all projects suggested are equally important. Nevertheless, these ideas

are offered as means of furthering heat pump technology and market

penetration.

Innovative Electric Heat Pump Designs

Although the heat pump and air conditioning industry is expected to

continue electric heat pump improvement, including two-speed compressor

development, refrigeration loop component and control system improvement

and the other activities related to normal product evolution, it appears
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that only moderate performance improvement is possible within constraints

of the current design and costs. Therefore, there is a need for innovative

design approaches to heat pump, which may for example deviate significantly

from the conventional hermetic electric motor-compressor design with

stationary heat exchangers. Some of these designs may incorporate other

heat sources or sinks, use air or water instead of refrigerant switching,

employ external stepwise or fully modulating (not necessarily induction)

motors, heat pipes or other technology not now being used. Hybrid

designs with furnaces, thermoelectric elements, and evaporative coolers

should be explored, as added examples. Some of this involves higher

risks or more significant deviations from the current product state-of-

the-act than established manufacturers would be expected to undertake on

their own.

Heat Pump Designs for Existing Housing

Electric heat pumps being manufactured today are principally aimed

at the new construction market for reasons of (a) lower first cost of

total installation in comparison to a refit, (b) ability to insure the

adequacy of ductwork and (c) lack of competition in many areas from

cheaper gas furnaces due to curtailments-of new gas hookups. It is true

that conversions of electric furnaces to heat pumps make up about 30% of

the residential market and that hybrid or add-on heat pumps are designed

for installation in existing buildings as well as new ones, nevertheless

more development work is needed to devise equipment for older buildings

with small-diameter warm air ducts or no ducts at all (i.e. hydronic or

steam heated units) and more cost-effective equipment for areas where

the cooling requirement is small or even nonexistent.
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While the existing housing stock is potentially a significant

market in terms of its energy conservation potential, it is obviously

much more heterogeneous in comparison to new housing and hence offers

more difficulty and less incentive for successful product development.

These heat pump designs should proceed conjointly with reinsulation and

other programs and consider possible combinations with thermal storage

and solar supplementation.

Water Source Heat Pumps

The energy effectiveness, reliability, applicability and cost of

unitary water source heat pumps needs to be inyestigated in greater

detail and performance modelling and cost analysis procedures developed

and verified.

Thermal Storage for Heat Pumps

Thermal energy storage has been and continues to be the subject of

intensive research, much of it in conjunction with solar energy building

heating systems. Various configurations of heat pumps and thermal

storage have been examined in the Westinghouse study (Kirschbaum and

Veyo, 1977b) as well. However, shorter-term storage to minimize supplemental

resistance heat requirements also should be investigated. This storage

might be replenished in periods of excess compressor capacity and used

when compressor capacity is insufficient to meet the heating or cooling

requirements of the structure. As, at least in the cooling mode, some

efficiency loss is involved with all thermal storage systems*, the

optimum combination of improved load factor and seasonal performance

* This loss can be minimized but not entirely eliminated by locating
the storage system within the conditioned space.
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factor should be investigated. Designs should be developed for existing

as well as new buildings.

Refrigerant Development

Development of alternatives to the R-22 (chlorodifluoromethane)

presently used in unitary heat pumps and air conditioners is another

area where work is indicated. While dramatic efficiency improvement

from that sector is probably unlikely, alternatives to potentially

ozone-reactive fluorocarbons may be found,or more effective or flexible

combinations of present refrigerants may be discovered. Among the

systems investigated should certainly be two-fluid combinations in which

additional fluid vaporization takes place at low evaporator temperature.

Research is also needed to develop alternatives to R-ll (trichlorofluoromethane)

and R-12(dichlorodifluoromethane), presently being considered for or

used in centrifugal machines.

Frost Formation and Melting on Heat Exchangers

At the present time no theoretical method exists which would enable

the prediction of evaporator freezing and its effect on heat pump performance

as a function of coil temperature, ambient dry and wet bulb temperature,

wind velocity, presence of precipitation, etc. Although a number of

studies were conducted at Ohio State University under ASHRAE sponsorship,

(Gates et al., 1967; Huffman and Sepsy, 1967; Parish and Sepsy, 1972) a

considerable amount of both experimental and theoretical work needs to

be done to (a) further the understanding of environmental and equipment

operating conditions under which coil freezing is encountered, (b)

achieve a quantitative understanding of frost layer thickness, density,
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thermal conductivity and its effect on the overall coil heat transfer

coefficients, (c) allow the calculation of the frequency and duration of

defrost cycles encountered in typical application and (d) incorporate in

heat pump performance estimation a reliable means of estimating seasonal

defrost energy requirements.

While undoubtedly much of this work is probably being carried out

by manufacturers, at least as far as empirical data-gathering and correlation

is concerned, very little has filtered into the available technical

literature. Yet a precise analysis of heat pump performance in typical

applications would seem to require an understanding of energy requirements

for defrost.

Control Systems

The York CHAMPION (York, 1975) solid state logic module with its

adjustable balance point control represents a significant advance in

heat pump control systems. However, additional innovation in control

systems, especially controls for load sensing and capacity modulation

are necessary.

On the negative side, increasing heat pump control system sophistication

adds to system complexity and requires increased sophistication on the

part of the servicer.

Externally Driven Hermetic Compressors

Given the apparently successful development of a magnetic coupling

for the Brayton-Rankine heat pump (see Section 4.3.2), it is well worth

investigating whether the same concept could not be applied to the

hermetic compressor of an electric heat pump. That is, the motor would
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be air-cooled and external to the refrigeration loop, driving the hermetic

compressor through a magnetic coupling arrangement. This would eliminate

the need for use of suction-gas motor cooling and thus increase

compressor COP.

Thermal Engine Heat Pumps

ERDA is already sponsoring two thermal engine heat pump development

projects (see Section 14.2.5). In the authors' view, thermal engine

heat pumps appear most promising in commercial-size tonnages (up to 25

or 40 tons) where system complexity and attendant high first cost can be

tolerated more readily than in smaller residential-scale installations.

Designs using rotating rather than reciprocating machinery and employing

hermetic refrigeration loops also appear to be the preferred ones in

terms of assuring long-term in-service reliability and relatively maintenance-

free operation. Therefore, a research program in the development and

demonstration of thermal engine heat pumps especially for commercial

applications should be continued. The main direction of this program

should be the development of gas-burning equipment primarily for the

refit market now served by year-round (usually roof-top) air conditioners

with modular gas furnaces.

Absorption Cycle Heat Pumps

In view of the simplicity of gas-fired absorption cycle machines,

further development and demonstration of these seems Indicated primarily

for residential refit applications. In addition to organic fluid based

systems, further research into aqua-ammonia systems may be desirable to

the extent required to obtain a clearer picture of the relative merits
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(the probability of developing practical equipment) of each system.

However, before use of absorption cycle machines can be justified in

areas with a high cooling load, their cooling COP has to be improved

significantly.

Brayton, Stirling and Other Refrigeration Cycles

Exploratory research should also be carried out on refrigeration

cycles other than the Rankine cycle machine. These studies should be

limited to proof-of-concept experiments, design feasibility analyses and

similar studies, the object of these being not to overlook other promising

(and perhaps longer-term) approaches. Brayton air cycle machines are

being used in aircraft cooling and in the Advanced Concept Train air

conditioning system design (Wurm, 1974; Garrett-Airesearch, 1976). In

addition, a "hybrid" electrically driven Brayton and Rankine cycle heat

pump concept has been proposed by the Rovac Corp. (1976), as already

discussed in Section 3.6. These systems bear investigation as to their

suitability for building HVAC system application.

Reliability Research and Field Data Consolidation

Although accelerated life testing in environmental test chambers of

systems and components is an important part of the heat pump equipment

development and quality assurance programs being conducted by reputable

manufacturers, reliability assurance, nevertheless, remains an area

where more research is necessary.

For example, there is a need for accumulation and analysis of field

test data from equipment installations in various climatic regions.

These data should be carefully screened and classified so that failure

rates may be correlated with more of the important independent variables
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and parameters expected to govern heat pump reliability than has been

possible heretofore. More closely controlled data analyses on carefully

stratified samples would provide the technical basis for industry reliability

standard setting, equipment rating and consumer information programs.

Consumer Attitude Survey

The heat pump is still not widely known or recognized by the average

buying public as an energy efficient space conditioning appliance. The

present available literature on residential building owners' attitudes

toward heat pumps include studies of a local or regional nature (Arkansas

Power & LightCompany, 1974) and published reports that may lack broader

statistical validity. Even less published information is available on

nonresidential heat pump buyer attitudes.

An important prelude to any heat pump consumer education program

would be a better understanding of the average consumer's knowledge,

understanding and attitude toward the heat pump. Any such survey, of

course, should be done on a regional basis for the whole country.

While it is possible that various market and attitude surveys have

been conducted by utilities and by heat pump manufacturers or developers,

most of this information is proprietary and of a kind that may be limited

to the manufacturer's interest (Garrett-Airesearch, 1976; General Electric

Co. 1977). Therefore, a heat pump consumer attitude survey is needed

that is statistically valid and national in scope to assist in consumer

education and heat pump market identification and sales potential.

Potential Heat Pump Refit Market Survey

Of the total residential building stock in the U.S. in 1974, about

half were heated by a warm air system (Census Bureau, 1976). A central
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supply system is essential for refitting a residential building with a

heat pump because altering an existing building to install a

central air distribution is considered to be prohibitively expensive (Hittman,

1976).

However, accurate information on the warm air heated building

population is not now available. The kinds of information that would

permit much better estimation of the potential for heat pumps in a refit

market application would include the present kind of heating systems in

the population, the replacement rate for present heating systems in the

population, and, most importantly, the suitability of the ducts for carrying

the larger air volumes needed for a heat pump.

Similarly, information of a like nature should be obtained for the

nonresidential building market. There is, in general, very little available

information on nonresidential buildings. Therefore, any information

such as discussed above would greatly improve the estimation for potential

market for commercial service heat pumps.

Certification Procedures Study

A recent study (Hittman, 1976) reported that the heat only heat

pump, because of design differences from a conventional heat pump, was

unable to obtain Underwriters Laboratories' (UL) and Air-Conditioning

and Refrigeration Institute (ARI) certification because no standards

existed for the product. Certification is desirable because many building

codes require it, and the local building code officers are loath to

waive the requirement because UL and ARI certification offers assurance

of product safety. Failure to have these certifications will result in

lost heat pump business.

370



A survey of certification procedures and how they may inhibit non-

conventional or advanced heat pumps would permit action to be taken,

either for new standards development or through modification of an

existing standard.

Building Code Study

As discussed in Chapter 11, the building codes have not, up to now,

paid special attention to heat pumps. In general, the applicable sections

for mechanical refrigeration, motors, etc. must be applied to the heat

pumps. It would be preferable for the codes to provide explicit require-

ments rather than the present system, which would leave the acceptability

of a heat pump open to the interpretation of the code official or fire

inspector. Alternatively, additional research may be needed to establish

fair requirements, particularly for advanced and nonconventional systems.

However, ¥this leaves the question open as to how other systems different

from the. one. gas heat pump system discussed might fare. Since it is not

a settled matter by any means at this time, a need exists to review all

potential systems against the ASME Boiler Code and to establish, possibly,

a code modification applicable to the advanced gas heat pump system.

Development of an Improved Market Model for Heat Pumps

Several heat pump market models have been developed for the residential

and the nonresidential building markets (General Electric Co., 1976;

Hittman, 1976; Oak Ridge National Laboratory, 1977) in addition to the

Gordian Associates market model used in this work. Further development

of these models is needed as well as an examination of their predictive

ability. One aspect of an improved market model would be the refining
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of the various input data to the model, including improved definition of

the refit market, better approximations for nonresidential new construction

and the proportion of total non-residential construction that could be

conditioned by unitary equipment.
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15. CONCLUSIONS AND RECOMMENDATIONS

15.1 Conclusions

The general conclusion of this investigation is that no space

conditioning system is universally to be preferred to any other'if

energy effectiveness, life-cycle cost, conservation of specific scarce

fuels or type of application is considered. Therefore, legislative or

regulatory activity which favors one system over another would be counter-

productive from an energy conservation standpoint if freedom of choice

is to remain with the consumer. Another general conclusion is that new

residential or commercial installations of gas heat pumps in lieu of

electric heat pumps would accelerate the depletion of the fuel in scarcest

supply, while possibly conserving more abundant energy resources.

More specific conclusions are offered in the sections that follow:

15.1.1 Conclusions Concerning Electric Heat Pumps

1. High efficiency electric heat pumps now available represent on

the average an 18% COP improvement and:12% SPF improvement over

the equipment available in 1975 and previously. Of the various

all - electric heating and cooling systems studied, electric

heat pumps are the most energy - efficient in terms of either

on-site or primary energy consumption.

The above-comparisons apply in case of electric furnace or baseboard

heating systems with appropriate central or room cooling units. In

baseboard heated residences with zone control, additional energy savings

over the consumption data calculated here can be obtained by appropriate

temperature set-point reductions below the levels assumed for the centrally
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controlled systems. The room air conditioners in the test residence

have a smaller total cooling capacity than the central units studied.

The former thus meet only part of the cooling load of the house and have

a commensurately smaller energy consumption.

The SPF's of the commercial-size heat pumps were higher than those

of the high-efficiency residential units because the commercial building

used in the simulations was well insulated, had relatively high lighting

levels, was essentially operated only during daytime hours. Although a

less energy-efficient structure may have penalized more the operation of

the electric heat pump (as well as the resistance furnace), the building

simulated was a recently built structure (rather than a hypothetical

one) on which heat pump equipment has been actually installed.

2. The heat-only heat pump appears to be more energy-effective

than the conventional (heating and cooling) heat pumps.

However, the cost effectiveness of the former, either as a new

installation or as an add-on appears to be questionable.

Because the heat-only heat pump contains most of the same components

as the outdoor unit of a conventional split system heat pump, their

first costs are similar. However, the first cost of the heat-only

installation (in lieu of a resistance system, say) can be paid back in

energy savings only over the heating season, making it uneconomical to

own and operate. Although designs optimized primarily for heating or

cooling may be justified, eliminating one or the other function altogether

may not be economically prudent.

376



3. Hybrid heat pumps utilizing a fossil fired furnace for supplemental

heat appear to be less attractive than expected in energy

efficiency and life-cycle cost in comparison to conventional

heat pumps. More advanced designs may reverse this conclusion,

however.

In principle, hybrid heat pumps represent an interesting concept

for retrofitting fossil fuel furnaces in newer homes. The system examined,

however, was one of the earliest models commercially introduced (several

years ago). Newer models already on the market have higher COP's and

EER's and should prove more energy-and cost-effective. Indeed,one of

the high-efficiency electric heat pumps considered is also available as

an add-on unit to warm air furnaces.

4. In comparison to gas or oil furnaces combined with central air

conditioning, under conditions of insulated supply and return

air ductwork, the fossil fuel furnaces with electric cooling

are more energy efficient in a primary energy sense in all

but the warmer regions. However, current and past practice in

furnace installations is not to insulate ductwork, in which

case electric heat pumps (especially the high-efficiency type)

would be superior almost everywhere.

Comparison of the energy-efficiency of competitive heating and

cooling systems depends significantly on the underlying assumptions. If

electric heat pumps and fossil fuel furnaces are compared on the basis

of well-insulated ductwork, the furnaces may be slightly superior in

moderate-to-cold regions. If compared on the basis of current new

furnace installation practice, electric heat pumps would be the more

energy efficient. Locations with a relatively long heating season but

lacking temperature extremes (e.g. Seattle) represent ideal conditions

for heat pump installation. 377



5. EctrCIL hedt pumps in most cases are still more costly to own

and operate than available lower-first-cost fossil fuel or

resistance heating systems coupled with high-efficiency air

conditioners. In colder regions, the resistance systems are

costlier than electric heat pumps.

Electric heat pumps are more complex and more costly than available

HVAC system alternatives for both residential or commercial applications.

To this must be added the fact that natural gas is not priced at its

free-market energy value. Since our previous study, life-cycle costs of

all systems have increased from 10-30% due to inflation in energy and

equipment costs.

6. The added 5-20% installed cost of high-efficiency heat pumps

in comparison to the lower-efficiency or standard unit appears

only marginally cost-effective and only in colder regions and

under circumstances of a high rate of inflation in electricity

cost.

,Marketplace realities could be an inhibiting factor to electric

heat pump innovation or at least to the rate of efficiency improvement.

As long as low-first-cost alternatives are available and natural gas is

not priced at its free-market energy value, heat pump product evolution

will not proceed as fast as technological advances would otherwise

dictate. This is a consideration in evaluating any new design concept

claiming significant performance improvement.

7. The commercial-size electric heat pumps are higher in life-

cycle cost than any of the conventional or advanced electric

or gas equipment examined in most regions. In colder climates

the resistance systems are costlier.
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A rooftop air conditioner with gas heat is still a lower-cost system

for space conditioning of low-rise commercial buildings than an electric

heat pump. When the effect of inflation on energy and maintenance costs

is taken into consideration, the rooftop air conditioner with gas heat

is also cheaper in most locations than the air conditioner with electric

resistance heat. Electric heat pumps are also costlier than rooftop

air conditioners with resistance heat, except in colder climates.

8. No insurmountable institutional (in contrast to economic)

barriers were found that would inhibit the market acceptance

of the electric or any other type of heat pump, which is

otherwise technically feasible and cost-competitive with

market alternatives.

While the electric heat pump in some sectors may still suffer from

the image of poor reliability and association with electric resistance

heat, this picture is rapidly changing.

In some cases, attempts to legislate against resistance heat may

force cost-ineffective alterations in heat pump design or sizing procedures.

9. Review of research needs in electric heat pump technology

indicates that a direct role for the Federal Government in

electric heat pump research is not called for. However, the

Government should support work in areas supportive of technical

development and market acceptance and sponsor longer term

innovative concepts or products for specijal markets.

This and previous studies conducted by the authors indicate that

the air-conditioning industry itself is capable of and, indeed, most
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suited for continuing electric heat pump performance and reliability

improvement without significant Federal Government assistance. While

the industry must remain sensitive to consumer requirements and market

economics, it is expected to produce HVAC products for which there is

sufficient demand. However, in many cases heat pump products for special

applications or information activities in support of the technology and

market could be productively undertaken or supported by the Goverment.

15.1.2 Conclusions Concerning Gas Heat Pumps

1. The free-piston as well as the V-type Stirling-Rankine gas

heat pumps could potentially conserve all forms of primary

fuel resources including natural gas if primarily used to

displace conventional gas warm air furnaces combined with

electric air conditioners. If used to displace electric heat

pumps, especially of the advanced type, natural gas consumption

would increase.

The cooling as well as the heating-mode primary energy efficiency

of Stirling-Rankine heat pump is the highest of any of the systems

considered in this investigation.

In locations with a large heating and relatively small cooling

load, either type Stirling-Rankine heat pump would consume less gas for

both heating and cooling than a gas furnace would consume for heating

alone. On the other hand, since electric heat pumps are not dependent

on specific fuels and since comparatively little natural gas is burned

as a power plant fuel for electricity generation in most regions, electric

heat pumps would be the preferred system if gas conservation were the

objective. The above conclusion, as stated, is basedon the types of
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fuels presently burned by electric utility power plants. In the future,

electric utilities will depend even less on scarce fuels (natural gas

and oil). This would enhance the attractiveness of gas furnaces with

electric cooling and electric heat pumps vs. gas heat pumps for new

construction in regions with a significant cooling load.

2. The organic fluid absorption gas heat pump is also potentially

capable of conserving primary energy resources if used 
to

displace gas furnaces with electric air conditioning. 
However,

natural gas savings are obtained only in regions with a 
low

seasonal cooling requirement; in warm regions, significant

market penetration of the absorption heat pump would 
cause

substantial increases in natural gas consumption in comparison

to the gas furnace-electric air conditioner combination.

The primary reason for the above is the still-too-low 
cooling COP

of the absorption machine in comparison to that of 
the electric air

conditioner. Therefore, development of the former is justifiable 
only

if cooling performance can be cost-effectively improved. 
Other gas-

fired absorption - cycle machines do not appear to be significantly

different in equipment performance from the organic 
fluid absorption

heat pumps and, therefore, would show a similar 
pattern of natural gas

and other primary energy consumption.

3. The Brayton-Rankine and the Rankine-Rankine heat 
pumps are

more energy efficient in a primary energy sense 
than anyof

the conventional commercial HVAC systems examined. However,

if used to displace electric heat pumps, the gas heat 
pumps

would .increase the consumption of natural gas in all regions

of the country.
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The Rankine-Rankine heat pump, as simulated in this study, appears

superior in both the heating and the cooling mode to the Brayton-Rankine

heat pump. In comparison to the conventional systems, both gas heat

pumps consume less total primary energy resources.

4. Unitary absorption cycle heat pumps are, in theory, highly

reliable, making the concept attractive for residential

applications where reliable, maintenance-free operation is

paramount. Thermal engine heat pumps are more complex,offering

greater opportunity for failure.

The above conclusion is based solely on theoretical considerations.

No operation or even accelerated life testing experience is available.

In contrast, the reliability of well-designed electric heat pumps in

proper installations is a demonstrated fact.

5. Based on first-cost estimates which may be rather optimistic,

the organic fluid gas absorption heat pump as well as the

commercial-size thermal engine heat pumps appear to be cost-

competitive in a life-cycle sense with conventional electric

heat pumps and gas furnaces especially in colder regions of

the country. This conclusion may require revision when the

experimental systems proceed to a more advanced stage of development.

Due to their high energy efficiency and the comparatively low price

of natural gas in comparison to other forms of purchased energy, advanced

gas heat pumps appear to be economically attractive in comparison to

available alternatives. These include state-of-the-art but not necessarily

advanced gas furnaces. More realistic cost data based on operating

experience or prototypes and field tests may change this conclusion.
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6. An advanced high-efficiency gas furnace, if successfully

developed, could pose a serious market threat to both residential

and commercial gas heat pumps.

The pulse gas furnace or a furnace with condensing heat exchange in

combination with a high-efficiency electric air conditioner would be

considerably lower in life-cycle cost then a gas heat pump. Yet the

efficiency of the latter would not be sufficiently superior to the

former to pay out the added first costs in a reasonable time.

15.2 Recommendations

Based on the research needs identified in Chapter 14 and the conclusions

of this study, summarized in the previous section, the following recommendations

are presented concerning Federal Government sponsorship of heat pump re-

search and development and other activities in furthering the technological

evolution and increased market penetration of these systems.

7. Recognizing that the HVAC industry itself will continue to improve

and develop electric heat pump technology in response to market

requirements (or mandated efficiency standards), the Federal Government

should solicit and sponsor research into those innovative electric

heat pump design approaches which, while promising, entail too high

a risk or too long a payout for industry to support on its own.

While the conventional hermetic motor-compressor single package or

split system heat pump with stationary heat exchangers is expected to

remain the basic product of the industry for the foreseeable future,

only moderate performance improvement appears possible within the con-
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straints of current design and costs. Therefore, innovation in design

approaches for higher efficiency, lower cost, and improved reliability

or marketability should be solicited and encouraged from a broader

spectrum of contributors. However, the Intent of this recommendation

is not for sponsorship of programs that merely duplicate industry

efforts, but of promising but long-range technologically innovative

approaches.

2. The Federal Government should solicit and sponsor

heat pump designs specifically for refit applications

in existing buildings --especially residential housing.

As electric heat pump manufacturers continue to focus their product

designs and development on the new construction market, the particular

needs and greater problems of existing buildings that could be potential

candidates for heat pumps should not be neglected. Since this market

segment is much more heterogeneous and poses peculiar technological

and cost constraints, it represents a higher risk and probably a lower

profit opportunity to the industr;.

3. The Federal Government should continue and expand

research and development of gas and other novel heat

pump systems. Gas heat pump programs should be specifically

oriented toward the conversion market as a means of extending

scarce gas supplies. Improved cooling performance

of absorption systems should be a requirement.
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The results of this and other analyses imply that electric heat

pumps appear to be the preferred systems for new building applications.

Gas heat pumps especially should be developed as efficient alternatives

to the conventional gas furnace in existing structures already committed

to gas heat. Because of their high efficiency, thermal engine systems

should be the preferred ones for commercial buildings where higher first

cost can be justified. Absorption systems, because of their potential

reliability, should be investigated for residential applications.

However, improved cooling mode performance of the latter should be a

requirement in order to conserve gas supplies.

4. The Federal Government should sponsor fundamental

and applied research into heat pump system and component

reliability, establish a clearinghouse for in-service

failure rate data available to consumer decision makers,

and encourage the industry to establish minimum equipment

reliability testing procedures and standards.

Since the HVAC systems for the future, even for residential buildings,

are likely to be increasingly complex, greater stress should be placed

on an understanding of the causes of equipment failure and failure

statistics. At the present time this information is too fragmented and,

as far as the equipment of specific manufacturers is concerned, un-

available to all but the manufacturers themselves. Formal standards are

also indicated and the consumer should be given a simple means of

differentiating good equipment from poor.
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5. The Federal Government should sponsor research and

development of equipment to meet specific regional

needs or the needs of market segments unlikely to be

fully served by the industry.

Large regions of the United States have rather special space con-

ditioning needs due to climate and the architectural style it has evolved.

Equipment development should consider these special needs: heat pumps

with evaporative precoolers, hybrid evaporative cooler-heat pump combined

systems, heat-only heat pumps, etc.

6. The Federal Government should assist in solving technical

problems affecting the entire industry (some of which

may result from regulatory actions such as the possible

banning of fluorocarbon refrigerants) as well as sponsor

supporting technical and market or consumer-oriented

research.

These studies include ozone-nonreactive refrigerant development,

consumer attitude surveys, market identification and penetration analyses

and similar investigations of benefit to both the public and private

sectors in achieving a better understanding of the full potential of

heat pump technology.

7. The Federal Government should closely coordinate among

its branches the sponsorship of all building energy

system oriented research--solar energy building HVAC

systems (especially solar heat pumps), thermal storage

as well as (non-solar) heat pump development--to avoid

duplication of activities.
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The ERDA Solar Energy Division, especially, is sponsoring a number

of projects involving heat pumps and has solicited more. Although it is

stated that special temperature environments are encountered when heat

pumps are combined with solar thermal energy collection systems, it is

believed that conventional equipment can be (and some of it already has

been) developed to have the added flexibility required. Dual-track heat

pump development programs tapping the technical resources of essentially the

same industry could be counter-productive and confusing.
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APPENDIX A

THE ERICSSON - ERICSSON GAS HEAT PUMP

This appendix presents results for the on-site and primary

energy consumption of the Ericsson - Ericsson gas heat pump. Because

the machine is still in the proof-of-concept stage, it was decided

to include results for this system in a separate appendix.

Exhibit A-1 presents results of the on-site energy consumption

analysis. Comparing these results to those of Chapter 8, it can be

seen that the system is extremely energy efficient, having heating

season SPF's ranging from 2.12 to 2.51 and cooling season SPF's of

2.92 to 3.15. Since the system operates entirely with natural gas, low

primary energy consumption and high primary energy SPF's would be

expected. These are shown in Exhibit A-2. Primary energy SPF ranges

from 1.96 to 2.32 for heating and 2.70 to 2.92 for cooling.
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EXHIBIT A -1

PERFORMANCE DATA FOR ERICSSON-ERICSSON GAS HEAT PUMP: ON-SITE BASIS

On-Site Gas Consumption On-Site Energy Consumption Seasonal Performance Factor
(cft) (Btu x 10-)

City Heating Cooling Total Annual Heating Cooling Total Annual Heating Cooling Total Annual

Houston 4,079 16,579 20,658 4.08 16.58 20.66 2.51 2.92 2.84

Birmingham 10,576 11,363 21,939 10.58 11.36 21.94 2.36 2.93 2.66

Atlanta 10,701 10,545 21,246 10.70 10.55 21.25 2.38 2.97 2.67

Tulsa 19,793 8,612 28,310 19.80 8.51 28.31 2.28 2.99 2.49

Philadelphia 21,047 6,696 27,743 21.05 6.70 27.74 2.31 3.02 2.48

Seattle 17,698 2,240 19,838 17.60 2.24 19.84 2.45 3.15 2.54

Columbus 26,656 6,302 32,958 26.66 6.30 32.96 2.23 2.98 2.37

Cleveland 31,674 4,792 36,466 31.67 4.79 36.47 2.23 3.06 2.34

Concord 36,895 3,018 39,913 36.90 3.02 39.91 2.12 3.05 2.19

0



EXHIBIT A-2

PERFORMANCE DATA FOR ERICSSON-ERICSSON GAS HEAT PUMP: PRIMARY ENERGY BASIS

Primary Energy Consumption
...... (Bftu x '0-6) ... Seasonal Performance Factor

City Heating Cooling Total Annual Heating Cooling Total Annual

Houston 4.41 17.91 22.31 2.32 2.70 2.63

Birmingham 11.42 12.27 23.69 2.19 2.71 2.46

Atlanta 11.56 11.39 22.95 2.20 2.75 2.77

Tulsa 21.38 9.19 30.57 2.11 2.77 2.34

Philadelphia 22.73 7.23 29.96 2.14 2.80 2.30

Seattle 19.01 2.42 21.43 2.28 2.92 2.35

Columbus 23.79 6.81 35.59 2.06 2.76 2.20

Cleveland 34.21 5.18 39.38 2.06 2.83 2.17

Concord 39.85 3.26 43.11 1.96 2.82 2.03



APPENDIX B

ON-SITE ENERGY REQUIREMENTS

FOR RESIDENTIAL SPACE CONDITIONING
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APPENDIX C

HVAC SYSTEM PERFORMANCE SIMULATION

C.1 Residential Building HVAC System Simulation

As already described in Chapter 8, the calculation of residential

building HVAC system energy consumption was accomplished in two parts:

(a) a detailed hour-by-hour simulation of the building thermal load for

8760 hours of a typical weather year followed by (b) a calculation of

the electrical energy and/or fossil fuel consumed by the HVAC system in

meeting the building thermal (i.e., heating or cooling) load. The latter

calculation was based on heat pump heating and cooling mode performance

data provided by manufacturers,corrected to account for such factors as

system cycling due to part load operation, defrost energy consumption (heat

pumps), combustion air infiltration (fossil-fuel-fired furnaces), and

ductwork heat losses and gains. The following paragraphs describe

some of the features of the HVAC system simulation models.

C.ll.. Electric Heat Pump-Heating Mode

Manufacturers' integrated performance data were used in the hourly

simulation of electric heat pump performance. These data were corrected

to reflect the effects of frost buildup on the outdoor coil, and system

cycling on system energy consumption. Although manufacturers' data

include the effect of defrost cycling, results of experimental measurements

by National Bureau of Standards indicate that further corrections are

.required to more accurately simulate system performance. Data from

Parken et al.(1977)* were used in modeling system performance in the

* See References to Chapter 8.

407.



defrost region (outdoor dry bulb temperature below 47°F with coincident

outdoor relative humidity 60% or greater); data from Kelly and Bean (1976)

were used in modeling system performance outside of the defrost region.

In the defrost region, manufacturers' integrated capacity and COP

data represent time averages of these functions over an integral number

of heating and defrost cycles. Factors detrimental to system performance

include cycling, evaporator frosting, and the cooling effect of the

defrost cycle. The compressor capacity and COP correction factors from

Parken's data, shown graphically in Exhibit C-l,represent the ratio of

observed to manufacturers' specified heating capacity on COP; these data

were based on measurements taken on a heat pump in a laboratory investigation.

The application of these corrections to the hourly calculational procedure

is described below.

The capacity and COP correction factors were computed for the outdoor
temperature observed for the hour under investigation. Compressor
on-time was computed as the ratio of house load and corrected compressor
capacity (less losses). If house load exceeded compressor capacity,
supplemental resistance heat was required to make up the difference.
The system energy consumption was computed as the sum of manufacturers'
specified input power requirements for the compressor and indoor
and outdoor blowers multiplied by the on-time and by the ratio of
compressor and COP correction factors. Supplemental resistance
heat (if required) was added to this, as was the defrost energy
requirement (the defrost energy calculation is described below).

Supplemental resistance heat was used to temper the air to maintain

comfort conditions. The simulation model used in this study did not model

the heat pump refrigerant circuit from first principles. Thus refrigerant

temperature conditions in the outdoor coil for defrost initiation and

termination control could not be supplied directly. Instead, an alternative
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method was used, based on a 90 minute timed cycle procedure, with the

duration of each defrost cycle having an average length of 3 1/2 minutes.

The simulation model used accounts for a defrost cycle when, at the end of each

90 minute period, the outdoor dry bulb temperatures is less than 47°F

with coincident outdoor relative humidity of 60% or greater. [Groff

and Bullock's (1976) computer model utilizes a 1.8 minute defrost cycle;

however, their measurements of defrost cycle duration and number for a

residence in Minneapolis give an average defrost cycle length of 3.34

minutes. The 3 1/2 minute defrost cycle used in Gordian's simulation

probably gives an overestimate of defrost cycle energy consumption.]

For systems with single stage electric resistance supplemental heat,

initiating a defrost cycle caused the resistance element. to be energized.

For systems with two stages of supplemental resistance heating, the

second stage was energized provided the first stage was already in operation.

For all other temperatures and coincident relative humidities

(the no-defrost region), only cycling losses were assumed to be encountered,

which were accounted for by a COP correction, given as a function of

heating part load factor based on the data of Kelly and Bean. The

correction factor is shown graphically in Exhibit C-l. The application of

the correction factor to the hourly calculational procedure is given below.

The heating part load factor was computed from the house load, duct
losses and manufacturer's rated compressor capacity at the outdoor
temperature for the hour. The COP correction factor was then computed.
The compressor on-time was calculated as the ratio of house load and
capacity. System energy consumption was calculated as the sum of
compressor indoor blower and outdoor blower multiplied by the
fractional on-time. If house load exceeded heat pump heating
capacity, supplemental resistance heat to make up the difference was added.
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C.1.2 Electric Heat Pump - Cooling Mode and Air Conditioners

Summer air conditioning involves two simultaneously occurring

processes: the reduction of air temperature and water content (humidity)

in the conditioned space. Equipment manufacturers list both sensible and

total capacities for air cooling equipment, as functions of indoor wet

bulb and indoor dry bulb temperature; the difference between total and

sensible cooling capacity is a measure of the maximum extent to which

entering air can be dehumidified (the latent capacity). If the full

latent capacity is not utilized, air may be cooled in excess of the rated

sensible capacity. The simulation model uses this effective sensible

capacity,computed from manufacturers' performance data.

In the cooling mode it was assumed that only cycling losses are

experienced. Data from Kelly and Bean were used to correct manufacturer's

cooling performance data to reflect these losses. The COP correction

factor used is shown graphically in Exhibit C-l as a function of cooling

part load factor. The application of this correction factor to the

calculatiosal method employed is discussed below.

The manufacturers' effective sensible capacity was computed as
described previously. The cooling part load factor was then
computed and the COP correction factor calculated and applied
to the effective sensible capacity. The system on-time is
the ratio of sensible load to corrected sensible capacity, and
was used to compute the total system energy consumption by
multiplication by the sum of compressor indoor blower and outdoor
blower input power requirement.

C.1.3 Fossil-Fuel-Fired Furnaces

Fossil-fuel-fired furnace ratings are based on full load

operation. In reality, the performance of these furnaces suffers from

the effects of such factors as extra infiltration due to the presence of
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the chimney and flue, and cycling losses. Data and algorithms of Macriss

et al. (1977) were used for the simulation of gas furnace performance

and those of Bonne and co-workers (Bonne et al., 1976) for the simulation

of oil furnace performance. Part load efficiency curves for the gas

and oil warm furnaces as a function of the heating part load factor are

shown in Exhibit C-2.

The simulation involved performing an energy balance around

the furnace:

Furnace Heat Output = House Load + Chimney and Flue Losses + Duct Losses

From this relationship, the heating part load factor (numerically

equal to furnace on-time) and hence, the part load efficiency was determined.

The fuel consumption was calculated as the product of the manufacturers'

rated fuel input (Btuh) and time on, divided by the fuel heating value

(1000 Btu/cft for natural gas; 139,000 Btu/gal for No. 2 fuel oil).

Indoor blower time on was computed as a function of furnace on time. The

relationship between furnace time on and indoor blower time on is shown

in Exhibit C-3.

C.2 Commercial Building HVAC System Simulation

The AXCESS Version "6" building thermal load and HVAC system

energy consumption model was used for analysis of the commercial building

HVAC systems. As documentation of that model is already available to

users, only the means of HVAC system part-load operation will be described here.

C.2.1 Electric Heat Pump-Heating and Cooling Mode

In AXCESS electric heat pumps in heating mode operation are

characterized by a user-specified maximum output/maximum input rating.

Provision is also made for modification of the rated values by two outdoor-
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temperature-dependent functions: one giving the fraction of maximum

output and another giving the fraction of maximum input. These

functions were constructed from manufacturer's detailed performance data

and the part load data of Kelly and Bean (1976). The latter include the

effect of one stage of resistance heat but probably penalize the performance

too severely at low temperatures. There is no other means of modelling

defrost with AXCESS at this time.

For cooling mode operation, the user is required to specify,

in addition to fixed rated input and output, a full-load system COP as a

function of temperature and a part load curve consisting of a functional

relationship between fractional input as a function of fractional load

(pressured to equal the output). The COP vs. temperature function was

constructed from manufacturers' performance data; the part load curve

from Kelly and Bean (1976).; Although, AXCESS has no specific gas heat

pump simulation model, the Rankine-Rankine heat pump performance data

obtained from CNG were detailed enough to be cast into the required form

for the electric heat pump. Part-load data were unavailable for the

Brayton-Rankine heat pump, hence the variation of capacity and COP for

that system was modelled only on a full-load-operation basis. In neither

case was there an ability to account for defrost cycling.

C.2.2 Electric Air Conditioning

The electric air conditioner was modelled in the same way as the

electric heat pump in the cooling mode.

C.2.3 Gas Furnace

The gas furnace model in AXCESS requires the specification of

maximum output capacity, the thermal value of the fuel consumption rate at

maximum capacity and a part load efficiency curve. The former data were, of

course, obtained from manufacturers' literature; the part load efficiency

data are from Macriss et al.(1977).
412



EXHIBIT C-1

I g =IPART LOAD AND DEFROST SYSTEM EFF IENCY

W W W WiW E , g -. :|| m .' m ||B |g e

o3ill icRe ion
| =; |....:;......Outdoor :.Temperature .. (F).. ; ;.i

IW (g g 1 IW

.11i ||g| a g. O) ' |0 " g ||g ' 8 | ia '.Ot1

! i i i i ~,. . . .. . . . .. .. . . .. I. I
* 0 i F I i, , l, , | , .at. -a, i | r . , I ! | ! , |

0i- ^^^^^^ ^^r^^·^·^--^-^S^ ^ 4-

.3' ",1 ........ ' .... ..' 0.4/- '~ ' t " ; 0 .6.. '0 8 10 '

! ~ t '· i i , :1 't - I j;' 'i '': ' Part Load Fa -tor i

............. .. ,., :,~-- dCI~ ~ ... ,, .,~ , ~.._L,: ........I ......U~d. efo t ... ; ....... ;~ ~,...
............... ~~~~~~Re(1n........ ... ~l..........'..

,i i l: · , * ' i F.- ~, ,~: ' : : , ,: ! ~ ,, . , ~t ~ . ,~ i~ .~ i i . . . ' , ll, .t i llli ? ,t i ! li

,i' .. :I i: ]ii: :l !!i i ,,:..:,....
,, ,i~;,: --:;.; ... '...iiiL ilil .... . ,

i J ' , i ; ~ ' ,* i I lf t ; I: i ' l [ i ' I ~ J 1 ! ! Ir ' I' : ~ ' I

I I ~ ~

I , i !. II' rI f i, j p I JI L , ! ~r : . . . z 5~ i !~ : ' i $[ t i · i ~ * ~ : I, 
T

[ i JI I ~t

.l .! . . . . . . , . . . . . , . . . . . ~ : , . . . ., ~ . . . . ~ T , .. , ....iJ T , I I~ I~ , t+ , ,i;iII i]J~ I~ t T~ ,IJ ';;; i;~

................... r !l ..... ! ...... !,, .,I ,~ '01 ~ t .............. ~- .......... :...........
'~t l ~l I I; Pi iiiI I I*J; J t i ]] i ~ I ;J; 0 ~*·Ii J J l J ~ L~J] fi1 "J J J3] JJ~J l i ; I l l

-,,,,I,. ... ..............
.- 9 jc-~·n~tic ~ .;,,~...,I~ : ,~~- ,:· ~,, . +, .... .;,, :,;

c l,,l.. , ....... ~.....~ . . . ~J...

!~ ~ I t t l i , , ' , : [ ~ i , · ,;i i ;,i * i' t~t ,~!i; ,ii .i:I , i , l t · , ,('t i k; i :

ci . ;i:;i: !:.'- .,,~: ;:i; ! ii,';I Yi :: ;;'1i; ;; I' ,: ;;: ,: : i ';" i ;i; :' I,! ;;oi . ... ~;: :OO:i. .. ·, :i i:: li!, ,... ; :I:' :' ': ,;,..... ii:, ; '
i~ 

i
~ i ~ , ; : ~' F ~i * 11 ? , , , 1 : ,i ] ; I! ~ I,, i* Iii ¢ I ,; I 

I
~t i! 11 i

; ,iI, i: [[!': ;'~.-'~ ~i, i .......i;. . . .. l
I

;i, I .:.f i , . l .;.1 s,, ~ , 1 , : i T . .. : ~ ~ i ' i : 1 t , , , , ,1 ~ l , , : t ~ I ', : *? : ', I 1 : ,, ~ '1 '~ '~ , L

I It !~I il ~ ' '' t ; ; Ii ; ; '! ; . I i I 1J !! it ' II I ; t ;IciI

~; ~ i ~ ' ' , rI I . .. I: : t [: '· , iI- ! . . . tI' 
I

'iJ '; , ,'i , '~ ' , ! 'I :* IrI ~ !

!;, ; ;i :;i':;t ; " , ', ;':;. .. ' ...i ~i 11 ;,;

,~~~ ..~:r]"~,, .~, . ; ., i ; ;i;
':"

,'.i! ";' i~~~~~~~~~~~~~~~~~~~~~~ : i,,~';: :i; ' :...............;, ... , 1...... ' .. . . . . . . . . ... c~ 41



.' ,S=____________i_ _EXHIBIT C-2

;!: PART LOAD EFFICIENCY CURVES FOR ,-i
FOSSIL FUEL FIRED FURNACES !gEE^ ] ^E^=:'=i

L'"2' c : Oil Warm Air Furnace , ;; ,,;

±0.9
...... ,..~ Gas Warm Air Furnace ,^ g , · .. . .

0.2 i

00

o0.. ... 2i I§^ ^ ^ ^ .O.4-0... 0. 1 0

^ ' .... ^p... Parti Load Factor ; .......t '

414

! ..............: ,,J' r' ' ,:'J J ''fl'' II; ' , il ' ; ''



>Ililil!! a W Ai_ Furnace On-Ti Te -li~1,,; (Hours) tli l Zll, 3i. l ,[ , ;, .
,1 i l ilifli!, ! ,ii li4!lill iH' li~ 1 ,: ' i -_ r _ _

B ..... . iff Wam , i;e. .... l. , ' . T

; , ; , , r. . .. . . . . .; t .i

1 , ; .. i ~. l,-2,|S:.jS|§,||!,^ g i| p i 5

||| Fr c O T e ( r l

4+44- 44i~~ir i

Ln~~~~;~tt

0.6~it-~~f ~~~t~ ~~i
-ti~~~~~-ti~~~~~i-;m~~~~~tir~H l . -7 7

4-~ ~~~tI~ it~t ~i~t

0. 2 0.4 +_ l~~r~+g#0·8 1 0l± HH~
~~~~~~tttt~~~~~~~~~~~~~~~~~~~~~-~~~~~~~~~ "~ ~ ~ ~~~~I



APPENDIX D

DETAILED DESCRIPTION OF THE MARKET MODELS

This appendix presents the major assumptions of the residential and

the commercial heat pump market models utilized in the market forecasts

of Chapter 10 and in the primary energy consumption estimates of Chapter

12.

D.1 Major Assumptions for the Residential Market

The major assumptions for the residential building market for the

1977-2000 year period are:

a. The annual conventional housing production for the 1977 to 2000

period is estimated to be between 1.3 and 2.0 million units, with

an average of 1.75 million units per year. High rise apartments

will constitute only 5 percent of this total

b. Housing growth is not expected to increase beyond the average 1.75

million units per year because of declining population growth and

an increase in the number of people 65 and older, who are not prim(

home buying candidates.

c. The ratio of new construction by region will be similar to the

1971-1974 average for new home completions. These were:

Northeast 13 percent
North Central 21 percent
South 45 percent
West 21 percent

d. The installation rate for central warm air furnaces by region will

be similar to the 1971-1974 average for new home completions,

except in the South, where the warm air installation rate will be

assumed equal to the installed central air conditioning rate. The

installation rates used in this report are:
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Northeast 37 percent
North Central 78 percent
South 77 percent
West 84 percent

e. Gas will be available as a heating fuel, with its use by region

similar to the usage found in the 1971-1974 new home completion

average. These gas heating usage levels were reported as:

Northeast 35 percent
North Central 65 percent
South 38 percent
West 71 percent

f. Central air conditioning is the limiting factor on new electric

heat pump installations. Historic and projected saturation rates

used in this report are given below.

Regional Central Air Conditioning Saturation Rates
(percent of new construction)

1971-1974 1980-
Region Average 1975 1976 1977 1978 1979 2000

Northeast 13 17.0 18.0 19.1 20.2 21.4 22.7
North Central 32 37.8 39.7 41.7 43.8 46.0 48.3
South 62 74.2 76.4 78.7 81.1 83.5 86.0
West 39 40.2 41.4 42.6 43.9 45.2 46.6

Sources: U.S. Department of Commerce, Gordian Associates Inc.

D.2 Assumptions for the Nonresidential Market

The key assumptions for the nonresidential building market for the

1977-2000 year period are;: ,

a. Total square footage for all nonresidential buildings will be 1895

x 106 ft2 in 1981.

b. The average growth rate for nonresidential building new construction

will be 2 percent per year from 1977 to year 2000.
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c. The proportion of new construction by building type will be similar

to the average of the 1971-1975 period. This distribution, based

on value-put-in-place, is given below.

Building Category Percent

Office 14.1
Commercial 22.2
Industrial 18.7
Public and miscellaneous 12.4
Religious 2.2
Educational 19.2
Hospital 11.2

100.0

d. The proportion of candidate buildings suitable for light commercial

heat pump installations (25 ton or less) will vary by building

category as follows:

Estimated
Percent Light

Building Category Service Comments

Office 50 Remainder high rise
Commercial 75 Remainder built-up systems
Hospital 40 Remainder built-up systems
Religious 40 Remainder not air-conditioned
Industrial 0 No air conditioning
Educational 25 Remainder not air-conditioned

or use built-up system
Public and miscellaneous 50 Remainder high rise and /or

uses built-up system.

Source: Gordian Associates Inc.

e. The rate of market penetration by heat pumps will be identical for

both the residential and nonresidential building sectors.

f. Gas coverage factor will decline from 83.7 percent to 81.7 percent

during the 1981-2000 period. The factor represents that proportion

of new structures that are situated in an area served by natural

gas.
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g. The replacement/conversion potential market will be 10 percent of

the new construction market.

h. One ton of cooling capacity will be required for every 300 ft2

building space.

D.3 Market Penetration Rates

The market penetration rates for standard and advanced electric and

gas heat pumps are presented in Exhibit D-l. The standard or conventional

electric heat pump market penetrations are based on manufacturer's estimates

and extrapolations. Where the projections are based on a currently marketed

product such as the standard electric heat pump, some degree of confidence

can be placed in the fact that a prior experience record is available.

Generally, near term projections will hear a very close relationships to

the established market.

The market penetrations rates employed in projecting

the market prospects for the advanced heat pumps are based on historical

market penetration for analagous space conditioning systems. Two

appliances were selected based on their historical performance to

represent a high growth and a low growth scenario. For the high growth

scenario, the central electric air conditioner was selected. This

appliance had relatively good initial market accpetance and growth. The

electric heat pump was used to represent a low growth rate appliance.

This appliance had numerous market acceptance problems when first introduced

due, among other things, to poor reliability and inadequate manufacturer

servicing capability.
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These particular appliances were selected because their operation

and complexity would be more closely related to an advanced electric

heat pump or gas heat pump, than, for example, those of a gas furnace.

Three sets of market penetration projections are given in Exhibit D-l,

with the high and low penetration rates based on smoothed actual data. The

nominal projection represents the mean of the high and low projections.
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EXHIBIT D-1

MARKET PENETRATION RATES FOR STANDARD
AND ADVANCED HEAT PUMPS

Standard Electric Heat Pumps Advanced Electric and Gas Heat Pumps

Percent Market
Year Penetration Year Percant Market Penetration

Low Nominal High

1977 16.3 1 0.50 0.68 0.85
1978 18.3 2 0.85 1.28 1.7
79 19.9 3 1.2 1.90 2.6
80 22.2 4 1.45 2.48 3.5
81 24.5 i 1.75 3.13 4.5
82 26.8 6 2.u 3.70 5.4
83 20.4 7 2.25 4.33 6.4
84 34.0 8 2.5 4.9 7.3
85 36.5 9 2.75 5.53 8.3
86 38.0 10 3.0 6.15 9.3
87 41.0 11 3.3 6.90 10.5
88 43.0 12 3.55 7.58 11.6
89 44.4 13 3.8 8.35 12.9

1990 46.5 14 4.1 9.05 14.0
91 48.5 15 4.35 9.93 15.5
92 50.0 16 4.6 10.80 17.0
93 51.8 17 4.95 11.73 18.5
95 55.0 18 5.15 12.58 20.0
96 56.6 19 5.40 13.70 22.0
97 58.0 20 5.75 14.88 24.0
98 59.7
99 61.2

2000 63.0

Sources: Air-Conditioning and Refrigeration Institute, General Electric
Company, Dept. of Commerce, Gordian Associates, Inc.
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APPENDIX E

PRIMARY FUELS AND ELECTRIC ENERGY CONSUMED BY SPACE
CONDITIONING SYSTEMS ON A REGIONAL BASIS

This appendix contains data on primary fuels and electric energy

consumed on a regional basis for residential and commercial HVAC systems.

Exhibits E-1 and E-2 present the regional fuel mix used to produce one

kilowatt hour of electric energy for on-site consumption in each

indicated region. Exhibits E-3 through E-20 present primary fuel and

energy consumption for residential systems, and Exhibits E-21 through

E-25 present equivalent data for commercial units.
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EXHIBIT E - 1

Primary Fuels Consumed and Kilowatt Hours Generated by Nuclear and Hydroelectric
Plants to Provide One Kilowatt Hour of Energy

Region Coal (LBS) Oil (GALS) Gas (CFT) Hydro (KWH) Nuclear (KWH)

HEATING SEASON

New England 0.011 0.047 0.001 0.051 0.273
Middle Atlantic 0.383 0.025 0.011 0.108 0.116
East North Central 0.788 0.004 0.181 0.008 0.110
West North Central 0.749 0.005 0.591 0.091 0.120
South Atlantic 0.466 0.016 0.283 0.053 0.150
East South Central 0.718 0.002 0.104 0.170
West South Central 0.115 0.006 8.215 0.014 0.015
Mountain 0.665 0.004 0.802 0.289
Pacific Contiguous 0.048 0.018 0.375 0.624 0.033

COOLING SEASON

New England 0.033 0.041 0.11i8 0.059 0.318
Middle Atlantic 0.384 0.021 0.148 0.114 0.155
East North Central 0.758 0.003 0.265 0.006 0.148
West North Central 0.622 0.002 1.948 0.107 0.140
South Atlantic 0.476 0.016 0.337 0.040 0.139
East South Central 0.733 0.004---- 0.191 0.117
West South Central 0.096 0.004 8.264 0.032 0.022
Mountain 0.593 0.004 1.766 0.265
Pacific Contiguous 0.027 0.012 1.807 0.609 0.011



EXHIBIT E - 2

Primary Fuels Consumed and Kilowatt Hours Generated by Nuclear
and Hydroelectric Plants to Provide One Kilowatt Hour of

Electric Energy

Coal (Lbs) Oil (Gals) Gas (Cuft) Hydro (KWH) Nuclear (KWH)

New England 0.022 0.042 0.035 .0.069 0.316

Middle Atlantic 0.394 0.022 0.054 0.119 0.131

East North Central 0.776 0.003 0.211 0.007 0.127

West North Central 0.698 0.003 1.360 0.097 0.123

South Atlantic 0.493 0.016 0.307 0.046 0.124

East South Central 0.643 0.011 0.138 0.099 0.022

West South Central 0.112 0.005 8.177 0.026 0.020

Mountain 0.656 0.003 1.174 0.274 0.000

Pacific Contiguous 0.049 0.016 1.097 0.584 0.036
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5 SniTH ATLANFIC I ?P I 0 Ou' 0,7I0 0 .Iub 0 -al3

6 EAc~T MIUT'4 CENTDAk. ?A ---.~ ! nu o.03ISO. 5.- .
7 wFqT S!IJTT CE.TPAI. 0 23a 0.0lZ 16.710 0I0I8 0,O 1
S 4nilk, P.0:12 u3*. 1,579 0.0

9 P A C IF T C CflN.I I GUfl(I9 I . I ................. -.. - 5. ... .. ... - . ...-. - - 3 .

-... .. ~~~~~~~~~~~---- . ...... EA ~ .. ..... ... -Cn0 4 -~ SN..

tF7S811 RFGF3M. COAL(LRS) nl(GLCALSI GAS(CFT) Y 0R ( < 0 4)lPLEAQ(Kwq)

4Fw F-'rLANn n.0'9 3 (A 0.1I0 0.070 0o377
2 ... ',l)ATLANTIC . 0.032 -i -- 017I6.0200
3 E 9 q T M CENIPAL I.f.'%8 0n00U O.3 0 ff9 0 212
a AFRT '4PPTH CENTM.IP 1.I 3 1O0 a 3.7 5 0.2n5 0. A8

5 S n!j Tl' AT .AMII C -I *9..o.n' 8 1,011 0. IP0 0 '117

# F AST q3l!1T14 CENTQA 2 I 0,012 0.5 5 0.3I9 0 0
7 WFST S 0T C ENT Ca 0.3 8 0.015 31,b92 0.1b3 0I P3

8. 'rn'.rsIY Al _.¶,7 -N 000 U . 2251 0b68 .I .R0
--Q PArCTr F C.1 N I I G , n lb ?.39e8 0 .8 0.o015

aTOTAL 1% 4 -U A L'

CEMS!15 REGION 6Fvd(L .1. Q.S I AA S.)) G AL(S LC F T y-Y0 WI(() <..NurLEAQ(<wt4)

I !I~ tN"LpH ) ui' . 0.U'6 0.1'49 - 0.501 2.b'F5
2 T0 '~-A TLANTIC 3*;~ 02 is 0 .i305 0.919 I,0A8

3 F AqT NClOIN CE'r'lAl 7.4A11 0.0 77 I .69 oao0L I 1n5
(L Wum T Sj T9 CR rrSAI I P .. q. 0.0' i3 *. 8,3 . 0 9?3 . 215
5 SflIITM AtLANtIC *71; 0 .042 1.7 1 0 206 (0A30

h FAsT qfII.1-CE N (AL f. 0.n119 0.913 0.927 0,0
7 WF3T LI11JTN C JTP I P. ap 0 R a LA . 3 0.1I1 0.115

R Id y AIN 9.o't 0.09 1 b33 2.217 0.0

9 P 4rT CnN IIGUntJ P.'si 3.335 2 .38 0,0Q8

LnU,



EXHIBIT E-4

PPTIARVY FLIFI 9 ANrIT" nra FrFGrY S1l'DCFS RWQIITQE. FOPR ,FSIVEqTTAL SPaCr CONDTTTO'IIG

~y T FM F' T. ¥_, .I EA T P9 P - 4TGW EFFFICIENCY ...........ASISI PFP SFLI Ar FJ1 T 1 PFFIIlE'JCF LIVIJG A 9EA

HEATING SFraON

r:F lS R Ff EL' fCDA3fLQSI OItL(ALSI GA.S(CFT) HYOWO(<w) JUrLFAQ(<WH)

i F... F.JrL 'AI 0. n,3 fl.3'iu .0 0, 0 23;0
. 'iTn-ATrLANTIC 2?,3 lu 0.12 6.067 0. 59 0.707
5 EAFST ,1RTT4, CEtItUL ...5. .hg ... 09 1.307 0,O58 O0.7LU

W1 wFST N.1QTH CENTOAI 5.?I'l 0,035 '."1/ Ob.5 O.bla
5 S uTH'A 4TL&MIIC 1.I07 O.on'l 0,6b0 0.lu O0,50
6 EAST A' , .I TH CEMTA . ....... 13. ... 0 ...... .. O.n 0,309 0,5n5 .. 0.0
7 wF'qT SJTH CENtrAL 0A.1_ 0.010 13,759 0.0!3 0,0>5
A 1n I TAI 3,1oq 0.019 3,852 13.39 0'

.. _. PtArTFtC qC I .r unlP q n, . ..... ............... 0. ...... . .. .00 .,7_ ..... ............. . ? I,. 0 070

. . . ....... ... . . . .. . .... ....... .. . .. .... ......... .... C O0 L .1 E A . ... .... .. ..

CFN'SIIS RFGI'JN CI)AL(LQS1 llL(C'-LS) GA(CFT) 4ynD (<qH) MUrLaq(<4ww)

I Fw CSIGLAPmD 0,013 0.0 JO 0.117 0.058 0,31
2 .. T, ATLA' TIC ........................ 0, 7 ...... ...... 0,191 0 1117 ............ 0 200
'3 EAT ',(1PTH CE`NTAL o.on on' 0,317 0,007 0.177
( WFST Nlr. T4 CEJTPl 0, .oq' 0.0"3 3.1I0 0, 171 O,?:

5 3 9'11TH Tl.iA NflC .. l mA . ... 0,0 · 08 04I 00 0 .3 7..
6 EART S',I1n CENTPAL 1.7 A 0 010 0A< 0 2i 0.0
7 N.F T ,111TH4 CETPA!I .(b306 .0013 2?.352 0 in" 0.070
R MinhJ'TA i . I R OI .I .0 .... . 3.,586 0.5 .1 0. 0
P CACTF TC CIN1 IGJnlic O.ntO O O 1 ,9v 1 0 ,7l O.'nI

Ti.T &L A ' 'UA L

CF.-3. EGIJ' . . . . .CJLfL S) . .. 'IL(ALSS) ... . S(CFT) . . y (< ) *irLEA (< w)

.1 rw La_)GL .15 ....... 0.115 O 0. 0,U'J 2 2.370
2 %T).)TL6JTIC 2.I'Q O. ..7 O, SB O.B6T 0,907
3 EAST .:3QTU CENTOAL 5.'.1 0.03? 1.b?U 0.0»'5 0.971
1 T 1F.9'1TT CENToAl . .2'It . O.0O 7,2SU 0.0 9 . 1 .I t'5
r SrILTH ATI AN[IC ?,?7S 0.077 1,501 0. _3. 0, h97
h EAST )'r IIH CENTUA 3..n? O,01b 0.7 0 0,7'R ,' 05
7 -rqT T ,_-.lT'-4 CE'{fiP Iu n Qo 0.0n U0.11 2 0. 'S '0 5
A -lr TNAIT«I ua.3"?2 O.0oz 7,.3 1 1,919 0,0
9 PACTFT C CIN r I GUIIJS 0.1? 0.l 2.7?7 1.996 0

iC'



EXHIBIT E-5

PPTHIAQ VhJ!FLq 4`1 `IT-fEP FNFRrY 5,IJICES QEQ'I7YE) FrJR RESIDEYTT AL SPACF C040tTICNI-G

. -.. __ 4E.M~r.._._-Ar'_CC_!~( D~r_~~~~!E 61_0_1M~ JMP - YI FF 1IE-4r:Y .I'

qVsIst PEq S4JAI FO-IT OT RESIDEMCE LIVING AREA
- - - -. .. ....... :Di2'M.I._........ . ._..... . - - -... . ..: I. tLLN ............

l4EAT14G 5!A9O'I

Fkl$I QFIION )AtlS I(L' . GA S(C-F.T ~ 4y01(w
· r~lsrs srrjO' '~'d b i tF J ~'~'' "' ~'" ~ "' ~ ri)9 3 ~cpc) ~" ~"---'~~ ILC' 0 Rn M s1 rLFAR

1 Ng F4'GL44OD 0.079 0 319 0 .0 17 0.3so 1 972
2 4Tn-ArLANTIC ?rq 0 107 0I,065 Ob.;T Io*$4
3 S&.9T MI)Q1M C4 c JrL I u. 0.0' 1.256 0.055 0,763
4 WF51 SI ORT14 CENrah 5.050 0.00 3,955 o.blu oa ng
S qrntw TL ANIIC 1.12 AP,0039 0,1?9 0.3S4
6 ..EbS! 5A'S C. 0 ENrb L. ......._ .l..7 .._. O..O6..0.30 5. 0.5t3.00.
7 wFq? 3j'IlTH CENrTAL Q. nq 0.011 1u,9s5 'O0, O, 07
A '4rArITAJi9 I,130 0 0 Q 3.775 1.600 o*O

9..._ !A..ct.i C'i- iIC.GulhI. I q I. M 7 0.0 O.. a 58 1.. 1 .39b ........ ... 0...

.~... ._..__.. _ ..... _ ... .__.._..-...__. ~._..._ . .__._..._.. .~... .O~nLt Nt...S EAS93 N_......~.. .....

rFNiRJ RFGJON r COALfLRAS nTL(GALS! Gbq(CFT) 4ynfl)(<w4) NurL!AQ(<4A4

1 u! FJrLAKI) 0.036 0.036 0.?i7 0.064 0 303
.? mrl-&TLANTIC - 0 ... .I.... 0 0 -. n .. . - 0,fl - - . 0.0,215 . -

35 F~hqt UI1Qp4 CENT'7AL 0,Q') n.oAo o f) OnO AOa 3
a wF 5 'JibQTH .CEN rc b 1 .0 0,0o3 3*399 0:1-7 oOuu
5 sni)lT ATL#N.UjC .1.2) 0*0a 0.9'J 0.109 0,379
6 EAST s jIN CE4 TPAI 1.3"1 0.011 0*5sn0 0. 309 0.

7 .F~T S)IUTH C TPAL .0. 315 0fl1j 2A,830 0.212 0,077

9 P&CTFTC C1N itIGUq"'in 0fl,0t0 2.173 0.12 0_.013

TOTAL EJN1AL

rE"P5?JS -PFG1[N C -r) AL C rk S. .- GALS) GAS(CF!) . 4YfO 0((<4 ) . UrVAhQ(444)

I n.F, LIii) __ .2 2. 31 'J
III r)-A I 2 .7 ),177 0, 23 0 1 7 1q7 0,l2

3 F~AIT JIRT14 CENTPM.- 6*03I 0 0A2 1.602 0.063 0.Qsb
0 WFT1 J1QTI0T CO'AL . 6,255 0,37. 7 ,3q0 A B0.I00. 1.053.
5 .l'tN AtLANIC 0 .0'3 1J6f7 0. 2 3 I a

6 EAS? RWIITw CENTOAI 4. I In01 7 (,.1Ia 0.8P2 0,0
'i . i~T p~(! 0.0rL~~O~l5 u3to Oa.L(I l

0 ,jflu!t~r~ I %J O .0 S.600 14901 0.0
9 PAcTFTC CNThIJGUntIR 0.1h 0055 3.012 22l'7 0,0'?

"3



EXHIBIT E-6

OP MAWYv Ft IFC 1 rpTu TE c IF9GY r9UPCF 5 RF'IIIPE FOP RSTIDENTr AL SPACE COND TT IjIJG

VS TFm EJ. FC T Pj HI A It ' IMP _ _ FFF .. - - - -- - -

r~~~SL pF9 
1

1L C~ALS~ (CF 1)F F FI IF -. y0WC y P

6i F A I KI 5 C 5 OK

CFIqij ~, 4r)·; :?h iIIL( ,ALSI G A S ( C F AYOWII(KWH)~~ NLlpLFAR(<4H)c

1 O. W4CI D O. 1, '1 0.005 0.3Q2 2Q0 2
2 MiTr)-ATLA NlC -. i0l8 0.1I7 0,069 0.619 0 7;9

3 E A9 NJ lH CE9rCI. . 5 7I. r.057 1.317 0.059 y1

cj w9T 'u4)T64 CEI'PA . 5 .377 0 0 16 1. 203 0.693 0,92

5 SrlTH-A &LAI'IC p.2'2 o.0u2 0.7u2 0.1.9 o* 3 3

6 E3 T Sfjh4 .. * CE 
1 .

A L0 03b . 0 0.3 3 . 0.592 .0.. 0
7 WFFT SD A 1 t CEVbOl. 0.012 16.215 020'S 0 .o

k, 4ni IIJT& T -4 It V. 0 ?O 1 . 0 J3 3. 5 0 .
c.___ PACTF tCO M r,(iflt _ ~ ('.i . *Q9P . -. *907 - i 7 5 -9 - .o......

COOL.AG 9EASO9J

S.E*'m13 9Fr;l3N~ i_,hL(~RS) TL(fALS~ C;1'S(CFT) lYDRI(AW4) NurLAQ(E<,N)

14Fo, ENGL"Ji fl.nkq o0 3 0.1'4 0. h2
.rT-AT 4i.TIC ... 0 2 - 0.2 03 - - 0, 1 -h - 1 3

FAs T NjZ1H C ETPNl 0.I95 0.O0 0.337 0.Ofl 0 19

' tS1 Nr1)'rT CEN IPAl 105I 0 D 3 3 3 b 0.1 2 0 P I
S S"IjIH AILAN I C 12002 A0n 0 t.89220 I-0 0 6 3
6 EA9T STJ TH CEJTPAl- I P 75 0 ,0 0.4 9 0 .299 0.0
7 vFAT s9lurw C K'TF P A J. 0(01 0 27 9q04 0.aI0 0II70

A l mlijhThT '.I ..12'I .0 009 3,1756 o.5j .0. 0
Q A r F T C 'IN' I I GUM Iq c, , 0 1e 0 , 15 0 0 1

Ti)TALT Lb-

rFNISI9 RFGTLJN . '2) LACFS) (HRL(Lb() GNS(CFT) - HyvORn(rUrL!

P *MTf-r TLPNrIC P 915 fl6lb 0,272 0.815 0 P(J
3 rAST Ifl p4 U E TnA' A ,7i oe 0l3 I.b4 0.067 1 .0I
(c i-zFs1 rJ'?TlS C.'ITOI . !..'F3 o 0 A . 7 *5I .9 I..5 1*0 9.

6, F& h ;)~I¶r4 rEr'TCFAI~ 0.01 0.I b 0.9) 0*0

'7 (FM ~ ~1' (:F~l~r~I 1.~'. (10, 5 'a.177 9 O2Sb7

t'iCIF TC C-If41 R 5 RI.llf n05 3 0 ;za 0 340,0

tc0,



EXHIBIT E-7

PRIMARY FUELS ANO OT"ER ENEiGY SUURCCS RLQUIREO FUON LSIOENIIAL S'PACE CUNOUIIONIli

SYSIEMI lYtdRtD HnAt PUMP i- Ab FUiNACE

tASISI PEN SQtUARE FOUt UP ESIOENCE LIVlG AREA
OYNAMIC £FrFICNCl Y INCLUDED

MEAtIGB 50ASON

CENSuS WEGIUN CUAL(L8dJ OIL(UALS) GA3ICFI) 'iUHluJiN) NUCLEAC(t<d)

I NEW ENGLtAN 0,055 O.e4 J)ob6U 0.U 4 1 358
2 M10A*ILIANIC 1,625 0,lub CO, 0U 0*058 0Ooa2
S EAST N!rJI4 CENTHAL .3773 0,019 elbi U0U39 0,5O 0

WETlt NUOIil CEMIRAL S,53 0.uc4 SI,51' U.#CI 0,Sb0
5 5UUIH AILANIIC 1,09 0,06 b,JeS U.11V 0,338
6 EAST SL)UIT CEITRAL 1,871 oUU5 b1t11 U04.s 0,0
7 WESI SUUI CENTRAL U, 20 0.011 1o,65S Uoe.l 0,009
8 MUUUNTAI Z, 362 oUl l 19,40C lUe 0,0
9 PACIFIC CONIIiGU[IuS 0 .10o3 009 b5,4b 1,3ju 0,o 0

COULINu SEASON

CENSUS nEGIUM COJAL(LtS) UIL'(tALS) GA(CtFI) IYTNUJ(C^) NUCLEARl(<M)

I NEW ENGLAND 0,O41 OO oI7 0U0/u 01 0, 0,397
2a 10AILANIIC; 0u.25 0) 04 O.e01 0 .1d 0,252
3 EAST NUKI1 CENIRAL 1 145 0oOu5 0 .uu UU.09 0 .24
u4 ERs NUMTIH CENIRAL 1.254 Ooua1 ieu 0U,2lb 0 262
5 SUUrH ALANTIC 1, l499 0o.00 1 .uoB 0.Ib 0, 41
b EASt SUU4 CtNI4RAL 2. 12 0,012O 0.52 O.05b 0,0
7 Nt91 SlIUIH CENTRAL 0,38b 0, 01 J3Seb UCld9 0 069
8 nUIJNTAIE 1U500 0 010 U, 00 0,bfU 0,0
9 PACIFIC CUNIIUOUII ._ OS . . Oo0.l1- 2-.-i 5-- O ua- 0,Of5

rTTAL ANNUAL

CENSUS qECGUN COAL(Ld3) UILIWALS) iASLCrI) IUdYJTtH*") NUCLCA*(Ka4)

1 NtW ENGLANO 0,09b ,2t»Z5 o0, 11 Oe31 1,755
IZ In-AILANII 2,250 o,10O OeU JI 0,b44 0,704

3 EASTr tNORT CENITAL 4,918 0,0U4 9,sLbe 0,0U 0,7u5
4 weR1 NUHOI CENTRAL 4,777 Ouc8 5,1 45 0,6 44 0,547
5 SUtJIH AILANIIC 2,5' 0, OUb 7,50b Ou5S 0,715
6 EAST SUUIH CENIRAL 4,104 0,017 7 10 UtIy 0,0
7 t ST SUUIMIH ENIRAL 0 bfnb o UdB8 1, 9I 9 0.1b 0,117
8 MUJNTAI 3.8,3 0,0U4 es ,YY I .b I 0,0
9 PACIFIC CONIIIUOUS 0, 14 0 ,U,5 7 ,-1 2,106 0,0n b

it
13



EXHIBIT E-8

PRIMAnY FUELS ANIO OUTME ENERGY SJlUNCES RfWUIUtE)U FUR EdIO£lNI AL^ SPACE! CUNDlIIUINIU

SYSTEMI NHYdilD H l PUMP -' JIL FURNACE

SAsSI3 PCR SIJUAWE FOUr UP NESIOrtNCE LIvING A4tEA

OYNAMIC EFPICI[NCY INCLUDEO

HEA ING StAS)N

CENSUS wEtiltN C;I)L(LtiL) UILolALS) QAISCI)J) IYHtLrxN NICLEARi<'01)

I NEW ENCGLANO 0.055 oU43 OU.00 0o.2e5 J4,

2 MIr)-AILANfI1C lbZ5 (e.s6 OOUQI 0,458 0.U92

3 EA.9 NUJNI CtNIRAL 3,773 U,2US O,0OI 0,eU3 0,530

4 WFSI NO(RIH rE C^IRAL 3 .523 0,e10 2.eU U.UefB n0,54

5 SLjUU1H AILANII 1,; 049 ,03 0,bI 0U,119 0,33i

b EAtR SJU IH CE tIRAL IPt7 0,U7 0o,/I 0o,44 0,0

I ES3T 3JUIt CENIRAL 0.2tl) 0,01 15,6SO Oued 0,0e9

8 MiUllNTAI' 2,-6b2 u.I2 2.e4Y I]Ut7 0o0

9 PACIFIC CUNI1,;UDi)9 0),103 O OB9 o.0ou I,3
u o 0,011

CUULINU SEASI1N

CENSUS fGJtUlO COAL(Lt3S) UILC(ALS) WA3S(CFI) PtYUHUJi]) NLUCLEAC (< m)

1 NENh ENf;4AND UOl 0()031 0 ,14 0/0 UU 0.57

Z MID-AILANIlC 1),625 OU 0)a O.0,l eI ob 0.2'22

3 EASt NUl)PIr CENIAL 1l145 0,0u5 0,4O0 0,00U 0,22U

4 WEaI N(IINrt IENI AL 1,254 0,Oua 3Y,'¥e 0,ib 0,22Z

5 SUJL)IH AILANIIC 1,'q9 0.u3 1.0UB U. 19b 0,43o
b EASI St1JIr CENIRAL ?.23? O.UO1 0,aed (0,)ab 0,0

7 NtwEI S()1UI CENIRAL 0,3oH O0Utlb 0J 3,b o0,le 0,0'1

B MUIINTA1 1.500 0U010 4.4eO OUb/O 0,0

9 PACIFIC CtNIIiUOtIU 0,053 0,017 Z. Ib U ,B6I 0 ,015

rUIAL ANNIIAL

CENSUlS EUltUN CJAL(LS3) UILtirALS) OACFI) H Y UH(RUIt) NUCLE'A(I(<1)

I NEW ENi;LANU 0,096 0.4U4 0 , I 5 u3, 1,755

2 Mln-.ALANIIU; 2Z.0 O.t1) 0,edB U0ba4 0,7U4

3 EA91 NOUIP4 CENTRAL 4,91B U,2US l.7t U0U401 0,7I4

4 wES1 N,.)Hrt Ct;EIRAL 4.717 0,l 15 blb Ouba4 0o8u7

5 YUUIH AILANIIC 2.546 OIC5e 1,bt O.C47 0,775
b EASt S ULJM CENIRAL 4,104 oUbO 0,s 0 . 7 0,0

7 w9ESt s UI CE I4E:AL 11,bOh O.il"/l ,Yb4a 0,lbI 0,117

S MOUNTAIN 3.RBb O.12, 7.31 l.b9! 0,0

9 PACIFIC CONI II'JOUS 0,141 OOUb 3.3e1 Liba 0o0,b

O



EXHIBIT E-9

PPTPIAPV FUEI.S AN'I )T1E& CrvQrpy S'VRCFl REPUIQEO FnR RESIDEMTTAL SPC C(JD TT IJ G

SYcrTE'4! EEI;IP ~ TR1C HEAT PUMP - _4EAT QNLX C... RAL. ArR._ - Jfl.ALII0NER - l CGH_- FTCE!C!Y

AA4 1 qj PER 30uARE FOOT 09 RESIDENCE LIV1JG AREA
-.....-... .. .-......... _. ._ ..... L.... .:.-_. ~_~~-_i. _·.I ··.---~ YVP c~-~: ·_··~CC-I._NCY.1_.CL ..........-- ... .. .. .. Y a C.L. E-

HEATING SEA5ON

CFJS!IS REG1ON - COL(LAS) - IL(flALS GAS(CFT) 4rf(Dl(4H) NI~rLFbrAQ(K)

I 4F'- ENGLAND 0.(#7j · I 3. 773 031 3 1 0.007 0 7 I
2 4Tj)_ATLaTlC ).070 0 1 5 0 .0. 005 9 0,607
3 Fi;T 'JJQt CEPJfPAL. U*97.7 0.005 I .1.151 0.081 06 09
4 ACST NITbI CENDAL. a.677 0 011 3.651 5?2 0I7a1

SfliIsTH AtLNlIC 1.037 0 36 0.6?0 0.118 0*3 0
U EAST SJT4 CEN&a . 1.9Q5 q . 0,06.25. 0.?48.o.o

7 F q K)lmu1 CEuJTbA. O A-- 0.010 1 3 I07 0 a 0P?3 0.0'5
8 Y11ItT AI M 2.8'.R 0.017 3,059 1.206 0,0

'.-_.~. P.P~c=!~E_'_c__cl~l'.~! 9u7.u~p ___......- -.~~_ C~oflrL.N._.SEASN-. -_... .-..-..--.-....tr~ _~_ -~~~~~_~~_____~~~~ _~~~! r i! Zg~~~~_~~~~__ __~~~~ ~~_ . ..

rFF'SIJS RFGION C-ALtLRS) !JL0I4&0S1 GaS(CFT) HYDROU(<W4) NUrLFAq(1N)

I NFW FNIGLA'J 0.036 . 0.000 . 0.1?8 0.oio 0,304

4 Tn.ATLANTTC A...2 0 . . a9ISQ50........ - .O ,i~-o~ .i EAST 4lFQtH CENTRAL, 0.903q 0o.oi 0 .3a7 0.00a 0.1 0
ao '49:ST 40Q7N4 CE;4rD4, Io . 0 .03 3.u02 0.187 0.20a

5 SiltYT,4 ATLANFIC I_207 . . 0,00 00.918 0,109 0..Q3 9
6 E41T SilTH CEJTPTAL 1.931 0.011 0,503 0.30$ 0.0
7 WP9T Sr'J'J1 CENTAI. 0 .3Il 0.014 8 .1Bi. 0.111 0I077

%11 0 K' T ~ T - -t- .-- - - - -.-..... .5 0 -

9 PlrTFTC CmCunj_.n13 0.0"' 2.19l 0.715 0 013

TOTAL AmNUAL

CE"SUS Q 5 F r. C 0.61 f 03-3)._. ' D .I.L. (3.aL iL.B i. .G .... . r, A S C F T.) N!J r L A R~ ~ ~~~ .~L CF W 4

2 MTrl-aTLANT 1C I 0.15 u.2SO 0.700 0.M05
3 EAST .I1QTw CmrRAI. 5*.17o n , 09 I.0 0.085 9 0,3

14 WrIT klr)Q7W CENTPAI- oss ~~~~~~~~~~~0.7!09
0 ~~~r:~~T ~~~gF~~1W C~~~~NIPAL -. ~~5.5 71 0 .0 ~. .... 7,03O9m.-

S S 0'1) A T LA NI C 2?. 3 0 0 0 7 . 1 5 08 0.2?? 0.71?2
6 EAqT S19.TH CEVTntl_ 3. I?' I0.01I6 0 70I 0.7 78 0

7 ,F 91 SlqUTH rEryrDA.0 - I ?U '2. 51 -- 0.102
C Mmii7t IA I. I Is 0*0'~h 7 325 1IS;b 0.0
9 P rA FC CFlrJIi C llCPM S o.Ii j.o 1 2 9,9 2.02 3 0.0 1

Lo



EXHIBIT E-10

PQTmApV rIWFLq Al0) nTHEP FNEQFY qlUDCFS QEt'IPEF F,0 QEsJOENYTAL SPACE CUNOITIONING

SYqTEP, !A5 W&P' AT't FIP_'J&CE -- EH TSAb &JQ C yS W41PM'JE _ -F HE. H EF G CIE EF J.y-.-

Rb9lIm PFR S'JLIAiR FrOT JOF PESInENC LIvING AqEA

)Y ŽN eC. E-PFFJCTF CY I.NCLUDED

HSATING SEASI0

V.F4519 RFGILIN C-IAEfLR.3) OTL(GALS) G A(CFt) F dY Oi(TYI ) w

I EW F14GLANO 0*L 0 .017 "9,075 0.019 o;InI
P 41TM-ATLANTC IIQ 0.003 57.6 9 O.;u 0
3 EAST N1QTH CENTPAl 0 .p7 7 .001 S,619 0,on3 a003A
a WEST NOQT~' CENIQAL 0.?60 0.O2lS 65,153 0,O 0,002

5 SniJTH ATLANtTC 0.07's 0.003 97,8'A 000 0
6 EaST S'A9 .I HICErTH aL C E . .00-0 -, i.9 13 - 002 0,O
7 WFST SM)IT4 CENTPAL4 0.015 O.0 '1 '1.7P7 0.002 n .0 2
A tJrlJTAIf 0.1'3 0.00I Q7 bub 0 0 75 0*
9 PACItIC C ON t I GUnlIS _9~0_ , .. 0,0037 - -- 6.230 __. 2 30a09 9oSo,5 -

- . - C0')~~~MLTNO SEASnN .-.

CE 'S"S 'RGI ON CrJAL(LA) IIL0A LSI G Sa(CFT) 4YORV4( W'4) murLFA9((44)

I NEw ENGLAND .06 Q.0.u 0.1?9 0.060
? 'Tf)-ATLANTIC - 5? - -. -- 003 0 __29-_-- 0,209 0.161 . 219
I E Aq 0 Jrl CENT6IA 0. e_ 0.000 Q,3'37 0 .00 0,UQ4
Li WESr NOr 1'T C E 'rQ.I 1InAi, 0,003 3.o 2 0.161 0,230
5 SM"Imw ATLANI IC I.P7 0.070 4 0,916 0 .I 0 9 0.379

6 lQ EiST ~IT,.4 CENTQAL 1 1 0.011 0.503 0.30L 0*0
7 WFIT SOJrr4 CEvJTPAI O. ea o.01' 23,Y75 0.1 11 0 077

m H11INT614. 0 f ) 9 ~ 0.550 0'A . , Iti 1 - . -. _ 1. ) A ....... ,8 b . 0. 30- --- .
9 P&C FTC CONTICI.IjlIIq 0.0).13l u 2.1 '1 0I73 0.013

TCJT&L ANNUA~JL

CEIS'113 RFGI:)N, C,&L(L93) -. L(3ALS1 GAS(CFT) AYDR (L ( L - NLEA3)4RY<

NEW E0 Ao) .0..'I , 2.0h, 69.203 0.03 (IS
2 '10-ATLANTIC 0,6n. 0.I7 57,393 .I 0 0.255
I EAST 1 'J0tH CENTRAI. I.?71 0. 05 67.016 0.011 0.213

A Pic 'ST PTN CNEJRTR 1.NTPAL t.6 i0.05I - .O 69*55 0,21t . 2 016

s S0'ItH ATLANrIC 1. 77 0.06 '6.807 0 .113 0,00I
6 EAST SOO'TH CE I .I 2, lAS 001 1 33,0 7 0.300 o;o
7 WFST r)SLIT CE'J1AL .1 . . 0,115 5 2.45 0I113 0,079

m IN l'T AII Itu7; Olo 5I. 512 0.655 0 a
9 PACIFYC C'lNI1CjIlnil 0 .0 26.415 0 .8 i 0

w



EXHIBIT E-11

PPT.A6PY Fg!FL' AN-r pITER ENERGY SI1URCES REQUIRFO FOR RESIODETTAL SPACE CUNDITIUJJIVG

';YSTFkft ) WAQ-4 &TW' F'.I4MACE -- C.ENI LAR HOJ~~)J~ IGH EFFICIENCY ~

FASISI PFE SI)JARE FDl.T IF RESIDENCF LIVING A9EA

0Y1Ur!'ICt~~~EFFtCI~%JCyI~:~Y ~ r~CLU~1l). .. -......

HEATINF.G SF650N

C F S 1.1 S RIFG I lJN C" " ';' " 'A I" (LAS) r(`ji'3 jl PL' LS) GAS(CFT) HYDLR:](<q) 4. 4Ur.LEA (W4)

I. NyE- EN ,L a MD 0. 0 0 a s 0.000 0.01 0.018
2 UTflATLftJT IC 0.001 0 3 4 0 0 3 0.0?b 0 0;?

3~ ~ EcsT NJ~~4, CE~JT A!, 0,215 . 0. "7 0.050 000 2 0.0 A0
a WEST NF1Rtq CENtaAL 0.2 I 0.U 7 0.158 0. 024a 2
S S1iUTH ATLA N II C 0.0 33 .0.32 0,00b 0,017
6 __EA. 5T K O O."C ...... ...0..998.. --...------.--. ... 5 -L 0,01O
7 rFFT '~')i'r CETTR-AL 0.010 0. IT' 0.140 0.001 0,001
a MrluAITAIN O.Jx 0.31 1 0.156 0.5b 0 .0
9 PaCTFTC CINtIGUnlhISO.,O o1n 0.1 72 *. l uo * 000 0.066 0.03

. . . ........... ... .... ..........!M... E...N_ __ .. -. -

(.F4SS QFGIOv COAL(L'43 9IL( ALS, G A(3FI) FYTRJ((w4) NUCLEAq(4EH)

I NFW FNLA" O.0 j' 0.O114 n, 1R 20.06 0 30L1
2. 3.--!Tc., -.. j2,S'JC...O. .0 030 …. 0,209 0II.2ti S - ~~nq T ej-~ --1 ~ ~ - A - .. . -- l-1. .1 1 onb9..

E&ST _JsQT CEJTRL 0.Q"3 0.0)0 0.07 0.0083
a t4EqT RTW 4 CEN1QMA 1.0k 0.003 3 .02 0.1II 0.200
5 S'111TH ATL 1C o'7 - l.CO 0.41S 0 109 0,319
b EAST A St)UTH CENIPAL I. Ir 0.I11 0.503 0. 30 0.0
7 wF3F T )T0TH CENTRAL 0. ;-; 0.010 a8.755 0.111 0.077
F -~fltIMTAY'N I - n *o o__ . 3.866b 0 5 0 O 0.0
t, Pac!fYt" Cfl1GCjflbS 0.'A3 0,010 2.181 0.735 0 .013

TJTAL aJNUal.

F "SUS. RFGlJN C - _ AL.(LR1 IL (r; A s_ _ _ A_ . S (CFT) M U4V0 r ( P4) . ... L E LAQ((l .4)

I 'IF.. 0N¶LAD o, a- 0I, 0 - - 0.12 8 0.8 .

M N?,-ATL ANTIC 0 6 3 0.013 0 211 0.18b6 D 20b
A 5T %1qTH CFNYQAL 1. l 0.001I 0.397 0.01i 0 ,2?

WJ F1T NJRTH CNDA[ . I . 3560 0.211 .. 0.271

S SnITcH aTL6KlIC 13,1g 0.2?b 0.950 0. 15 0.3 6
A EAST 31LITH CEIJTPAI 2.11'7 (6..5 0.517 0.313 0.0
?7 I-F'T IUJT1 CE'4"rrfAL31'5 0 I S I 29,507 0. I3 0. O IM
8 'lf.U'AI N T.0A- .'.320 a.O 2 0.bib 0.0
9 PATrFTC C'1Yr1;;UIJI 0.I38 0.1n6 2.2·'1 i)R 0.17

(A0



EXHIBIT E-12

PoTPARY FU!ELl Aj') rITHEP F NFtrY S1u9CFS RE0UIREl FOR QESInEJTTAL SPACE CUjrtTrIJI'JG

qyqT ~H?_m! \rldsJ LE!AL _C JRNAC E D-A_ CEUJTDL AIRZCONDTTT0?IEQ 4TH 1F IC I NC_

AI.sIs PER S1'JAPF FOOT JF RESVIEN.CE LIVING kqE&

------ - --------- 'V'AmI EFF.IC I!NCYANICLU0E)0

HHrpdJN SEASON

rI3I.Iq RE GION rlUAL(143S ) OILCG&LS) G A ( C FT) YDR3(4wo4) N~rLFAR(-(WL4)

I NFw F JGLAN()N O.lL1 0.609 0.01 3 0.fO 3,5gb
2 ?lTrt-ATLtt1JC 1J. 1 >I 0 . 0.11 I * a I*22 1.08
3 Esgt MIRaTH CEtjrPAL Q 77 1l 0.050 ?.259 0.100 1. 33
1 wFqrT WIRTH CENr$PAL IIM5 0I.oh 7.1 Rs I 6 1,59
5 SMiTH ATLANtIC . 3' fl.0 A I. q o 0 2 6 0 .7
6 EAST S9IiH CENTPAI _ _ . 1. 2 1.019 -0."0

7 AFO -,-uTN CEI'IPBAI. o.nua 5 2 ?. 51 0.058 0. lhO
9 %ijlO IN 5 Ali 0.0 5 7,0u7 2.5i9 0.0

9 fA CT FT CCl) I Gcnt, n2 I7b 0.950

. .C2QL7N~~~~ SEA SIN

rCJuiiS 4F(i [ON CIALML31 CIL AL( LSI GAS(CFT) T 4YD)((4mw) UrLFAR(4wk

I "jF' JNLtNl) O.(16 0 0 il 0.1IP 0.OFu 0.3Ua
'I T AYL AI? C -- li 0,5I 0.'J10 b -. .. 0.1 ' 0 21
F FA I J14T1' CE'JTQAIL 0.03 01Q 0 .P7 0.008o 0

6 FAT A T IT$ T W CE'J1 1, ai 0.011 0.503 0.308 0 0
7 -FRY q~irCH C E .r Pn* 0.O~t '9,T58 0.I 0A0??
.A v1I '.ITA I 'g 0.~ 3,8 06 - - . ,50 .

I P&CTFTC ClN.r I -UfI 0.r,'3 0 2 I 2A11 0.735 *0 13

T ~iTA L A N U A L

rE*~.flS aF~;Ii' J CJALtLAS) .'.... ILUGALS). . GAs(CF?) . Y r~OR'(wI) ~ _ NUrLEAQ((j*4)

t. Fk1G.ICL.NU 0 , I7M 0 . .5 I.u ..I 0 7 )u 3 . .

LVTr)-A I LAIT I u . blt ? ?9 327 1 W95
h E"Sr i")9T,4 CE1lrJ ' '0.7s%'J 0.0%O .b 0b 0 .I07
a w FqT N.1QTN C6N PAhi 0I. I 0.0" .CS -I *7f I2l33
5 Se)'Jt!4 ATLAN I IC 3 * .. a o. I .33 SA 0 3?S .3 1

FL 7 A I %lu 7 . I 1 '12 0 nj a I10.913 3.l O 0 0

w



EXHIBIT E-13

PPfTmFy t'sFL9 AL~ M TIER ENERGY SlUQCES REDUIQED FOR qE310ENrIAL SPACE COLIDITtIMI4G

SY :', -7R C ! V CE VIC-L.. IP_ COJDIrONEQ H- E EFFI.C I!NCy

IASRl PER S)U4'F 0U0'T OF REqlrE4CE LIVING ARFA
- -. -. .~~~~~~~~~~~~~~~~iYh'4 - F CI .....LU~E ................... . .. .~ . ~.. .. ~~._ _ . .. ...........~ ......... . Y.?.6 CIC .E.F.FIC I E,4CYV..-.I, iUNC I).LU ..~qE...)

HEArING S9EASO

r~rml;IS REGl3"N ~ IALMSI 1 IL(GAL31 -4YDRCI'W7(1(,UU(WH)<~~

I N FWICLAND 0 .bf7 0.013 0.659

.2 MT;)-AT4N~lC 4 1 n.2o .S9lIo ,a

3 AF$T I IT' C JT,'.I. 9.717 0.050 .. 253 0.100
9 ..dFCT N1PIW CENTP&L 0 P 4 0 0 1 7.158 Is1)u 1-;aS

.EASt .IITHAt'LCNrP&1. *..I 312 0.01) .. .6'5 . .......1..O.l.o;o.
7 --A F~ rZ TllifT CFNJAI 0O. 0'Q4 3 .lb 0.057
-4 ?inlItiATN 5Li 9 fl.0'5 7.0U 3 2 55 0.0

.PACfFTC ClN(TsilntlA 0 f f S h ? … --7 a 9'Jb_ __ - -- ._0 156.........6............... -....... .. n-- . s s C .U P L ' .G ..A 3 0 _t . .- . .

rF!-Ij'. 4E(IIJN C)aLR(I1RS) f4S(CFT) 4rl('wY4) "UrLEAQ(P(<)

I NFw FNGLAND Io)o 0 1 R8 o.oe6 0;3 a

MT_... fl~?~9ATLAlf tj C. .~~~~ ~~~~~~~_~~ _~~~_ ~~~ __~~~~?~.5~!?3... __~____~_~~ 00. .......O..... .9 .. 1.....
F&5t NJQ1W CENT'ai o 0.Ofh 03J7 0.08 0.i9J

u~ ~FT NOQRT4 CENTRAL Io p 0n0 3 3.102 0 I q 7 0
.5S"'itH M L TL I. L A 9I .0'U 0.91 0.I09 0.>3 79
E &T A YJT cEErNTPAC Q.931 ) 0.5035 0.308 00

7 ~-F.~' SOI.IT'T C k 1P.t . OPiiLu ?.Cia 28.758 .11 0 077

8.. 1.2A 0, i 009-3.856 0,5 0 - 0
pA.C-TF T . -C T-G f-P)Rl- 0.1 21 0-11 0.7a5 0 013

TtITAL ANNUAL

-~rlsl's -- GIDJ Cc..~t~!.9&L.rLR9S)... ... DJ L.(SALC _ .aCL! . . YDR9(<l). LI I rLFA9(<WW)

I 'Fw E'itL&NO I...71 I .551 .. O.1J 0.7P. . 370
WT -AtILA4TIC U0552 0.d

9
I 0 3 7 1 V 1

3 E AT NT)QT CENTQ61, IP.7AQ 0.050 n bI0 0.07

U F~t V NI4 CEVJT'bI . 10.Iln - o7osu . .ioDss I 2.o 0 1.700
5 *'J1'4 WATLANTIC f. 'I; O.1'L I 34o 0.37b 1,135'
S E A T L C.7raI. '.?' 0.0'3 1.1'S 1330 0,0

7 wT 9ifl9TH CENTO0AI.. O .7!.9 0 - 61 .95' 0.164
8 MnIiIT TNT'? 7. 1 IQ 0.I"U I0L910 3.118 00
9 PACTF T C1N-lNIUfU!liIj Q. 0.e99 3L9 1 3 .A1 0I1 9

(.1



Exhibit E-14

PqlR4AqY UELS AVO OTrEi ENER1.Y S3UCCES REQJIRED FOA 'ESIDEYtALI SPACt CONDITIONl!O

__ _._.._ .. .... .... ___. _ !--STE'i_ D CED. ELECTRIC EAT. PJ : *_ _...._...... ... ..... __ ___

3&SISt PI S)UAR, FO7OT oDr 3ESITDECEi LJVIG AEAE
_ - .FFlC-1ENCY.-OT INCLUDED

(I'SJLArEO DJCIS)

4EATI4G SEA534

CEY SJs REC;13.s COLLBS) - OIL(GALS GA S(CCPT) YDRO('I) muCL£ERCKONr

_ E _ _ _ _ _ _ _ a 4 _ ___ _ _ _ a.a a___ _62 ___ 2 a286 ____ ____ 32
2 "1)LE AILlTlC 1 76 6 ,16 ,aSI adal 4d,53
J EAST 41lT4 C!4tRAL 4,2d3 d6a22 a,l79 a3,43 d,5S4

I __A._ mEST4r T[c.rEtL____ _-. 9 . _.... . _.._ a ..... _ _. _..__...33__._ a 9...... ... .... .. 6,
5 SOJr-4 TLAiTIC a3,8 Ad .J a ,.b alld 8,312
6 EASt S)JT CE£tiAL I Sa4 d, as a,261 a,42/ d,1ad

. .ESTr 9S)J CElsrL_ _ _ IS7 ._a __ I. __ __ a.azJ _ _ _ ,3 24
L B .JtOI'Nl 2,4) aeals , l4 Ia b ,da 6

9 PACIFI: co F I.sJOJS &a ,a aad6s 7275 I 2a/ d.464

CO3LIG SEA33S

CE4iJS RlEJ13 C3&L LBS) DIL(GALS) GAS(CFT) HYDROD(*O) NUCLtA»HC<4H)

I 4EE ES4LAN) a a31 aa39 a9 .112 , 056b d J62
2 '1L33E TLAr'IC a,477 ad,26 dle8 a,l42 a,192

3 EAST %q1TH CE"TRAL . _ a3,3 a_ a3 __ ___5 a, ._ _7 _ __ dI7I Ia
4 .Est lTcrI CENtR&L a ,3" a, aaJ 3,d 4 aiss 5 215
5 SJr4 aTLA'TIC 1.1tl a.a39 aB,15 a,697 , 33a
O EAsT S1JuI CEra»L_ ___ 1.I1 _ __ _-a9 ___ a, 46 _ __4 __ a 273 _______ a ___- da

7 -EST sJurT CETRAL a,237 a.a12 25,574 ,aa39 8.a66

8 4DJ4TlAr4 l 15 a ,a9 3,424 a ,14 , dda
.. 9 .PlAl; COT1ISJOJS __._..._.__ ... 29. ____ _._ 95 _ __ 1 _......a S.6,545 _ a____ a, -2 ____

--. T.LLA.UAL ---- ___

CE49Js ..4104 .. ..... Ct.l(.8 O C(GCAL) ._ _.. _.__ .. S(CFT) __o....H.... ... .H0 KlNUC &E Q ( ) __

1I 4E4 ENSLA^) a a) a. 3a3 , ll8 a,342 I, I4
2 _ ATA13't 9tIC ____ __ .2 ___ a 142 a 21________ _ _4 b 4_ dJ_____

3 EtAS1 IRlH CE4Tal L 5 .Ia a,as2 1 ,23 a. a5 d,7b5
4 SESt '4.t4 CENrAL. 4, 39 a3.29 1113 ,644 8,47
5_ SOJId ATL ATIC -_--- --. 2, 17 ____ .2 I___l __ _ 6,2d7 ______

5 EAST S3JSi4 CEerRAL s .5t a ;l14 3.1 7 a,7t dada7 SE r s5IJ l c S'l L a, 4 a ,a22 38,95 a, 122 d4ad9
L_ 8 lOJ T*A $3,3 I s4 ? a .623 6- . 4j 1aa __ . aaa ...

9 PACIFIC C1TiTlJOJS al21 3.a4S 2.646 lt.B dd,76



Exhibit E-IS

RZ14ART FUELS &r3 OT4ER ENER3Y S3RICES RqJJIRCD POR RESlONTIALI SPACC CONDITIOIPGC

iSiSISl 3i0i< CED ELECTRIC- E»AT PJP' 11,

~~________________ ___ ______»_ ?sR .Z!5 fP03i or.o. iE1QI ECf.,LVI.it _A______ ___________
)yIrdAC. EfClLIE:;r 1CL.U)EO

4 .lA ST 3R. CE RL ................ .........

5 SOJT4 ATLIATIC S2 a2 ,4 21e 44 9 Z6
... 6 EAST S3ur4 Ctr: ._ ___ __. _a _ _ a ____a_ _ ______ _ ,i

7? ES SDUlI Ce41AL ae45 e4'a. I ,» 6,61 6 ,61 a
a OJl&ll^ 2 ,46 6,614 2,i62 1,4a - d,666
9.. PA¢CllC' CO1TIGJOJS ..---- , __ _ 9 _d5d1 _ _d_,_ e414 ___ P\54

._............. ......... .._______ _ COOLIN EASO .09_ ____ _____ ____

I_-- cE<9Mjgi Esn» M.____ CFil.S(k) .« ___IGLS}I_. _ V ______ (.PO(..__ _.d___

I 9Ea EMC1AN) - 2,a3 aa29 aa 3 , l id, 222
_ , .. 12 I3)E:A tL C . _ _d J52 __a19 ._ el _ . ____ Ieia4d ,142

EAST d34lH CEl4AL b,544 6e4aj a,225 d.da dl.20
4 EST M3|rH Ci4rR&L* a. d aaa2 2.215 6,122 6,15l

__._..S3Jt4 ATLAi1C ___ ,__ 0, _2 _____ a_ ea ___ _,d, 671 ____ d4
6 EAST S3UIH CEIR' L, 1.2.4. J)ia./ aeJ2a a2t2 6d 4d d

X E-s-SIlUIJm-CEN rRi4L: .. - 2't -, a-, 9 dtoa- », 7J 6.6ba
8 4OJ4lAS als" _ a .b ___ 2325 ______ jc a9 ____ ___

r 9 PfCIlI: COTIS JOJS - ~ 2 ----- I- ' a .412 J,470 a410"

ToTAL! ANNJAL

CEs3Js RE;104 --- OsilCoLi GASCCFT - NYOo4Oa CLE4(Isa"j

,1__L..4E CGLW) ..... ___.__... }.u. S5 ___ __ 294 doe ___82 _____ / b
2 3))Li, AIL411C 2. i6 .134 6,50 6. 99
3 EAST d3RtI C4 NIRIL 4e S5 4,624 1,246 dd46 do/22
4 mEST 3aRIH CE4TRAL . 4,5 ___ 2 __a __ 5 2 _ _ 6, _______ d 91 _
5 SOJT1 TLATrl C .blS .dyS1 lid13 6.lb d, l
5 EAST S3JId CE4IRAL 2 ,e5 a, 11 d, 64 ,563 4,6 d
7 »ESr S)IIH CrME^r 4A 6J7 . __ 6,67 _ _ _ 29,45 d, a91 _ _ __6/4,6 _/6 _ _
8 OJ41rl14 ,2j4 4, 2d 5,42/ 1,42s 6,6 d
9 PAI:FIC CO04TIJOJS 6,d69 aJ9V 2,62i 1, 4UV d,4d

. . . . .. . . . . . .. .. .- „ .. . . ... .. _ . .- - . . .. . . -. - __. . - -.



Exhiblt E-16

A&QTv PFUEIS 40' OTH4E ENEtAV S3UqCES qE3J1EOD FOR RESIDE'4TlAL SPACE CONOIZTIOtIu

____-___________ -rSfESTC4: FREE PISTON STIltRLIG t&N(14E GAS HEAT UlN0o

_______-_____ _____ 3_&SISa.3 p S3UASE..7OT .QOFL ESIDENCE. LiYING.A& AR .0 ____-__________________________
}f»>I:. E!FI:IEN.Y O0T 1NCLU)EO
(14SJkLTY3 DJCTS)

4EATI4G 5EAS3N

CE$SJS RESq13 C3A6L89S) 91(GALS) GAS(CrFT MYOqOCK<14) NUCLEAiE CK(w )

E"I" ME-"E'<3L* --- ~ 4- E- - -. 354 27.56 - .659 -y -1-- --- 5a ---
2 13D) E tr.l* C a .35 3 a.a24 22.791 6.t1 2 .,11

.____. E*ST3 ....£Ai -! -4 Cm...... ... …... }I .. ....... .. -___.0.74 2b.1.2 -. _...__... __ a4a9 __ 12-_..._.
4 NESlT 4M TH CeOTRL a3., 3 a.a 5 2 6 .458 a ».12i
5 s3JT- 4T4Alt IC , 1)2 aJ6 1a. 44 a,.2?2 ,a62
6. EAST S9Ulf4 C'~t

t
-1 ....- 35 ._____.35? __.___A__.. 6 2 ... _____ ..

7 -ESr $sjrH4 CEN1taL 6.)3? 6,i62 1A.I z aa 4 ,aa
a6 13JJ(I a6 6 a.aJ3 19.ld4 6. 21 d ad

_....... 9 . PA:IF COnTIGJOJS .._ *... 13 ._______..* ___ _. 9.}/ ___ _ a. 9.... ..........3 . ____ aat 1 ____

I E E ILAN3 ai,6 a.31Il 71912 3.66 a6,*a
2 ? 41LE AirLAic .l _a~ia _ ____ ._a -a ___ ___ Ia.I» -_____ _-_ a,3 __ ___d 6,66
3 E AST n)4r- CV IQIL a .243 a,aa 9.21a a3a* 2 d..43
4 xEST t41I CE4TqkL 2 624 a.6It H1 258 4,6 3 4 *J

.. ... ..3JT. AT..rlIC . ... _ ___. a.)12 ___. a.aia ____ __, _____ .. __._ 9.> 3 .2. _a2I a3__ _ ...-
6 EAST 3JT'4 CENTRL 3.454 aa3 18.5|46 6744 a a a6
I 'E3T SIJT4 CeNTR&L. S a. - ._a.a633 .. 31. 29 '.27 a I 1i
B 41j'uJiAu __ a1 ll _*.. __________- i46 3s, a144 ____ __ - 6 ____
9 PAIVI: CO4tI[GJOJB 6,.443 aAAd 9.276 3.a4. .,$I3

TOTALI ANNJAL

C!'JSjg RE;I.J - - C 0.4LW -. OIL(GALS) GOAS(CFT) NYDRO(QH ) - NJCLEfAR(KH)

._* ES9 -L" _ ___- 6f 22 ..... _________- .. ________ _ 3.6 ________ ..... 3. ....... 6*4 .....
2 $ILJe. A TLA»IIC a 435 a.-31 32,37a a. 142 . 16
3 EAST RIHn CENTfRI L. 1,112 a.l'3 36.244 3a.11 6,17
4 EST :TN CEir9L. . 13,72 _______1__ a, 9 3144 _____ __9 /16 ____1 _____ 19 ___

S O3J1I- AtlLA lTIC 6.6A4 '.617 29.9776 .4B .11SJ
s E T SIJI l C:'NIR L a 32 A.4 31 AI6 a .1I ) aa, 6

__ ._ s S)Ji- J1 cErnRL . II7 a..a5 41a.4 . .l _3-. _ A J.J - -- ,J23
B M<3.)tIj s a 1 22 a aa5 i 5..s ? < J3i ) aid
9 PAT;II; CO'41HD1oJS Sa 25 6.a616 19 .65 ,a 42 6 615

K. , ' -:-- ------ - -- -'--



Exhibit E-17

_-_ I«*PR1ARV PV!L9 4) OT3 4Eq EN!32Y SOURCES REOJIEOD FOR' RESIDENTIAI SPACE CONDITIO IG

(*~~--- -- i- ~~'"- - iisfTE14a V TYPE 3S1S LE CYLTMDE9 ST4ll.JG RA14KIN!: 
-

MEAT PUSP'

-_--.3SI31 PIR S3UARE: F-IT.OFJ R3,tDE4CE:.LVI¥G .AREA. .. -- __.. - ___________ _

3fVA4i:. EFFP'S ENCY NOT I4CLU3EO

4E AT14 'SEAS3Q

CENSJS qE310N COA.iL.S) OIL(GAL)9 GAS(CCT) MYDRO(CKA) NUCLEA*CKdH)

I NEM E SL AN3 3 1 . .362 26,531 A-.6 0,3ii
2 '413)LE ArLANTl C' A, 4ld a,'.27 21. 9S a,117 i,125

-3....-EASTr q1r-.CE.TRAL __ _ .... ........... . _-
4 'EST 'ORTH CETRA.L 3, 5 3,a36 25.862 a,112 I148
5 S0JT A»TLAnTIC 6,25- 3.aa27 1a3B8S 3,623 3 a.6

O6._- EAST a)ITNc£r L_._A_____ AI_______ J.3._.______ 12 .S___.___ 93 ___ A _ A .3
7 4EST SJr C '09 &L 3a. aa 1 5 Sb ? . d) j.635
8 4JrIt&14 3 7?2 ia,33 . ia,525 21. 247 4,66

-..9?i. .. 7..CIF.. C G..... 2s.... .. ...67..... ....4_ a5.______

_ _. *_

10
'___-___CE.S3J3.!»Eif. _ _-______ ..CO(ll8S____ _____ OIL(tBLS_)_____ GI_ . _____ O3(Ji.H ___ ._'"UCLE E.t!(al _L.

I E« EtLAN) .1all 6,14 8.827 aZ23 a.1ll
.2 ....... 10LE ATLATIC . .... a,5SS 6 _____a 11,84............._______ ...... _ _.a,349 . 3,367

3 EASI <T11 CENIA»L a.33 6.aX 13.71lb 3a.a2 a.a36
4 KEST '44TH C'JTNRAL 3324 a3.3a1 15,1J4 . a 56 a,731
5__-SOJ!i ATLANTIC aJ .................. .. _. a ___
6 EAST SIUTr CEtJRAL )I5 a,aa3 21,4a4 a,As9 . a..aa.a
7 _, E-..T-g :j.T-n- -C E£--.Ri L- 3,a a;a'a4 :- 3.5 .6 a 31 8 0,a22
.. .'43j4TAj3. .......J[. .. .) 9 aa_96 . ..... .. ... ...

9 PACTFIC CNTlJ3J 3Jo a,13ia aaa 4I. 6y a 2J a 6.a4 4

TOTAL, ANNJAL

CENSJ, 9E10N CG&.AS3) TiLCHALY)DGOSCCFTT NMYO(K.VNH) NUCLEtR(KOM)&

2 'I))LE ATLLATIC a 319 3 3.a6 33,449 a.166 0.192
3 EAST 4 lTHN CErTRAL I.3a3 6,636 36,491 a,a3 8,2aa3
4 aESI T i)T3 -< 3 CErt aJ____l __35 _ I-.__7 a 7l____________ .221
5 SOJT-4 ATLANTIC 6,a57 , a2a 32 .3 3.a6585 .1l7!
6 EA3T 91JIA CE'JI1AL a,)49) a.334 33,459 3,182 A,6 6
..... .... .. T SlJ' CEEIAL .. .. 6. I 32 . .. ..3.36 4,721 . ..... . 6,66 ... J _____ __
a8 OJqT»lI a 1 3, a 6ab 3,7 334 34 3,41,aa
9 'PAIFIc CO0 TIGJOJ.9 a ,a3a a, I 19,912 A.482 .lI ?

':' ' ** " ' '"""' '"" - "" * '~"'~- - - -- " ^^""].~~~1



Exhibit E-18

PAI'4 V' FUELS &4 OTE1.4 ENEROY S3UCES tE3JlED PO RE1 DEO?71AlI SPACE CONDITlOSlB

SfSTE4i 3<;*AIC FL.JID A8S93 PT1ON GAS HEAT od 4 P

_ _ S3ISI PE. 32AREl-FOOT -OF REIOESDCEL LIVING .At£ _____.___ _ ____
)f4A4IC EFPI:IEN:Y NOT IYCLUDED
(14ISJLTED. DJCTS)

NEATIIG SEAS3I

CEf3JS ES134 COALI[LBS) OIL(GALS) GAS(CFT) HYDRO(KDI() NUCLE&R(K.MH)

I i i E*N) -
- - a~ '3a 5 . 3a 2 37 .27a .a35

- -
3 d

2 X1D3 LE *ALAdr IC 6,219 3,a4 31.33S a,a661 abb

5 SOJT4 AtTLATIC a 115 a ,a 4 14.264 a.13 ,63 )
I ... PAEJ- CEItFIC _L--- III . 22 . ._._ . _____ 1 .13 13..___ 2 ____ ..

a E 3JST Il aJ.f5 a6a, 2 251.79 a3, 3 3a ,aI 9--- PACIFI: co IsJSJOJS-.. a1 Z-- aa4 1 ____ -. t3.32.-____ .141 _. ______ .ad

- ___. _ CCLI G . ..-. _____.. _ ____ _______.____

I___ - CE.4SJ3 _E3I ). ... -_.-__C _-L4L5L9S_____ _._ IL(4lSL G*f *CfT)___ ___ Y0Q3( ¶MA1._____ __ C IE _ U ___

1 NE[ E1L0N) a,33a 3310a 13.269 aa15 6.aei

4 .ESTI 'lTl Cl T4RAL a, 2 5 d.A)1 21 717 6,.44 a, 7
S. J T-l ..ATL'.f1 6...3 .J3 ....2 . .... .32,4571 ._____ aea
a EAST S)Jft4 Cf'fTRI. a 45 a, aaz 31 aJ1J aa J7a
7 PEST SJTH CEdTRkL 3,7 a, a23 47 764 ,626 i 61

8 *J3iTT Aa _a____ a z ...2_._.__2 2 .955 13___ 7 i______ /, .a1
9 PACIFI: C32TIS13J9A a ~ -3 a 3. 3 5 . I a .172 , 3

TOTAL AdNJALi

CE!'4J 4E3131 CJAl.I(LBS) OIL(GALS) GAS(CPT) nYDRO(K4H) NUCLER(CKOH)

_L_._4Er E'<5L44t) ..... _ __ 6 .4 _ ___5..- 9.96 __.___ _a5 _ .... ____ .2b9 ___ -

2 411)LE ATLAnt IC A,345 3a,21 48.383 a.a99 a.117
3 EAST ldHTM C£triL 6.752 a .a4 52 485 a,aa/ aid I
4 AEST VIH CENTRAL: ._ A..__ . .l. ___4 .. .... ..... 57,552 . ___ _ ___ a .1 3 1 _ ___

5 SojTr ATLA cTIC A .423 a.614 46,72 a ,639 127
6 EA S3J91 tiNTR&L a,575 A 3. 4 ,446 ,i 12 6,) J a

I___ ...... _*.ESI S31JH CEtIRL .. .. .. 1 - --. 4 __ ...____ 6, 54 ._.._ .. _ .. a 2 ____ . .2_....
B i43Dj ii[A a ,ll 6,3a4 52,74a , 2b69 , a

9 PkCiI1: COTIGJo JS a , 6,62 aB 29,515 ,J19 a, at



EXHIBIT E-19

DnTMAY cUFL.q A&I nT'TEq FMEpr'Y SlURCFS RE0III0t FOR RERSIOE1IAL SPACE CUODTTI)NMIG

-.-.. .-............ .......... .. (_sN___~_,YT_._. .^.____L: s._rFlp / C Ral ,C ... '. .... __ lIGEF.TC.TENCY____ ______

aqITSi PFR StgAPS FO"T nr. "ERIrENCE LIVING AqEA
...... _......_ ..... .......... ' ........... ... _....... _... ......... .....̂ .. . ... ..... ............. ___..E?._I ._._..... ...... .- .St..._._r.......-. . ... ... . . ...... .. . . _..... ... . ... .. .....

HEAT1IG SFA5ON

CENSUS 4FGi4 C - r LL A$ - IL( ALFt .(CFV) I YO I (<-H) ..NUrLEAR(U<')

1 NFw E-GLA-L& ID 0,Ol 0 O,018 I a(,7Q1 0,0?0 0 106
2 Mtro-ArLANTC '0.1?5 0.008 .17 .25 00<5 00.n8

EaST NO ' 4 CE'J(q L I.U. 3 2 ....... ... ...... . .... ... .......... I
a WFSFT MnfiQT CENDTAL 0.?73 0.002 a2.298 0 ,03 0 000
5 S 'tli 1'I ATLANI[C 0.079' 0,005 * 17,6 9 . 0,0n, 0 005

... 6 . EA .T r T._ ET PAL..... . ....... ..... _ . _ _ _.0.-P.O_ .. _... . .......... _.,.0.?.0 I l.......... ......21 O. .. ......0.0 .. ..... .......... .0 0 . ............ .... .....
7 iF5T S1lITH CE'JTQAL 0,016 0,0{l1 15.3s3 n0002 O.002

"A O:.T A( 0,1a 0.0n1 0, 162 0,079 0,0
.9. 9 .. P.. ..__C ?.T._.C.....c.ff....l G.! nI..)_. o.3.___ -nO., _-__.___ ___..1.b.6.__ ......._ ___ _ . _0. ____.__0 .0_0.5__.....

............................. -..„.............. ..../_ .___ ........ ......._':: ._ ....._.J O,.nL .. ,- SE a...__ _ ..... .-... _ . . . ...-..............- -.. _...-...... .... -... ..

CE'4S.'s RFr(LjN .aCIOeLLRSi IL(GALS) GAS(CFT) 4YDROf(<H) lJUrLF(A(<"H)

i NF: ENJGLA4D,. U.( '! 0.001 0.128 . 006*U 0.3'a
T.. -.... _ _.......__O...L _ _ _..(!..0... .......-. ... _._ "..,. .... :............ ...P _P.9 .... ... ._.-.. .....0..1..____-___ __ _O. Z9..9 .._.....

$ EqTr N'qTf- CENtPtl. O.gf1 0,004 0..5t7 0.008 0.1H
O W:r..qT 'N1Tq CiNT9AI. l.n4, 0.0rl3 3, o'Z O.1a? o. a a.
5 Slulj T H T A.'L) I IC __.9 B_ -0If 0 79. ? lTH . TLA ! C ...... . . ........ .. ?._7 ..... ................... _ .0 '.... '..... . .... ............. ..e18 ... . . ....... 0.... _ ,0, 3'7.9....... ......
c EAST s'lUTH CETPt.L ,Q31 ' 0,011 0. 503 0..3: 0.0
7 WFT stI'JII H CE'fIoAL O.A.i4 .''0 "l 2,?758 0.111 0.0.77
.. _ .... .. ........ .. ... ...-... --. .0, .9 .... ..... _. ..._...; ....'. - V ¥ n- -:8'(b:. : _ .... ..... . .............: ._0_:_,_ O 5:0 _ ....... .... _.. ......00.

9 PArI'FTC c' l j.lnlS 0,01,3 0.014 2. ls1 0.735 00'13

rT)OTAL. MNUAL

.CE1F91i^ E51'1f . -.. 3 T N C.. _ _._L LASL ... L.A..Q.I... IL.(;A•SLS ........ 1..._.. ............._ GA ( FT.) ................... .... yORO(<W) .. NUU LEAQ(<( 4H)

I 4 Pw F NJ L A -N D So.o.3 . .. ',g _..... 0 .ONQ 0..SO
? 4TnR-aTLiTiC 0 . % 7 0 .039 7,S0O 0.196 0.29b

g EA.QR' i J lH CENTo.t !. P5 0.005 '.3.502 0.011 0215

d .. FST .M'dI TH CENToL . _.l ..0 5 ....... ... ) .... ................ 0 0 0..B ...... ..
5 S Uil{ A A AI».<([IC 1) . 7 . n.O0 b I , .609 .118 0,A0n

Fa31i ",'tr' CElt, 'I 2.171? 0.)011 ?1.50U 0.31l1 0,0

7 . .FS .9T 'l1.rH CE TDPAI .. .I.'C.. 0,.t 5 'u,121 0. 113 0,079
' . 4r)!ijIrA A 1 .,79' '0.010 O5.%;? 0.659 0.0

PACr- C CflNrI[GUn'I 0.010 0.017 1 .' ts 0 9a5 0,019

i.



Exhibit E-20

1PRq4Ri FUELS t'3 3t"tC ENEPOY SJ3JqCS qE-JlNEoD 0F7 ESIDENTIALI SPACt CONDITIO'DIO

______ _____ ISJ'.5_ ._.rC.3" ICSSoN4. t
l

tcCS EAL!4M .'3{42t .CrT3 _________________

31SISl P' S 1'JARS F33T ot 1E5S1OECE L'V1NlC AEA
_____f1I: EfiCENFC _Y3T. I.. ........ _____________________

- _-_ _„. .... ._._-. _ - .. -„_-- _ . . . ..... . . . . . _ . . . . ... ........

CE'JJs RES;13 CC3ACl185) OIL(GCLS) GAS(CFT) YDORO(KH^) MuCLEARC(Ki)

1_-. E"5 CLN. -_ -- ...- __ . _. ��._ a,917 .... _.._..__ __ .?a ... _.. _ ___ 95 ._5 5
. 2 -'mI LE ATLNrTIC 5,152 a,4?2 ?,177 1,73S 1,86

3 EAST .NQI9 CENITRAL 1' 4l, 3, 5 3,397 a ,15 2 ,65
4._ES.. 1ST '43trI CENTR&L .-- __ 1 3,5- -.__ . ____ ___ _ 9 _____ ___ ... 1,bO2 _ _____.1
S S3Jr4 rLANTIC J, 327 114 2, 21 a,37B 1, 11
6 E*Sr snuTl CE£TR&L 5.213 a 17 a3.1l 1 472 A, a3
7__ A_ s UTr C'r'AL. ______ S ,51 -___ _ 7.- _.__ _ 45,9 0BA_____ I78B_ _ ._ 3__
» 3OJTrlv S.s55 .a452 I7,43? 3.762 nA
9 P>AIfI: COurlIJOJS a 331? 6,12 2.49J 4,143 .zt21

C3OLI4G SCES30

> CE93Js EC;I1r C3aLCtLBS) 1L(6L9s) G t(CT) KHYD0O(^K4) NUCLEAR(4KnH) 1

I 4E4 E5GL^N) a,a357 a,128 ,331 32,155 a,835
2 qI) £E ATLANTIC 1,325 a, 73 ,512 a2,394 d,536
3 EAST iQT4 CENTRAL .2 2,427 ..____ � _. _ ala 9 4

4 a 3 1 9 ._ _ __ ,474
4 AE£5 1IRTH ; :EriQL 2 532 ~, aI9 1,99 a. 451 ,~ a4
5 SOJ14 ATLA4II C 3,235 3.19 2,791 a,272 a,945
6_ EA5T S)JtH 'ErtL____ 4 _____ ,26 _, 1255 ,_ _ 79 _____.._ _

7 *EST 3Sjr. CENTRAL ,2337 a,a35 72 i,a a,279 ,t192
8 4OJfrt^ 5,225 3a,22 9,653 I,441 3,aaa
_ 9 _s PA t tC .Cn JaJ5 .a 27 _ _ ____I_ _ ___ 25i3.____.5 5,.1 5 ______ __... ,91 -_ ___I_ d,32_____

91 .P_.._. _ _ .T..3.......A__..T ..T*...-. - -.- .- .... ........-- ____-

_-.. .... CE$J5 JEsI3' .... C....; __ ._._ L..... P Il(6*LS) __ _... G ___ (CFT )..__ _.__ YDOJ(0H)._ UC Et(K l

I 'E E' 'SL 4) 3,)al 1, 24 a,329 1,1ia b 16a
I_ 2 .AL£c ______-- __ 7,4» ____ __. a,475 ._ ._ __ . __ ___69 2,132 1 _._ 4d

3 EA9r '?rTH CCE'1TBL 17.124 3A85 4,246 3.169 2,53i
4 AESt 3tRIH CE4TRAL 5I,355 a,2li 19,195 2,124 2,795
5 SOJT4 iTl4TIC __ ____ 5,33 _______ 3,223 _ 4,312 ___ _ ,54 _5___ 2,l5
6 EASt StJJI CENtr kli 11 ,53 a,.44 2,155 2,241 da
7 ,ES9 3S9JI CElTr AL I ,J1 9 a,46 111,832 3,357 4d,27
A 4___ JJlIA1 14 I 3I - -- - I f .4 23,A42 . ,23 _ 2__.. _ ,-a
9 PAl:rlC COsTIGJOJS d,3r a2,155 7, a5 5,935 B,251

r: ' . '""" -- ~ * - "^" ~" ^ - ~"' "^"l~~~~~~~~~~~~~~~~~~~1



EXHIBIT E-21

PRIMARY FUELS ANO ITHER ENERGY- SOURCES REQUIRE) FOR COMMERCIAL SPACE CONDITIONING

SYSTEPt ELECTRTC HEAT PuqP - STA4DARO

RASIS: PER SQUARE FOOT OF RESIOENCE LIVING AREA

HE.TiNG SEASON

CENSUS REGION CnAL(L3s) OIL(GALS1 GAS(CFT) HYDOR(<"H) NUCLEAR(<(H)

I NEW ENG L&NDU ;O O,I 0 0,0On4 3.lub 0 ;71
2 MT3-ATLANTJC 0,909 9 O 0,0?h 0.255 0?75
3 EAST NORTH CENTRAL 2.1S8 0 ,01l 0,499g 0.02 0.303
4 WEST NORTH CENTPAL 2,01 0,013 1. ,i n, ,2'4 o
5 SOUTH ATLANrIC 0.509 0.017 0.309 0;055 0.14
b EAST SOUTH CENIPRL 0. 91 0;00J 0 ,I b O.Ce3 0;0
7 WEST SOUTH CENTRAL OI0 ... 0.005 7,159 0.012 0 013
8 MOUNTAIN Jl 26 0,o08 1551 0 .5 o;O 0
9 PACTFTC CONrIGunJS 0,010o 0 018 0,I 0583 0,17 0 0v

COOLING SEASON

CEN'SUS REGION CCAL(LRS) -)IL(GALS) GAS(CFr) HYOQRO(<N4) NUCLEfAR(KiH)

I NEw ENGLAND O.0O2 0 102 0 ,24 o.1q7 0;7tq
2 M^t-ATLANTIC 1;.1? 00.h2 o4. 0.3 7 ; s'159
3 E.ST NORTH CENIRAI. 2,113a 0007b 0.01 0,7b .I 017
U nwEST NsRrH CENTRAL 2;159 0.007 6,700 O.3h6 o0 ;4
5 S!)IJTH ATLANTIC 2. 303 0l;T7 1 6I 0 0.l1a 0; .2
b EAST SOUTH CENTRAL 3;,45a 0,019 0,699 0.,551 0
7 -WEST --SOUT'H-CEN'fR'A 0.568 0, ?U a 8,'1)7 0.I1H 0 ;10
9S WOU"TAtIN ;tIS 0,01o 7 193 109 U o
9 PACIFIC CONTIGUOUS 0;072 0,0S2 4,822 1.b5 n;. 2?

TOTAL ANNUAL

CENSUS REGION COAL(LBS) OIL(GALS) GAS(CFT) CYODR(<KH) NUCLEAq(<W")

1 NEw ENGLAND O0tl 0.2S7 0,297 0.293 1 573
2 MID-ATLANTIC n(1a5 o0l l 0O64b 0.59tl I) 74
3 EAST 3ltIH CENTRAL 429 Of 01g 1,2t5 3,'J3 0o.2?
a WEST NSIRTH CENTRAL Q ;15 0.0?0 ,29b *).bl 0. 0
5 SnoJTH ATLAntIC 2;91? 0,095 1.9Q0 0251 0.55h
b EAST SOUTH CENTRAL .1; 93 0 021 1.03b 3,774 0;0
7 *EST SOUTH CENTRAL .; ,6 0,079 5b,0l7 0,202 0 ;u3

89 NUNTAI 31,701 0,0'U7 3,7US 1,6b 0 0
Q PACIFIC CnNIIGUOUS 0.I1 0.050 5.205 ?.2^3 0;0 3

WU



EXHIBIT E-22

PRIMARY FUELS AN,) OTHER ENERGY SOURCES REQUIRE0 F)R COMMERCIAL SPACE CONDITIONING

RYQTEMt R3)FTOP GAS FURNACE/ELECTI1C AC

BASIS: PER SOUARE FOOT 'F RESOIENCE LIVING AREA

HEATING SEASON

CEFSUS 9EGI0N C3AL(LS) OIL(GALS) GAS(CFT) HYD1Ot(<:;H) lurLEAQ(<WH)

1 NEw ENGLAND 0,00? 0;on9q 0;195 O.JiO 0;051
? MTO-ALANTIC 0.065 0,0on4 a;5hb 0,01o 0 0?0

3 EAST NORTH CENTRAL 0;144 0.0 l 39,017 0.0Ol 0 020
a WFST NriqTH CEqrRat 0O13b 0.001 58;2s 0,o0 0o0?2
S SOUTH ATLANTIC 0;057 0,OU2 19,8u2 0.006 0.o18
b EAST S9UTH CENTRAL 0,093 0,0ro 2?2;329 0.0,2 to
7 WEST SOUTH CENTrAL 0.013 0,0 01 18;155 u.)n0 ;002
8 MOCIJTAIN o;0 0,0l001 919 0;OUP 0 :

PACIFIC LONTIGunOLS Onn0f 00o2 19;028 0.074 0o.on

COOLING SEASON

CENSUS REGIJN COAL(LS) ILtL(GALS) GAS(CFT) HrcoD(*KH) M.JILFA(<KW4)

t NEw ENGLA'ID 0,s54 0,067 0,19 I 0.096 0;51
? IDO-ATLAITIC 0,519 0,0u OU 0,316.3 0,23 .
3 EAST '3Y1H CENIPRL 1,a99R 0,00b 0,5s 0.012 0 oa
u WEST NORTH CENTPAL 1;bS3 0oo05 5.177 0.2U4 0.3?2
5 SOUTH ATLANIIC 1,9)2 0.0,i7 1,a10 0,.l7 u .52
( EAfjT S3UTH CENTRAL 2,90u 0, 1 0,7?? 0,a73 O 0
7 WEST SOUTH CENTRAL 0.515 0;01 a4,325 0.172 0:IIH

MO3UeTAIN 1;9q^ 0.01n3 5S;915 0.88 00
q PACTFtC CONTIGUOUS 0,009 0;0?2 3,2 .1 0.0?0

TOTAL ANNUAL

CENSIJ3 REGION CUAL(LL3) I9L(GALS) Ga3(CFT) FDOR''l<wH) IJCLEA4(<^H)

I NFE FNGLAND 0.056 0.073 Q40;39b 0.1 5 nss7
MTD-ATLANTIC o.;8qu 0O.o9 uQ,1 0..h2 0.350

3 EAST N)I'H CENIrAL 1.6b2 0.0(17 50.540 0.013 0;3t
a4 E3r U3rfH CENIRAL 1,79g O.0gb a;.4.9 0.n0l 0 :3Q
5 SOO!TH ArLANrIC 2;049 0,0 9 ?12;53 0.17 J h;no
6 EAST S3JTH CENTRAL 3.0O57 0,016 ?;.101 O.I95 0 0
7 WEST 53JTH CENTPAL 0.5>8 O.0OZ2 S2.;4s0 0.113 0;1?0
R M')UNTA.M 2,0R! 0,0' .5,5'4 O.92 0;0
9 ACIF IC CONtlGUnlOS 0.055 0.o0o' 22.311 1.180 o0:0'



EXHIBIT E-23

PRIMARY FUELS AND OTHER ENERGY SOURCES REOUIRED FOR COMMERCIAL SPACE CONDITIONING

SYSTEiM ELECTRIC RESISTANCE HEArING/ELECTRIC AC

sASIST PER SOUARE FOOT OF QESIDENCF LIVING AREA

HEATING SEASON

CENSUS REGION COAL(L8S) OIL(GALS1 GAS(CFT) 4YOR'.1(WH) NUCLEA (<NH)

I NEW ENGLAND onh;9 U0-29S 0 006 0,30? 1 :7!4
2 MTD-ATLANTIC 2.01I 0.133 00os5 0,576b 0:6
3 EAST NORTH CENTRAL 4,757 0,0'.0 I OU OOu? 0 ,68
'4 WEST N[)fH CENIRAL .1uaS 0.030 3;50d 0.540 07121
5 SOUTH ATLANIIC 1,?3 o 23 0 804 0,151 O..4?b
6 EAST SO3TH CENTRAL 2a343 0,007 0,33 0.555 0.0
7 WEST SOUTH CENTRAL . 0;276 0,014 0. 19,751 0,0 ... 0;0b
F MO)!JUTAI 2,97b 0,018 3;599 1.29 0.0
9 PACIFrC CcoNrlGUnu 0.130 O,0 9 1,013 1.585 0;.qq

COOLING SEAS1N

CENSUS REGION C34AL(L8aS) OILGALS)' .G ACS(CFT) R '< y WR <H) NUn FAQ. < 1)

I) NJE ENGLAND o;052 00.h4 0 195 0 ,O? 0; uo
Z MID-ATLANTIC ;7 07041 O 3 0;301 0,232 0 315
3 EAST NORTH CENTRAL 1 ;42 O.006 0'501t 0,011 OO ...
4 WEST NORTH CE94OAL 1 5h2 0,005 u;893 0,2 ? 0 352
5 SOUtH ATLANTIC 1,859 0.062 1;316 0 156 0 5u3
6 EAST S'JTH CENTRAL 2 758 0;015 o0 ,? 0.4u2 0 ;
7 WEST S93TH CENTRAL 0478 0.02-_059 .-. 17 0 -5 n-0 -
8- MnuNJT-i '-4 ..; 1-'4 0.013 5 550 0.8 3 0;0
9 PACIFIC CONrlGUnUS O0Ou7 0,021 3,151 1,O .0 .01.9

TOTAL ANNUAL

CENSUS REGION COAL(LRS) OIL(GALS) GAS(CFT) HYODO(<WH) NUCLEAP(<WH)

I NEW ENGLAND 0;121 0;350 0.191 0.4 13 .212
2 MTO-ATLANTIC 2;:>2 0..lb 0;360 0.907 0O;9 3
3 EAST NORTH CENTRAL b.I 9 0.;00 1.b00 00. 0 0;Qou
4 WEST NORTH CENTRAL b;0on 0,035 s.O0 D;an9 l;OS4
5 SlUTH ATLANrIC 3;1i2 0,118 2.120 0,307 . 0.9h9
6 EAST SUL)TH CENTRAL 5,1!1 0;0?2 1.b01 0.997 0,0
7 WEST SJO.TH CENTRAL 0 795 0,03a 60;918 0.193 UIUb
8 MOUNTAIN 4s959 0,050 9,1s9. ?.lb 0;0
9 PACTFIC CnrIrIGUOULn 0 177 03070 4. i4 2.7Q7 0;ln8

nl



EXHIBIT E-24

PRT&ARY FUIIL. AI') nTHFR FNERrY IIIRCFS 9 fO'i.lIR) FR COMMERCIAL SPACE CONDITIONING

SYS.TEM, RRAYTnN.RAJKTiNF AIS EAT PUMP

srATsl PER S'tJAR! Frnn nFr RESIr)FNC LIVING AREA

H'ATING ,FASnN

CFStJU9 9RERIN CrIAL(LRB nT L (AL I GAIf(CFT) Yr.R1l(Kwq43 MI. A( « )

NFW FmrLhNO n .on 0,0n?a i n097 O, Ons .,"ao
ITn.ATLA'tTTC n,165 n,011 1 5.10 n0.Ouh 0noC

5 EAST NnQTW CENTRAL n,sak 0o,00 17,5'2 n ,0 0nnS
a wFT NlRTNH CENTRAI. nf.An 0,nn02 IT,29 0, ?U4 n ns
5 SrllTH ATLANTIC ln,n 0nnn 7 ,30o 0,0 1 no
h EAST SJUTW CENTRAL 0,170 , n000 A,1l 0.010 0 ,
7 WFr.T .rlIITH CENTRAL 0,1A 0,001 7,1T5 0n,0 2 O on

4nlNTATIN 0 751 0,001 2,h 5 0,0 0 n0
9 PrTrTTC IcN tGunllh s nnn009 0,n05 hAU$ O.,l1b e;nn0

COnlL NG F 5AN

rFN.JIIsi QEGTON CrAL(LRqi OTL(GALS1 GIS(CFT1 YynRoi( wr4) JUrLFAQC(XW)

1 NFW FNnLAMOD 0,nOn n 0,0 11,519 0,01o n ;n7i
? MTn.ATLA^TTC n0,1A n. on li,7b n0,0s n;n1

FAIT N.ITT CENTRAL ,217 0n,n1 1 ,799 0,nn? : nn
I WPST NIRTH CENTRAL 0,257 0 .0" IA. 76 0,0 (1 n;ns
5 SqUlTw ATLANTIC 0,2 ? . no10 27, 85 n 0,0u ;'
N EAST SJUTI CENTRAL 0,111a 0.002 ?6s 8q 0 0,07 0
7 wERT rnUT4 CENTRAL 0,nT? 0,013 ui,39 0,0 u 0 n17
A MiINTATN 0,2a 0. oon2 2 ,229 n.l n?(

Q PAFTFTC EnNtCIlGUnsl 0,n7 n 0, 13,19Q n0,1 n0nn0

TOTAl. ANNUAL

tCFNlSS RFRION CnALfLRS) nTLfGALSI GASfCFT) qYDRq( WI ) NtlrLEA9P(4)

1 NEW FNOLANn 0,n01 n,n0u 2?,b16h 0, oun n ?15
? mTf.ATLANTTC 0,21 ,01o 7 ?9,q8 0,041 0 097
3 EAT Nn9Tw CENTRAL n, hn 0i,0 n 3,u(1 O, nb n;q07
Q WFrT NORTH CENTRAL n0,59 0f ,nn00 s

,,0h 0 ,0a 0:111
5 SrIlTH ATLANTIC 0,37u( 0,01 5 15,17 0, 05o 011?
h PFAT SrIlTH CENTRAL 0,590 0.0o03 35, ua91 007 n n
T WFsT ?'TUTH CENTRAL on,n n,nnu UA,514 

n
Oo' n0n019

MnIUNTATN 0 5e n, no0 5, 91 5 n,??7 0.n
9 PaTFTC CnNtlOunin n ,01( n,n

r
n7 2n 07e 0,2 7 n ,'0n

0)



EXHIBIT E-25

PRT,4MRY FUELS ANdnO THER ENSRGY SIU4CES REOUIRE FOR COMMERCIAL SPACE CONDITIONING

SYSTEM: RANKINE-RAMnKINE ;AS HE*T PUMP

9ASISt PER SQUARE FO)T OF RESIDENCE LIVING AREA

HEATING SEASON

CENSUIS 9EGION COAL(LBS) OIL(GALS) GrS(CFT) qY1^0(<i) N!CLEa[<¢)

1 NEW ENGLAND 0,0 0,0 15,Bi1 0;0 0 0
MTD-AtTL&TIC 0.0 0.0 13.Q42 0. i u

3 EAST NORTH CENTRAL 0.0 0;0 15;29B 0.0 00
'4 VEST Nl0TH CENTRAL 0,0 0,0 1U,9Ub 0.0 0;0
5 SOUTH AT4rLAIC 0.0 0.0 7,164 0.0 no
6 EAST SO'TrH CENrRAL 0.0 0,0 ,2B 0 0.0
7 WEST SJUTH CENTRAL 0,0 0,0 6.0o9 0.0 00;
8 M':)U0'Ai 0oo 0.0 1. 2 03.0 0 0
Q PACIFTC C3ONIIGtUOS ;o0 0,0 h,815 0.0 0;0

COOLING SEASON

CENStIS REGIJN COAL(LBS) OIL(GALS) GAS(CFT) HYORJ( <H^) NUrLEAQ (<(H)

I NEw EC'lLAND 0.0 0.0 11,4a 0.0 0 0
MIDO-ATLA4TIC 0.0 0.0 0S,2o 00 0

3 EAST NORTH CENTRAL 0.0 0,0 1i,0 u 0.0 o:
a WEST NOUTH CENTRAL 0.0 0.0 19,0ul 0.0 0 0

SOUTH ArLANriC 0.0 0.0 0160 S bb 00 (.0
b E4AS SOUTt CENTPAL 0,0 0;0 29; o0 0.) 0 0
7 NFST. SOUJT-H CE-N--RAL 0.0 0.0 38;75b 0,0 0;0
a im31JNrA IN 0,0 0,0 2u 079 O.0 0.0
9 PACTFIC CON0rIGIOIS o;o oo 12.911 0.0 0 0

TOTAL ANNUAL

CENSUS REG13N C)AL(LqS) OIL(GALS) GAS(CFT) HYODRI(<(H) NLICLFAq(<*4)

I NFw ENGLAND 0.0 0.0 ?7.308 0.0 0;0
2 iTO-ATLANTIC 00o 0o0 23,buq 0.0 O.n
3 cES1 NOIc CENTRAL 0.0 0.0 29,3?7 0.0 0.0
u FEST N]3lH CENrPAL 0.0 o,n 3. 97 0.0 9.0
5 SIUJTH AILANtIC 0,0 0.0 /IJ5O .0 u.

' EaST 351JTH CENTRAL .0o 0.0 7. ht 3.;0 ;0
7 WEST S3UTH CENTRaL 0.0 0.0 U4.»8E 0.4 0.0
8 MOUi14lAI 0.0 0.0 5.555 0.0 ;.0
9 PACTFIC CO9NfG;rlUS 0. 0 0.0 1,Z 0. ,0 0a;



APPENDIX F
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EXHIBIT F-la

OIFFERENCE IN PRIMARY ENERGY C3NSUMPt: )N ASt9O UN PRgJECTI.'N OF qEGI'NAL. wMRKET RENEIR4f-.j«s

AOVA"4CFn ELECTrIC- EAT PIJP IT VS ELECTRIC HEATi rUiP - Sfra')jD

LOJ ESTIMATE

YEAR- aEGTiN COAL OIL GAS HrOCU' NUCLAR

-1985 NORTH EAST - .. -0 .0n, .,b .5
1985- 'RTH CEN-IRAL -Su .n,5 ?92 -2,5 8,8
1985 SOUTH -'2 ,.L,' "961,3- 1. -,a u,4
1935 WEST -tll. -0,5 37,b b19 6 Ob
11Y5 TItr L. U,S. -1S,5 3...J. *', 6P6,6 -b ,1
1990 4OWTrH EASI. -1t ,9 -,t. "2,1 -b. 6
1990 NORTH CE1IRAI. 25,b -lh -.9 "sA 0
t990 SOUtT' -2?7.8 -I,b -22<,Qa -'49,5 .
1990 wES T. - ,6 -1,8 -ISO 3f -18, -
1990 T9IAL U.S. '-b1 S0 -l2,r -2513,4 *-l4C -107 .0
1995 43OTH EAS4 -0a.L. -53. ,-$,R -21
199S N9RTH CENTRAL .-(nb, 063 -. l -1o0 .17 *6O0
1995 531.TH" -590,2 -I1,6 .u0a0 9 9,1 -1053.
1995 WEST -75.1 -35 -2.7o,3 -U.1 - .6
1995 tOIAL U.9, -l.9h -2Z 9 -U452S0 -259.6 9 1 1 7
eoon NORTH EAST *-9, -5,b -5.5 .16bb -5U.
2000 NORTH CENTRAL -566, 5- 1-329 -Z5.8 .1 .0
2000 SOr0TH. RSI, -19,b -58292 -I28.5 -"14,7
2000 WESr -tlnu ,I. -SS9 9-035 -6b.7
zOO0- TOrAL UJ.S, -1592. 15,1 '-b527,5 , 70,4 -e,

HIGH ESTIMATE

TEAR REGTUN COAL OIL GAS HYORJ NUCLEAR

195 4ORTH. EAST -10.* -12 .,5 -6b.5
1965 NURTH CENTRAL. -13.9 -o, -b4.0 -5.4 -1i.
1QS5 SOUTH -179.8' -4, -12I51. -27,1 -l1,6
1985: WEST -22. -IV -8_,0u seU- -1.-
.1 985 -TO.1AL U.,- -S3i6. -7' ) IS7 -1..7 -79,1 -8,
1990 NORTH EAST .50.6 -5, .5,7 .111 -1,5
1990 NORTH CENTRAL -6s0el ) 5.- -i Z22 *2b6 -1,7
1990 SOLuTH -977 .5' - -b60nh6. -13, -15U.3
1990 wEST' .10. .6 .*,9 .0.17 -*U9sI -b,9
19q9 TOtAL 1,9, -164b0.o -S ,0 -67258'- e.r --24b.U
1995 NORTH EAST - .-108, -12,3 -12.2 -56b.6 -6.6
1995 '4OHTH CEN-TRAL. '.l*76.5 -6,2 -607,9 -51.-1 -162.5
1995 SJUTf -1R60.Z -45,.0 -1276b.5 -*8»1 " -27,9
1995 WEST -21 t*s .10.a 8-53,7. -045.b -14.6
199c- AL 1,S, -37Q9,7 -71,9 -10237,3 -15,1 "-2,6b
210 ,.rTH EAS31 1^r1,9 -20h -2u.4 -61.4 -1.5
2000 NORTH CETRAL ' -16b0, -1l9 10 11168 -95,.l 335.3
2000 SOilTH -31 8,6 -72.4 -2104R6 -a7., 1 -5,2.0
2000 WESTr .3R59,O0 -It 143,9 -15.1 I .ob
20OP TOTAL ',S, -SRv70, -121,9 -20Ob4.6 -1i 51. -1025s,

'
C tAL - LRtXItI- tIlL - GAtE.0- G6A - CFIXI0-b YIVRHO - WXlU-6b 'UCLEA*' - KaIX.U-

Note: Negative numbers represent resource savings.



EXHIBIT F-lb

OIrFERMJCE IN PRIHARY ENERGY CflNYSMPT IN HA3SO ON PHJJECTION LIF 4tGIJNAL MA'HltI PENEIWATIINS

ADVANCEn FLECTRIC HEAT PII1'P 11 V ELECTRIC HEAT rPUP - 3iA4~ARD

L'IJ ESTIMATE

YEAR REGI N C.AL IL GAS HYD.J NUCLEAR

1985 NORTH EAST-4 -7. S.0.5 1 . b-3.
1985 N3RTH CENTRAL *577,I -uSl-9.h-.8.B3
19$5 .911TH R9,t 7 .u, 5«S7,2 %1 .41I.U
1985 WEST -lnl -hh., 3 , -1.h ,..b
1985 TtIAL U.S. l5h9,-b -qbŽ,b .b37eU .Ih -b.
1990 MUHTH EAST IlqS, -S11 .i ., -b.11.B
1990 OHRTH CENTRAL *?o9,? - 17e.B 7.2 -9.9 -35,0
1990 0tTH - S.?.1097 .7 -275.9 *99.5I7,
1990 WEST 'JqI S. Ch.U-15?.I- M.4 -d.b
1990 TOTAL LS,, *.?7,l .l 7.b I-258.6 -l4,. -107.0
1995 NORTH EAST -l.s -55 .b | 3 .
1995 NORTH CEliRAL '-U15.0 3IO-1 -?12,9 ) -,19 .b6,O
1995 SOtJTH- .7 .- U 7.5- 9.-lU .
1995 WEST -77,.9 -179, -?7U ,1 -1i .1 -14.h
1995 TOTAL U.. 11 95.3 "25,1 .- S B.u .259.5 -192.7
2000 NORTH EAST A3-03.2 .,(). .5.6 -Ib, -S0U.7

000 NORTH CENTRAL -999.e5 -'q7, -3007,2 -25.H-1.U
20 0 SOUTH -71a,l .2"?50,9 -5910.8 -1H,.s - iu.7
?000 WEST -107B. 7 -b91, -95.U -0(}.5 - .7

000( TOTAL US,", 16295.6 -u797. 5-bl 6.-9 -I7,eU " -feO

rIGH ESTIrATE

YEAH REGTJN ClAL OIL GAS HYODR NUCLEAR

19q5 NORTH EAST -IIS, -170,. -1.2 -. 5 .,5
1q95 '"RTH CENTRAL -iIT9. -r9.9-~ .9 -9 -5.* 41.
19A5 SO1UTH -IR40. -b0,2 .I12UH.13 27.1 -31.6
1985 WEST -22H,u -14,1 -A3,h -U3,O -1.0
1965 TOIAL I,. "-il'l?.l Il , 1J3 9H,0 -79.1 - .I
1990 N-JTH EAST -517~. -

180.7 -57.I7 .I- 1 -1. 5
19 0 »JR TH CE T RAL -hI ,2 ?-'161.I- lht-,5-7o . -931.7
1990 nIITH -"979,*?0 .?93)0.i -(U 6090.1) ali.
1990 WEST -liI.S .711,9 -07.3 -09, -,9
1990 TOIAL 1.1,3, -16790, -U91. -b820n,0 - 85.7 I-2b.4
1995 N'UTH EAST I-11n,9 -17981. -12,i -36b.b ·. b.
1995 NORTH CENIRAL 1Ž(139,e0 .91,9 -blh.0 -51, -1B.5
1995 S1UTH -11900n, 5*hU?3 -t1Z9'IZ,? -?81,a -5I1,9
1995 WEST -?lbl,9 -l el -86b5.b -.' 5, 61,b
1995 TOTAL U, -5IS9),5 -I0o35.1 -I34bh -6t15.3 -952.6

000 NORTH tEASI -hlI.8. .- -o20.7 bl.4 -1I3.5
2000 klORTH CE~NTRAL -? 11. .6lbu9,5 -IltZ.0 95,1I 35b.5
2000 S3UTH 3l?.,238 -0n509,1 -217B9.S - u73, t-512.0
2000 WEST -. 911.0 -?550,3 -1459,0 -151,1 - .b
2000 TOTAL '1.S. -b(lOR.8 -17 698,1 "uIl200,5 -1iI.S -IO5. 3

CUAL - HI'JXU-9' 11L - t'JXlo--Q Aa - iT'JXIO-9 HY'JH[) - wHX0lU-h NUCLEAH - KwHX10-b

0

Note: Negative numbers represent resource savings.



EXHIBIT F-2a

OIFFERENCE IN PRIMARY ENERGY CONSUMPITTN 38SE0 ON PROJECTION OF 4EGSINAL "aRKrL rENETRaT1I'S

FREE p!StnN ST!RLING-RAKIlNE HEAT PU'P V EL ECTRIC HEA41 UIP * IGH EFFICIENCY II

L'OJ ESTIMATE

TEAR REGiON C0OL )IL GAS rYDRU ^JCL.e(R

t985 NORTH EAST .10.7 -. e zh,7 -36 -6.7
1985 NORTH CENTRAL -n.q -0* t 98R,9 .5, r 2
1905 SOUTMH 5nS 11523 t2.2 ,le 9,1
1985 WEST1 -o -09 SRo0 58S 400 -1,
1995 TOTAL U,S, -i4.,b .Ul 29h8,3 wb.b . ,3
1990 NO'OT EAST 3.1 -, a 73,7 11 e.,
1990 NUTHR HCENIRAL -nI.3 -.E,1 305.1. 1I.1 2,
1990 SOUTH M- -5 a8 5,1 5s55, -37.6b .3,
1990 EST -0,l7 -2,9 1793,1 .123.0 -4.1
1990 TOITL US, 7419,7 1,5 9171e3 l 1901, WI10,8
1995 mnutTM EaSt *55,Z -bb, 127.9 -1 . 54,5
1995 NORTH CENTRAL .b72 0Z *,5 5095, 29.5 W103,9
1995 5)uTH . a ,5 *9,5 S92E 9,6 b2.t 12.
1995 WEST -t*Ino .4,6 29z2,0 .obl, -b,8
1995 TOTAL U.5, .109,7 -,2 Z15290,0 0-l73 -18 0
2000 NOHTH EASr .7,7 -9 1 789,9 -2b .t ,0
2000 ORwTH CElTRAL -9. -* .5. 1172,7 .01a. Ilb.2
2000 SOUTH -5 .2 13, 8a532,9 .-8,S -102 .4
2000 WEST a151,8 -b., 4201,9 *d90,. -4,6
2000 TOTAL U.S, -1758,6 30 I 21513.3 eabe "3116

HIGH EStlMATE

TEAR REGION COAL aIL S049 HYTO3 NUCLEAr

1985 NOtrTH EAST ' r. .q5 -*, 5640 0.83 -15 3
,195 ORTH CENTRAL -29853 1,6b ?65., 1'1 l -l bL
1995 SOUTH -18d,. -,2 2633,4 .21,V -3.3
1995 *EST -480 -2,2 1328,9 -.91 - ,0
195Q TOTaL ,93, -S555. 10,1 6790 2 014 90,9 b
1990 NORTH EAST .-.1 a .93 187b,0 -2./, .SU
1990 4NOTH CENTRAL vll,2 - 55,b9' 956 *ub48. I 1Z2,0
1990 SOUTH -6359,3 14, ? 91iQ 6 .b.- '112,3
1990 WEST -17t7 7-.,0 0951,5 *sSU.6b " -11
1990 TOTAL U.S, . -211 9 *317 9 2009,7 -510l -S4bS
1995 NORtH EAST -1^8,4 19. 589 9.2 -57.0 -105,3
1095 NORTH CENTRAL -1r7502 -11,5 1bU93.9 995.U -SSb,2
1Q95 SOUTH -15 1 ,2 *0,9 191R8,3 .203.2 235,b
1995 WEST -309 , -15, Yb79,q -67,8 '22,1
1995 TOTAL US, -*03,5 -772 49250,7 -1.021,4 'b-q9,
2(100 NORTH EAST -?Rah.e -25 b595,5 -9h.1 *1185.
2000 NORTH CENIHAL. -b5hn35 19.0 2t324o4 159o0 -557,0
?000 SO'lTH -??2S,4 -51. 51957.6 . .-58.2 'S32Zl
2000 WEST -57,.b -2b.0 16035,1 -Ob6. -5b,b
2000 TOTAL U.S -b7nl .7128,9 81892.6 -lb99 1 -11b6 ,

n !

I cCOAL - L3910-b6 (IL GALXO-h GAS - CFfXIO-6 HY9H3 - 4WI"X1I0-b UCLEAr - KnHXlUO b

N6te: Negative numbers represent resource savings.



EXHIBIT F-2b

OIPF'ERENCF IN PRRIMARY E4ERGY CUJSUMPIIuJN 1ASEO ON PWJJFCII3N DF REGIJ1ALI MARKt rENEIRa IDIMS

FHCE PISTON STIRLI.IG-RANKINE -lEI PIlUP V3 ELECTRIC HEAT 'lIP - HIGH EFFICIE'CY 11

LUK ESTIMATE

YEAR RErTflN CO AL OrIL GAS HYr0.J NUCLEAq

1955 N.')R T FAST -109. .1l.b250.2 ..h.7
19S% NORTH CEtIHAL -13t1.8 -9,.9 100I2. .5,!02 -5I
1985 w9 1 1

TH *.u, -?b,1 I bS,. l -1I.1.

195 TJIAL 1t.3, S-.U,1 - .1 )UO9,8 -bl.613 3Ui
199f0 NORTH EAST -I9.2 -i2b.I 77.4 11.2,
1990 JOR TH CEnItAL -*1 7.6 o UB.* 3100.9 .17.1 -? 9
1990 1OI'JTH -25a, -.3U.5 J(1b05 -37.h.
1990 WEST Sbh?.U -aI.8 113 1.B .1l2S.
1090 TOTAL U,3. -6713..3 10o,.0 999,7 -190.- '1»0,8
1995 NJTH EA3ST 5.65'4 -911. 12970.7 -. 7 -S, 5
1995 NORTH CE1TRAL -6A77.9 -51U. 51&66.9 -. 9. -IU1,.9
1995 SOUTH I-? .l .- 1585,0 S01b,6 -Se.b .81,8
1995 WEST -11i05.0 -103.06 303Sq .(b,(b.
1995 TrTAL US, 3.-lJ9U.) -5.1U,6 15504.0 -517.I3 1 R.O
2(1U0 NOTH EASTI 79q5.0 .IS15 1A1u.9 b26.2 -UB.4
2(011 NORTH CEATRAL -6hI,. .712u6 727 .1 -ul. 1'-lb.
2000 SOutrH .-5c9 .7 -g1 9,471 8U59,7 -8 .S -lU.
2000 WEST -1SS'4O ,-989,b q426b.8 -90. -. 6
200 TJIIAL U., -17?999.2 .491'U,1 2181U,5 .4qhU '3U5.7

HIGH ESTIMATE

YEAR REGIIN COAL QIL GAS HYDRJ NIJCLtAR

19985 NnRTH EAS3I -2 S0.3-,5 -U3.7 571.9 -S. -t3.1
1985 NOITH CENTIA L -.055.5b -28, 2295.5 -1.1 -. I
1985 TI0ITH l-IBHIU -blS.1 2b70,-3 27,9 -32.3
1985 WEST -'19(0. -12,5 1I17.5 -91, 7I.0
1985 TOIAL U.S.e -95bRn,9 5bo0.1 b3S9,2 .I0,m -'b .
1990 NORTH EAS1 -I S-3U3.f) 190I.3 -7.5 -0.8
1990 NO;RTH CETRIAL -13H6, .- ?.e 3%5531.7 -*.M '-1712.O
1990 SO'Tn TH -bS6'1b6 -P13b. 9274,h b. A112.3
1990 mEST -.182,h .IlbU, 5020,8 .141.6 -11,i
1990 TOTAL U,3, -n591.17 w5u9b.0 234751.0 -,itI. -Au6.3
1995 NORTH .A31 -177,5 -?718.1 39'45.b .57. -105,3
1995 NORTH CENTIHAL -2263.l -lbh6b, 1172a,9 -95.- '-3b,2
1995 SOUTH -17?7,b -I.81,8 1)9546.9 2-?. -3 5.b
1095 wEST - 574.b6 .72776,3 91.9 -bb7.1 e 2-,l
1995 TUTAL U.S. -?9U1?.2' 110,. 099(1a0,2 102,. 4 -b99,J
2000 NORTH EAST -9I 9.b 721lB4 7,R 7-9b.eI I- .5

n0)(> NIRTH CEITRAL -5388I,9 *21b0,4 27707,0 -15,.U -5S1.0
2000 SOUTH- 49.7 -.7S9.7i 3ItSAU,7 -3.2-3.1
2000 WEST *i9IB- .;771.0 16259.6 -110tb.h5 b.b
2z00 TOTAL U.S, -b15,I.-1 "l8,1 7J 13 ,I -16b9.1 .1164.2

Ln
COAL - I'JXlu-9 'IlL - 4TI 10-9 GAS - TUXiOe-9 HYLRi - <W4iXIO-b NUCLEAR - KHX10.6

Note: Negative numbers represent resource savings.



EXHIBIT F-3a

OPFtERFMCF JN PRIMRWY ENERGY C')SUMPIIJN BASED ON PRJJFCTI)N UF tGIo'JAML MArErt PEN~rRAIOVS

FREE PTSTnN STIRLNG-RANKTNF L4EAI PU1P VS GAS FURNACE/CENTRALI AIR CJ40 HIGH EFF

LUW ESTIMATE

YEAR REGION COAL OIL GAS' iTORJ JUCL[A4

1915 NORTH EAST -0, -0.'1 -1722 -- 0U5
1085 NORTH CENTRAL - 98 0)o -75.5 2-0, - .8
1985 SOUTH -10,h .0,9q 159,u .4,e -b.3
1985 WEST -5h6 '-O .25?,7 9 0.O
I q95 TOTAL U.S, -4,.8 -1,0 -2l02Q, -u, 5 -8,
1990 NORTH EAST P.4 -0 .. *1.OB .. 5I
1990 (NORTH CE41X»A. .1U,9 0. -2326 9 ->1 I
990 90!JTH -10b.? " -2, -a91,8 31 .1 9.1#
99 0 WEST .l.2 -0,5 -79,89 - . 0 *0,1

1990 TOTAL U.S, -135.3 .,S - lS"1515 ub a
1995 NORTH EA31 - -, I.I -. ,H U.1Q-2 6
1995 NORTH CEl1RAL -24, U.o0 -3877,1 -i . 4
1995 SOUTH -177.9 .1,4 .820.I 2-3 ,2 i4
1995 WEST -1 -0,a -13U1 -4,3 4..0,
1195 TOTAL U,S, -225,b -5.2 -6919,8 -74 -44 U b
2000 NORTH EAST 5,? -O .129,3 19,- 3b
?000 NORTH CENIHNAL .4 , 0,1 -5457,6 .4,0 -1 33
2000 3011TH -250.3 -. 2 -1154,0 - 32, -4U,b
2000 WEST -6, -1.1 -1876,2 -bb -.
2000 TOTAL U,S, -3517. ,4 , -973571 -105,0 .o6.8

IGH ESTIMATE

YEAR REGIIN COAL Or1L GAS3 HMoU NUCLEAR

1985 NORTH EAST -1,8 -0U1 -3 3.b .b-11
1995 .NRTH CENTRAL· -11,0 0,0 -17225 -1,
1915 n1.JTH -79. 0 l,# -36b',e .10.S -14 4

.1995 WEST -93 -0,3 -59.5 .-20 0l
1985 TDIAL U,S, -100 , -,? S -072,9 -35. -19 B
1990 NORTH EAST .6,0 ) t, 1309.0 -19 - 3.
1990 NORTH CENTRAL -ul,1 I01 -6418,h 0 -15.6b
1990 SOUTH -.27, -h . oh65.1 -I8. -80 0
1990 WEST -1.1 I.1 -207, -78.3 -04
1990 TOTAL U.S, -35%2, -8,1 - o112009 -120,I -69,B
1995 N(RTH EAST -*12. -1,0) -271e,5 -4.0 .7,
1995 NORTH CENTRAL -00,J 3.1 -12550.1-9 -3.0 5
1995 SOUTH -515. 7 -14 2254( 7 75).0 -1U5 U
1995 WEST ..h,7 - 5 -Q315,9 .15 ,1 ».8
1995 TOTAL US, -7?2 --Ify 9 -?2345 -2011 .S1 0la
2000 NORTH EAST -P1,0 -Oh -6b0:1 5, - 13,. 2
2000 NORTH CENIRAL -IH3, I l0 -079f9,9 -ls, .I0,5
2000 'OSU)'TH .,95,.1 - , .417, 4 .12.4 -114.7
2000 wEST -100,) -4~ -i109.8 .-53,e "1.2
2000 TOTAL U0,, -121 3! -2' 1 -69b61,h -.400.5 -2.9 7

COAL - LXIO-'6 ilt. - GALX10-6 GA- CFrxiO-h HY)RO - <~KX1O0-b NUCLEAR - <*HX10-"

Note: Negative numbers represent resource savings.



EXHIBIT F-3b

lFlFEHFNCF IN PR[IMAY EJERCG CO.S43UMPI.JN *aS0D ON PRJJECT]IN O)F *EGIJMAL MRAHKT PE NEI R1 103J

FHEC PISTrON ST1RL'INC.-"A4ilNE HEAI PIU)P VS GAS FIINMACE/CFNltRALI AIR CJ0D HIGH EFF

LCIl ESTIMATE

YEAq REGT4IN COAL IL GAS nr.T)j NUCL*AR

19a5 N0UTN EAS1 ,. I u17. - , .u.A.0 l.
Q905 N3tIH CEiVIAI oa9,. 132 ./(,f1 .- 05 -186

19 5 S91IT. -3% .1i.5 *1h .b -U, -h.3
19855 WEST -I17.13 8.! 6 ,4 9.C *.0.0
19A5 TOTAL U.SU, .4u.5 .10u.5 -hl,.b W*u.5 ^.17
1990 NOTH tEASTI -f,.9 U.,b -5400)5 -0,1) -1,
1990 NDIHT CEI4AL -15?,4 U.1 -?159,5 f-I, -. I
1990 S'UTH -109?.0 -.S8aI. -U49.7 "-.j 19.4
1990 WEST ,-5,:1 .bl,5 -. 11,0 .*V. -0.1
1990 T3iTL J.S. -1398.5 -455, * -109,7 " .4e -b ob
1995 NOHTH EA S I l.6 1,b6 -900,9 oI.3
1995 NOrTH CEMYrAL -?, I -.J931.u -.. S 9.4
1995 SOUTH -.1AI,0 -J*4S. -1.3Sb6 *.S.2 .3:U
1995 wEST -19*.1 -II, .155,.8 -397.a -3.I
1995 TOrAL 11.3, S-3n(,N .-759,. -701,Olb.07 7u. U.b
20OO NI0),TH EAS9 -SR.U -2.U* -1'hbA1 l.- 1.6
P0o0 NfRlIH CEtrBAL -57.5 95, -)3S34, o U0 .u.1,.
ZOO SO'IJTHY -5?.2 .190.1 9o ) 1170.1 o I US.bno00 wEST -?ul -1581 .190?,5 -6bb.h-0
?001 ITTAL LI.. S-34A,. .JO1hH, -. 873. q -105. -b0.8

HIGH E3SH1ATE

YEAR REGION C')AL OIL GAS HYoRJ NUCLCAP

19H5 NORTH FAS -1 H,4 ., -99- , -I ,bI
195 NOHTM CEnItrAL -112. il, 7Ihr . e -1.P:
198 .SIJJTNH -ni?,7 -tRFZ - b9,3 -10,.1 u,a4
1955 EST qS, ' -50.0 -6bO0. -21.>l U.I
1985 TOTAL ULI.S, 1OS. -37.1 -3llh.( -3S. -- 9,B.
1990 NORTH tAS3 -hl., *Zb..) -137.8 .1.9 -S.

o90 YN!ITH CENIA L -OUO.. 1 11.1 -b50,5 -q.41 .5:6
I R I1TH 'elIR.O 9-ORn9el .lIBR,.8 '5 13.,-O0
1990 wEST -317.9 -b18,. -23R,.7 -7H. 3 O.4
1990 IO1AL U,S, -hnP,.5 -11H2l,P -11 51,7 -10o.r ,,.8
1995 N)TH EAS1 -127,0 -51. -*75.5 -. 0 .. 8B
1995 NOITH CENTRAL -. ?r.U -19, 122?5,Be -9,1 -UI,5
1995 SO9UITH *St921 -2n05. -2b691, .275. 0-10f.0
1995 NwEST -62l,3 .bW.O -fS7b,3 . 1S1 I -O.8
2995 TOA1L US. -u'.l -?'54,.I -254S.8 -2Ui.S* Iuu,O
POO NOHTH EASI -?15. -91, -9b67.9 -h.,.112
2000 NORTH CEAla L -3Ihl.8 3.9v -IO1R.O -15.1 -5UU

00) 3tITH M.On8,. -Sa?.U .a479,1 *1t4u.v -I4.7
200 wEST -lo(?.S -60,S. -7'19,99 -'531-
P000 TOTAL Us, -l!)J4u,b .-"'"." .3u79,. .OO 3",400I.

Ln tCOAL - HLIxlU-9 Ill. - r1Tl0)-Q GAS - UTU XIO-9 Y'HO - KWHXIU-b NUCLEA - <IHXlO-b

Note: Negative numbers represent resource savings.



EXHIBIT F-4a

0ioPFHENCE IN lPRIMRr ENERGY CONSUMPI1UN SAS39 ON PRUJECTION UP KtUEINAL MAHKI!l PENEIR4T13iS

OUwANIC FLU1) A8SOMPtION GAS HEAl PUP VS GAS FUNNACE/CETNIAI A*I CUNO l HilH (F

LOW ESTIMAIL

TEAI REGIUN COAL OIL GAS HMTrU- NUCLtAR

1985 NOTMH EASt -S w, 0,1 74.7 -0,5 -U09
1985 NORTH CENtHAL -13b 600,u 336.U *o 0. 1
1985 SOUTH -38 0 U0, b97 -5,1 b,9
1985 WEST *0,9 ou0, 8,3 ll. -1
1985 TOTAL U,S, .58,0 ., 257,0 *18,I 11 1
1990 NORTH tA1a -.4b 0. 5 2313 1.,5
1990 NOYTH CENTHAL .'aU0 1 . el*U04,1 Ze ,7
1990 SOUTH .117. .1, 2U03159 .15.I li
1990 WEST -15,1 U b 25,7 3*5.6 -,0
1990 TOTAL U.S, -179,1 .,V 79)01 -55, -6.4 ,
1995 NOHTH EAS1 -7,7 00,0 *85,5 120.5 4,8
1995 NOHTH CENtIAL ' -700 : l .17331 .0,r I.bl
1995 SOUTH -195,8 . 0 4 595,0 26b1 p 5,S
1995 WEST 2ol, el,1 02,8 *59 .
1995 TOIAL U,S, -298,5 b,6 1519 1 9I2 e I .1
2000 NONTH ES3T 10,8 -0 '54e2,1 I .6 -6.
2000 NORTH CENTIAI. *98,5 0, -duQ139.0 *bob ed b
t000 SOUTH .275.0 b, 7 47.1 7 3s .49,9
1000 WEST -5,U 1,5 b0.2 *85, *i,
2000 TOTAL US. U-20,1 a9., 1855 21 150,5 -OUU

HIGH E811iATl

YEAi REGION COAL OIL AS9 HftOu NUCLEt*

1985 NORTH EAST ).3, *0,U 170.8 .11
1985 NOnTH CENTHAL' -Jal .Uo.I 770u0 0. i,
1985 SOUTH .08609 I,1 1507,8 *tl, - 15,B
1995 WEST -11. 2 0,5 19,0 *20 H -0.I
1985 TOtAL U.,, .1J2,6 -2,9 586 0 1,l -2b,4
1990 NONTH EAST1 11, S0,86 5682 -S* r1.1
1990 NODTH CEltrAL -158 9*0S -eB269,2 -.I *edb,6
1990 SOUTH 302,u0 1,U s536b9 aUU'. -U4,8
1990 WEST *U1,6 .1,8 70,8 -98,0 *a I
1990 TOTAL Uo,, u.07O, 710, 1870,J *150 U.-t d,
1995 NORTH EAS I.230 4-01 .1178,0 f,- .14 ,7
199S NONTH CENTHAL -· 226.5 -0,1 Sb610O 01t.l L.
1995 SOUTH -6335 .154 1U986.2 -8U". 11,9
199s wEST -81I,3 .5 138. 5-1 i- -e,
1995 TUOAL U,S, -9bU7 -21,J 4"3b,8 -29q., 1813.
2000 NOnTH 6EA1S 059,8 2,9 .1991,7 I- 2* e2 ,9
2000 NUFTH CENTHAL 37t5,2 -11 .eV293,7 -2e1l "6b
2000 SOUTH -1050.U 4 25, 18285,9 -14U, "1*
2000 WEST -J13.7 -5, 229, -1 aSl, te6
2000 TOTAL US. 316b00,0 -3.5 z22s,9 -09lt6 bJOb,

Ln
cCOAL - LSXIOUb UIL - GALXlOeb GAS - CFPXIObY HYRO a- WMXIU-b NUCLE*k - <WMXIUUb

Note: Negative numbers represent resource savings.



EXHIBIT F-4b

1OPFrRENCE IN PRIMAHr ENERGY CONSUMP"IIN 4S60 ON PRjJECTCiN Of. t&OELUAL NARKErt PENE(RAlO3s

UIOHANlC FLUID AB3SOPIION GAS HEAl PLutP VS GAS FURNACE/CETRAA^I A1N CU"D MHN ErPP

LUw ESTIMATE

YEAR REGION COAL OIL sAS MHroU NUCLCAuR

1965 NORTH EAST -15 se 1 ,'5 *75B, *. U.,9
1965 NUOTH CENTRAL -1190 *5,8 *QIl.I *.9V -iSl
1985 SOUTH 389, .14,*6 bb9,u0 .,l -b,9
1985 WEST *09,9 .Ue,' 8,e0 -11I, u,1
1985 TOTAL U,S, *59),5 .18b., 28u,5 · 18.; -·11l
1990 NORTH EAST .147,1 ·48,0 6 30, · 1.9 M.9
1990 NORTH CENIMAL: *·*29,8 1 ,9 V 105*4.7 -12,0 9,
1990 SOUTH -12015 .-U1S,.S 110u, "15,tI rli,
1990 WEST *1So, 914,0' !2b.0 -5.b .0 '
1990 TOIAL US, -1832 b- .-. 5IS 01,1 *s5,eb -14.
1995 NUOTH EAST .t?8, -80U,0 390.9' s 1.9 "*,6
1995 NORTH CE1RA' -i6lbl *29.9 .17570 "4,r1 *lbl
1995 SOUTH - 003b -bs92,e 34142,5 2b, I *SS3
1995 WEST -27,03 -15.»6 4-3,4 -59, O-
1995 TOTAL U,S, -1055S -959Yi 3l7,b -9tB *37 l

o000 NORTH EAST -110,4 *112,b6 549,7 *3,b .b,8
1000 NORTH CENIKA-L 1008 0 -t0,1 *2 473,7 *b,0b , b
i000 SOUTH -i819,0 .97,a 4B 48035,b ib6 -r,99
Z000 WEST *3bl19 220ub blU 8.b 'I,0

Z000 ITIAL U.S, *4299,3 14s9,86 1B81,2 -150.,9 .a

HIGH ES11MATE[

YEAR REOION COAL OIL GAS HYTDR NUCL*AR

1985 NOHTH EAST -o08 "355 -17,3.2 1,1 ",1
1985 NORTH CENIRA -318.1 1 5,1 *780,8 -,1l *1,I
1985 SOUTH -8B9,8 -.3Of, 15IS,9 *11.b *1 5.
1985 WEST 11a,5 -b9,1 19,3 Zb 4 -0 ,
1985 1TOAL U,3, !1357,0 *12b4,U 59Q,2 -41.12 5

1990 NORTH EAST -115,1 -11,0 -57?b, -· . -I.1
1990 NORTH CE4NT AL -1185,5 *4', -9093 J1 ,f t eb. b
1990 SOUTH -3090,b l0b66. 531i0 oe U, -" B0
1990 wEST 425s,8 a59,6 71,8 -9,14 -1,
1990 TOIAL U,S, · 4817,b .1W15*3 189b,5 -150·. -69,
1995 NURTH EAST .239,9 .-44U4, 119495 -1,8 14,1

1995 NORTH CENIHAAL .117,9 .9b81 -b88,5 -1Io1 2a5.
1995 SOUTH -bU43,b -L2u1, 1110,0U I8 4,9 lu

1995 WEST -832 24 -501,4 1140uU 4192e -e

1995 TOIAL U,,Se .*87 9 W3089,e 4397,5 -. 990 d 163,9
2000 NURTH EASTI .- Ob9 -«l4.6 W-25eb *Z1321 -a9
2000 NORTH CEN1RAL. 839,9 .18bO, -v423, .25.1 e 8.2

2000 SOUTH -10791,5 3130Ud 15B41 9 10H 1I *191
2000 WEST -1379 1 .B64UO 32,8b *11B I -3
2000 TOTAL U.S, -lb417,3 -5S1456 1325,0 - 491b "Uobe2

COAL - 81UX1U-9 UIL a dTUX10-9 GA9S - TUXlU"9 HYORDO KAWXIU-b NUCLEAR - ARnxlu-b

Note: Negative numbers represent resource savings.



EXHIBIT F-5a

DOl)FFENECF IN PRIMARY ENEHGV CONSUMPIJL1N BAS3D ON PRLJJECTION DF qEGIINAL: HAHKEr RENErAIIOu'3

PULSE C(I)MfIJSIi)N F1)RNACE VS GAS WARM AIR FURNACE

LOw ESTIHATE

YEAR REGION CIAL OIL GAS HTDJ NUCLEA

19M5 NORTH EAST ,u .i M-llH01.5 0, 1,5
1985 NORTHH CENIRAL . Ue 511505.5 1.54
19815 SOL1UTH 1.1 0, 3 -3017.tI6 t, 2.3
19135 WEST .,1. 50,2 1-23 70,0 9,2 0.a
195 TOUrAL U.S, Q9,3 l.!) -1ZU599,7 1), 8.,5
1Q90 NORTH EAS l,.3 (, h -b03n.l 1, 2.,
1990 NORTH CENTRAL S, A 0,3 .-101011.1 2 3,
1990 SflufH 116..e i -710o 5,! "3 4,
199(0 WEST 1.9 UO, - ao.i50,1 a. 0-,a
1991 TrAL U.S. 99.3 ,0 ) -29919903 26,»Ib.9
1995 NOHTH EAST 7.2 ,0 . -55'qU, 2,J ',a
1995 NORTH CEN1RAL 9.l 0,5 15151ht,b 3.6 l9.9
1995 S3UTH 39,0) 0,9 11109,.7 b.5 6,9
199S' WEST 13,I 0,7 -91.l Z7.I 1.2
1995 TOTAL U,S, 10,1) , -37568?a,0 U40,35
O00n NORTH EAST 9,5 1,1 *-u Ob.l 3. 5,

?'00 N9MTH CEIIRAL 117,5 U,1. -O0202,1 u, 711.,
2000 SOUTH 52,2 1, *15b090U.U 8, 1,2

00oI WEST 17,8 1,0 -9500.1 7,1.6
2000 TOTAL U,S, 197,3 3.9 -49959.7 3. 33.

HIGH ES11MATE

YEAR RERTUN COAL OIL GAS HYDRJ NUCLEAR

19O5 NORTH EAST 2,4 01,3 .-IIOL . (,8 1,5
1985 NODTH CElrRAL ?9., U,! -50505.5 1,2 4,
1985 SOUTH 13,1 0,6 -901'7.6 2,e 2,3

:
19"5 WEST 3

Z,5 0,2 -2570o,0 9, 2 U,
1985 TOTAL U1,5,9, 1,0 a1Ul9'.7 19,U 0I,5
1990 NORTH EASI j,.3 0.6 -bfi3.1 1, e,9
1990 NORTH CENRAL' S3,s 0,I -101011,1 .aUa.6
1990 SOUTH 2b. 0,2 -?7MOJSP. i, 4,6
1990 WEST - R, 0,5 -bjqo0,1 81. 0,H
1990 TJIAL US, 9H,7 ,) -?a9g199,3 26,6 1 ,9
1995 NORTH 'EAS 7.. (),A - O350,.3 2. U, q
1995 NORTH CEIRAL Ral 0,5 -U15151bb .6. 6 ,9
1995 SJUTH 9,3 0.,9 1'7U9?.7 .5 6b.9
1995 WEST l3, O. -69M10.l I 27,l.
1995 TOTAL U,, S.1 ,O 35,) -373?.0u a0, 3 d5,U
2000o NORTH EAST 9., 1,1 .7lnh, 3.2 5.
0n00 NORTH CENTRAL 117,5 O.l -002.0U2 1 U.9 17,2

200¢( SO3ITH S2.I I P -15b090.U 8.b9
?
nOO WEST 17, 1",I ') -quRo,1 31,0 l,b

2000 TOTAL U.S. 1917, 3,9 -U95393.7 5.1 3.3,H

COAL - LXIO-b IIIl. - GALXIO.-b GAS CFFXIO-b HY)R1 - kHXIOU.b NJCLEAW - KwHXIU-b

Note: Negative numbers represent resource savings.



'·,: ~ * *' : .EXHIBIT F-5b

OlrFEHENCF IN PRIMAPY ENERGY CN SUMPTI'JN 4ASt0 ON PRJJECTIJ ;.1F REGI.JNAL MArHKL PIENEI AI 1 OWS

PULSE COr'H11)3TrSN FlIR'ACE vS GAS WArt AIR FURNWAC

LUW ESTIMATF

YEAR RERtIr COAL OIL GAS 4YO)J NUCLeCA

195 Q NOqTH EASTI P?.U 1.0 -11V9,6. O,. 1 5
19H5 NORTH CENINAL 3nn.1 23,6 -5121?,6 1.2 1,
1Q5 SOUTH I,2 4, I -3956b,9 ?.2 23
19B5 WEST <.6 3,.U -2$5QS. 8.L 094
19)5 TOTAL . ,S, 501n1,9 r1a2. - b2 9 . l33.u ,5
1990 NORTH EASr UA,8 821 -933.S 1.6 , ,
1990 NORHTH CENTWAIL Ol( I .. -10'4?5.2 2. H .6
1990 SUT SOT R, 8b 6,2 -79117,8 U.3 4,b
1990 WEST q*,1 70,1 -1q191,b 18,5 0.8
19490 10AL US, 109.1 2Le5.6 -252bR . 1 26, 16.9
1995 N IH EAS 913 121 I-3900.2 . 4
1995 N TH CE'AlRA L 90?.1, 9 -13h37,8 3,3 1'29
1995 SOUTH 402.6 129,.3 -11732.0 h. b,.9
(995 wEST !h? IOI,1 -7011RI 2?,1 1.2
1995 TOT70AL U,S, 1514, 4281,- -)37oS7.5 (1U.S S. ,
POf)0O NORTH EAS1 9,7 16,,l -7Tb7.() .2 53
20)0 NORTH CE114AL )nE2,8 94,e 1-04650'4 S', 17 2
o2000 OUJTH 535h,I7 12. -192a75,7 a. 9.2
e200(1 EST 1R2, 100.2 .9UJ3.? I7,0 I 6

0(00 TOTAL IJS ,. 29,5 571. -0537b,.2 531. 3,8

HIRH ESIIATE

YEAR REGTON COAL OIL GAS HYDRJ NUCLEAR

19 5NO1TN EA3so,' 01.0 -llh6,7 11,9 1,5
1915 NORTH CENTRTAL 3n0, 7 S,» -512S2,6 1.? e3
19o5 S )llTH 1. 4a3 -. 95h)I,9 .2 2.3
1945 WEST 9Sb 5315,1) -2595.8 q, I),
19B5 TOTAL i,S, 5'. 4,14q -12b3539,0 L.u 8,5
1990o NOTH EAST I IB,8 -2B.1 335 .b . 9
1990 NORTH CEI!AtL 6oIl,.U I, -101425.2 2,U0 ,b
1q990 SUTH hR , '8. -791A7.8 u".3 4.6
I990 'EST Q.1 70,1 -'4 1191.6 I,. u,3
19911 TOTAL ,5, 10I9,7B 2,6 2). 5S?8Hl 2b.8) Ib.9
199g NORTH EAS3 7A.S 12,1 -390on.2 2,Q4 4,4.
1995 N3RTH CEN1AL 90?n, 70,9 -. 53ih31 . .3 12,9
1995 .9Sl3THl Uib 12,- I-11173,0 b.5 6,9
1995 WEST 1 ,17 10).1 -1087,. 21.7 1.2
1995 TOTAL U.3, 1.10,7 4921,5 -4740.7.5 40,5 2e,1
2000( N1TH EATr 397.7 1 6, -41rH67,0 .? 5,B
200O0 NORTH CEn4TRAL I?0n.19U, 9.6 -?OqO.l , 11.2
2000 SOUTH 53,h7 /1,2 -159275.7 1,6 9.2
2000 WEST I'2, 1U0,( -9H9 .2 31,/ 16.b
2000) TOTAL J,S, 2P019.5 S71,. -50337b.2 53.? J3.a

COAL - HIJXIU-9 I11L - HTIIXlO-9 c A3 - ITA)I0-9 HY-)Rj - KWHXUO-b NJCLEAR - HX110O-b

represent resource savings.

Note: Negative numbers represent resource savings.



EXHIBIT F-6a

OIFFEFENCE IN PRIMARY ENERGY C')3SUMP I .N A AStD ON PRJJECTI3N OF 4EG lIbAL MARiAL IENEf ATI) 3S

HytHRI FLECTHTC HEAT PUIP/GAS FURNACE VS ELECTRIC HEAl JUMP - STA&NOAR

L'Ow ESTIMATE

YEAw REGTrIN CIAL 1. L GAS YOHIJ NUCLeA

1985 "ORTH FAST -A I "-10, 2518,9 -n. -iS3,3
1985 NORTH CENTRAL -IolQQ, -b.I 10629,5 -. U, -18i
19S5 SJUTH -elI -I, 1)3895, 2 -1II0 -',
1995 WEST -l7q,o -l. 2 9 4 .96.0-.
195 T`3TAL U,S, .-lh164,0 -2 52 3000, -e95.
199U N9!TH EAST - ."u, - I,0 6b?1 -;l -47 18
1990 NORTH CE4IRAL -1995. -11,1 1)378,9 9-80 9 a-oa.6
1990 ESOUTH S,7T370 i).1 0.5 -1 .
1Q90 WEST i238" .- ,0 5650, .-183.0 05.9
1990 TOTAL U.S. .(>13.0 i -,519 5999,Q0 -5b -U
1 95 NORTH EAST -205.6 -2. 9 S300 -70.1 -13. 5
1995 NOTMH CENIRAL -27q ,1 2-1,3 22.U.11 -36,53
1995 SOUTH -9,S.1 -1I, 3J821,7 7-Il9, 1109.o
1995 WEST -3?U 7 -5,6 17656 - .5. 5
1Q95 TOTAL U,S -'1207.b- 5S,5 749525,1 b 2.b a6yb.5
2000 NORTH EAST -250 9 -1. 7695,3 -8b62 h2, 9
2 00 0 NJRIM CENIAL -33 41.2 -1a. 8,1 320Q0,2 .135.5 '463J,l
20o00 d11TH -1139,9 .1,J ?3 '7,5 235.3 -13( ,9
2000 0 EST .O3950 .b,8 9q657 7.06,bb -9.1
200 TOTAL U.S. -512?71 -71 3 920(18b -?hl66 -liO. 0

HIGH ESIIMATE

YEAR REGTON CIAL OIL AS HrIUU NUCLEAR

1985 NORTH EAS1I 2. I10.3 251R,9 " .8,8 - .
1985 OHTH CENTRAL -1I)94. -. 10U629.5 .UU.O -li. )1985 SOUTH -373.l .0,7 1359S,. -i1,U 0u Se
1985 WEST .12.3 -8.l ?96 14 -6. 0.
1945 TOTAL U.S, -167,0 -25,2 3000q,9 -(.2r1 " ->E.o
1990 NORTH EAST -SO56b 19,0 Uh(?21. ,18 -971U
1990 NOuTH CENTRAL -1995,9 -11,1 19I37,Y -8,0. 98 6b
1990 SOUTH - 7605,7 .5 25307,0 -U10,5 -19 ,
1990 WEST -2163 *"1 565.8 -I.0 .!9
1990 'TOTAL US. -0h3se5 -U.7 549990.0 -1Sb,3 - 1,2
1995i NJJTH tAST "nr,6 -2,.q 63,08, -.70 .I1 .3.5
1995 NORTH CENIRAL -2712.1 -15.3 2b62q, -111.2 -
1995 SOUTH -93.I *.ll,? 3u86217 7.1951 o-.I U
1995 WEST. 30,47 .5,6 776b5.6 -251.5 7.5
1995 TOIAL U,S, -.4u07b b*5,. 75520.1 -b62bU -bUb6,
2(100 NORTH EASTI -251, -1, 1. 95,3 "-8b. 2 1 ,9
2000 NORTH CENIRAL -11i,2 .-117 12Oa 02 -135. 53, l
2000 OUTIH -11 S9,9 9-1.3 24q7,5 -.?23S -1Z. 9
2000 WEST "T955 -b, 9965,7 7.0b. b -9 1
2000 TOTAL US. -5127.7 -71,! 9200U6.b b-16b b '8.0

*n COAL - LSXIl-b. !lTL . GALX10-6 GAS - CFTXlO-b MY')RO - rwXl10-b NUCLEAR *-' <X10-b

Note: Negative numbers represent resource savings.



EXHIBIT F-6b

Oli FfR' ENCE II Rl l AR¥Y E'~FRGY cn)'JUMPl .),'J AsAt0D ;N PR)JECTIJMN AF REG I )NAL. M RK I PENEIRaII)S5

HYJRID FLECTOrC "EAI PlJMP/GAS FlK.NAC_ VS CLECIRIC MF.AI PUMP - 5HND)A40

LI)g Es I. A r E

YEAR ?EGT<I- COAL * L GAS 4YLr J NICLe'AR

1 5 ND T M EAST -Mo(>, -150 U.Sl 2 5U, " 2 ,2' -, 3S
1Q 5 NLR TH CE.NT I LR-1A?2 - .I, I I 77P.FU,.'- In,

qr-15 W EST -l.hn, : -0. ISOh, . * -0t>.l,
~ 5 ' TOTAL I, S., -) 171 .5 a,7S, 1 SU 2H, 5 -- 4 .-5 ! 2,o
9) 1 4N9 TM EF3 1 i1i'lh ? .4,'Jqb,5 -51. -'I .

»i) M NJrtH CE NIRA uL - Q u A ,ulbSo.2.Bn~f-2ni, b
19910 R0UTH -~Qhb6,- - lSblI 2 1 23 .-1yOi, 'I9
' .

1
90 wE -T 21P.S -$.lI, u 512,.9 BSi,.O -,1Q

(1T90 ) T A ,, -U 1'5,5 '-l9.S , 551bH, g ' = uS h- ' fl2
9S J N')RTH EAST ', S -, AI5Ml, h SI97.l =7UF IS ,J

I q»S N3RTH CENTRALA 0 NH S . »-? q 1 S 9q
1 ; 7111. Hb

1995 9SlJTH ,lh~,t I .5153,1 '19u,2
1995 HE9T . 7oI7I ', 7-7 - O,h 77,5

Q9 )5 T'J AL 0,., -. Oh. 7. - '4U,.7 7 7 7.< , 7b q h." bu .5
20)0 Nfjrt H EA3gl 'ih5.5 . U5 4 U. 7805,1 -6, -lh. 9
2no( NWT CENI&A L - QlIe7, 0 -2I0I,32 3caP, .5 -155, -- 5,.1
?'))0 9tT'- -ItHhh, -2070T, 0 U50U. 01 -8a2 35, - l-Z.

nOO WEST - n S l.i -g8.2 vb H,. 2 -. Ob.6 -vI1
O0O0 T' T AL U 3,S, 5 2 ,La , PI 0 A"1 U95 - ,3 - 2 -63, O -7,U

HIGH ESTIMATE

YEA WEG IIIN CTAL _ IL (A HNYOR: J NUC L A R

NUTORTH EAS3t -RO , . -150U,5 255'I?-? 8. --3 J
q1 5 N.1` TH CEN I A .L -11 05. P -1 7177I I 77R.U l.tU -I.

15?15 -JIITH -l91.l-,57/.(>1'4099.-7 77.0- O'
,'A45 WEST -IPhRP 9 -. 3 JlUOh,-9b ( -).'2w

90 'o L rn aH E -1A I I =2'.&, 2b.Rh, 5 -.- '9 7,6
I90 NDO TH CE14H A L 0 J .4 -l IISVI I50,2 -HI). (9 'H .b
4~{J SE TL H 'hgh^eK-l~b,5 1'4. 0 ,. I ^, i

I 190 wE T -P. , S H , 5 Z 2q .9 g e o ' u
99 T:JTAL U, S1, '31 {IS. ' -h qIJ .5 5 7 76."9 -USb, S .II,
995 NU TH EAST- "¢ . { "oU/-375`, 1I. 170 I .13, 3 5

95 1NOR4TH CE 1IH A L,- I20, 9-?221. 2539Qb, 7 -1l1 ,. - 6b.5
9 95 .S.il T H .~-~ l ?H, t 6-~M. I 3.&/3 q, 2 -JJ , "]) 9 eO13 5 ^ SOUTH. ->»5fr i~u.Ifc~a~ ' ilioq.?.1^1.1 -II, ,

l E95 WEST-~.* 7 , h.h 7747d7'.4 - 51 ,5 . ,o5
1<»5 TrAL L. .S. -u q,/'J. 7 A' UH, I 7S577.32 - 52 .u -bub.
?00ll NJRTH EAST, -5hh, e-USu4.u ?8n,1 .I-Hh=ZSft .2.9
2o0o00 , TM CEvIRAL -. '1 97.u -?//071. S, 3!ql, 3 -1 .- o 43 , I.
2000 0UT H ', 1 5 .~, -2 o4 3 . I ,, 8 " ~. 5 .A "l .$ 2

nl00 wEST -'IOS) .3 -9S. 3959i,?- SO0". ',.1
n"00 T 1 L U.. j,-5 HP. -I0 $43.% 9S3 7.2 -bI.hb '-l .U

o COAL - HI:JXlU-9 UIL L - TUXI-
<

GIA - RTllOX10- HY93. - K*1XlU-h NUCLEAR- W<HxK0-b.

Note: Negative numbers represent resource savings.



EXHIBIT F-7a

DIFFERENCE I'J PRIMARY ENERGf CONSUMPTION BASED ON PROJECTION OF REGIINAL MARKET PENETRAT TO.S

RANIKIHF-RANKTNE GAS HEAT PUMP VS ROOFTOD GAS FURNACE/ELECTRIC AC

LOW ESTIMATE

YEAR REGIOnN COAL OIL GAS Hi3RO NUCLEAp

l9o5 NORTH EAST -1,6 -0.1 -19 5 -0.5 -1:0
t195 NORTH CENTRAL -, -0.1 -38.8 -0 ,
19;i5 SOUTH -15i -0,u2 - 1 -2 a-
1Q-5 WFST -0,1 -83 5 -0;
I985 TOTAL U.i. -PS.' -n.h -1PU6 - ,5
1990 NORTH FAST - -0,1 -)03;8 -2 8 -5
1990 NORTH CENTRAL -37 -0,1 -105;1 -?.0 -6;9
1Q90 STH -73. \ -1. 9 2152 .10.5 - 4
199 0 WEST -10b -n., - 3.8 -2, -02
1990 TOTAL L.. -11.9 -3. 9-137 5 -39 u -b ,7
1995 NORTH EAST - 70;7 l255;u -6hQ .1
t995 3ORTH CENTRAL -fF5, -0,3-505 ;? -n5; -,7 I
1995 SOUTH -19,3 2-, 531 9 -5h 1
199s WIEST -256, -1,1 -107;9 -59 0 ,0
1995 TOTAL U.S. -325.7 -?.- -337 3 -97.1 -
2000 NORTH EAST -39 9 9-3.- 091;3 -13,3 -. 9a
2000 NORTH CE4IRAL -165.0 -sh- -970 ;9 -Z7 -
2000 SOUITH -171.9 .9,0 10?, 3 -50,6 -67 2
?000 WEST -50;5 -20 .0 -113 8 -1;
?0(10 TOTAL iU.S. -627.3 -15t, -65U;0 0187 1 -17?1,9

HIGH ESTIMATE

YEAR REGION COAL OTL GAS HYORJ NHUCLEAR

19B5 NCIIH EAST -3.?20 -3 -397 -1,1 -2;U
195 IORTH CENTRAL -. 5 -0,1-79,7 -0 -27 -
1095 SOUTH -30.3 -0 83;J- -,1.5
1q95 "'EST -1-02 -17.0 -9,3 .-0
1985 TOTAL U.S. -51.1- 52,9 -15.3 -10 3
1990 NORTH EAS1 -21,8 A-1, -268.3 - 7. - 1.
1990 NORTH CENTOAL -90,0 -0,.$ -531 -5. -1 0
1990 SOUTH -i.,9q -U.9 558.7 -271, - 6,7
199 0 W'EST -27.5 -1,2 -113;5 -6b.r -I 0
l990 TOTAL U.S. -302, -? 35- ,9 -10 .1 -59;
1995 AIORTH EAST -aU.b -3 M -5 J9. -1.8 -7
1995 MORTH CEnTQAL -{0.,5 -0,1 -1090;5 -10.7 -36 9
19I5 S t/TH -015.7 -10,n 1 ll:I.8 -55 -75 1
1Q05 WEST -5b.5 -2,5 -32.7 -li7.2 -2 t
1995 TOTAL U.S. -7013 -t17.1 -7?6;0 -?09,3 -1 1;9

000on NORTH EAST -97.9 -- ,u. -206.3 --0 *
2000 tIOlTH CENT9AL -405.1 -1, -3q4I.0 -23.5 -SO 9
,0(10 SOUTH -912.b -'2.1 513;1 -12%.1 -155 0
2000 WEST -12u.0 -5. -51o0.;E -?79.3 *u

000n TOTAL tI.S. -153Q,5 -37,0 -ISq ;o -059,. -al.'4

COAL - LaXI0-b OIL - GALX10- GrAS - CFTXIO-b HYDRO - KWAxi0-6 NUCLEAR - <' HX10-

Note: Negative numbers represent resource savings.



EXHIBIT F-7b

OIFFERFNCE TN PRIMARY ENFRGY CINSLIMPTION BASED ON PROJECTI N OF REGIONAL r1ARKET PENE r aJ -iS

RANKIINF-PNKTNF GAS HEA1 PUMP VS ROOFTOP aA3 FURNACE/ELECTRIC AC

LO' FSTIMATF

YEAR 9EGION COAL OIL GAS HY.RJ NUCLEAr

19s5 MORTH EAST -16.2 -19.h -19.7 -0.5 -10
19QA5 MOTH CENTRAL -*7.3 -3,7 -39,a -OU -1.3
19a5 SOIITH -15S6.0 5 U 2.b -.1 -2
1965 WEST -O.b -1?. -s. -U5 -0.1
19;5 TOTA L U.S. -2e0.0 -t9. -25,0 -7,5 -5.1
1990 NOPTH EAST -Ph,2 -10',5 -105;2 -?. -5.
1995 N)RTH CENTRAL -355;2 -1.95 -08):0 ? -6;,9
1990 SUJTUH" -7Q99;A9 27U,71 t -.7 1 -1;
1990 WEST -10 ,-h7, -I.UQ -o0.
190 TOTAL US, -1350.0 -ubS,3 -139.9 -39, 3-b.7
1995 N3)TH EAST -212,1 -?571 --5..9 -(,Q -12;o
1995 N3RTH CEKITRAL -87b.1 -UA, -513;0 -5.0 -17.1
995 SOUITH -107b.9 -h79o. 59; -6u;9

19q9 WEST -2h,2 -lh,b. -109;5 -59,0 -1;0
1995 TOTAL U.S, . -335,2 -llu9-, -$a;0 -97,1 -. 5;.
2000 3IORTH EFST -U O.0 -9a.4i -498.1 -13. -2IU.d
2000 '39TH CE!TPAL -h1 6.A3 -92,? -938.6 -9, -2;.,
2000 S3.ITH -5RO,9 -1507.h 10358; -5n,I -/7.2
2000 WEST -516,9 -Q19.2 -2'0.9 -111.A -1,9
2000 TOTAL J.S. -hU?0,t -221u. -b59,1 -171 )-l2b;9

HIGH ESTIMATE

YEAR RFPGI'1N COA3L OT GAS HYOPO NUCLEA

1985 NORTH EAST -35,0 -. 0 -0.3 -1,1 .o
19S5 N39TH CENIRAL -13S.0 -7, -Mu,P -ns -2 7
195 S lUTH -n.l -10. 4, -U,1 -5,;
l^5 WEST -Z.,? -26h, -17.2 -Q3 -
195 TOTAL 'J,9, -523,3 -1 n,. -53.7 -5 -10.5
1990 1'3TH FAST -22?.8 -270.1 -272. -7.? -15'.
1990 Nq1TH CENfRAL -?20.9 -50,h -5392 -5 :
1990 SOI TH -207b.5 -71.1 .56hS -27.6 -5b.7
1990 wEST -82.0 -17.1 -115.1 -h?.0 -l.n
990 TOTAL U.S. -3502..- -1?08?,P -359,P 10,1 h,

1995 NIRTH EAS1 -dI5.5 -55,. -557.3 1 u. -?7,R
1995 NOJTH CENTRAL -laSR.3 -103.9 -1105.7 -10.7 -S;'
1995 SOC)TH -u(IPSU,9 -lU. -IUbl, IU..5 -. 5.1
1995 WEST -573.2 -- i7.0 -235,9 -127,? -2.
1995 TOTAL. U.S. -717/.8 -?2415. -719;2 -09 .- 1 ul.
2000 N qTH EAST -1001.8-Il -11 -122,2 -3?.S -32J.
?000 NORTH CENTRAL -U1u5.7 -2P?.") -2r?7;5 -2I,s -5*0.
2000 SOIJTH -Q910.u -3?09.1 254U8.3 -1Ua -lt5.0
2000 wEST -12 9.3 -7RT.7 -51 R. -?79, -U.6
2000 TOTAL U.S. -15757.2 -543u,u -16h?0, -u59,U -311.4

COAL - STUXIO-9 OIL - HTtIXl(3-9 GAS - STIIxlO-q HTON - W'Hx10-b NUCLEA - <Hx1O-b6

Note: Negative numbers represent resource savings.



EXHIBIT F-8a

DIFFERENCE IN PRTMARY ENERGY CINSUMPT ION BASED ON PROJECTION OF REGION1AL . ARK ET PNEE TR HTl .S

PAKJINE-PANKINF GAS HEAT PIMP VS ELECTRIC HEAT PUMP - STANDAR)

L(a ESTIMATE

vFIR RErIIN COAL OIL GAS HYDR ..... NUCLEAR

19,5 9 JOPTN EAT -3A)6 -0u 66,9 -1 -
¶9p5 NORTH CENTRAL . . lbb 1006,9 -O0; 9
115's SOUTH. -211 -05 177 5 7-,0 -3.8
1985 WEST -3.6 -0,2 691 -.86 -02
1i5 TOTAL. U,, . S0 .- 1. 1 20 1*.S -9.2
1)190 NORTH EAST -19 a -? ,0 356,6 ,5 -t.
19Q0 N3RTH CENTRA.L -R7t -Ou 564, 8 -,3 -1.5.3
1 »0 S1ITH¶ -10a.3 P-..b 9 0;1 -15. 2-19;f
1 990 WEST -19 .0 364,9 9-a5. .10
I 90 TUTAL U.S. -23Q.5 -5.9 2196.5 -, -u,2
1°095 NORTH EAST07 - 67,1 877,6 -16.1 -10.3
199S NORTH CENTRAL -215o 0- 13Q2,7 -10,5 5-7,R
1995 SOUTH -2b676 -60 2209.6 -37. -1 ,9
1995 WEST -07;o -P,3 900;0 0.11.5 -2.6
1 95 TOTAL U.,S. -578.8 -14,5 5019,8 -175. 7 11, 6
?000 NORTH EAST -92.0 ' .9.3 1688,3 -31.0 -f58,
'000 NORTH CENTRAL -016,1 -1 9 680,0 - 3 ?20, 9
?0'o 3E.TH -515 . -. ,2 4331,;9 - a7,4
O"W0 WEST * 1. 4 -04 1730,0 a.?l,8 9-5,0
2000 TOTAL U.S., -114 .o a-2,U 10039,6 6-33, -Vt;

HIGH ES14ATE

vEAHR EGInN COA LOIL GAS HYOr O NUCLEAR

19{S NORTH EAST .-7, -0 7 136.5 -?.5 -. ,7
19B5 NORTH CENTRAL -34..0 -0.? 219.3 -1.76
1915 S3OITH -02.0 -1.0 352,9 -5,0 -7.5
19o5 WEST -7.5 .0., 141.. -17.6 -0;
1985 TOTAL U.S, -90.9 -2.3 850.5 -27.6 -)a6
1990 NORTH EAST -so; -5,1 922;2 -Lh.9(1
1900 NORTH CE-TRAL -227.0 -I,1 1Q6IO 1,., ;9,8

9O0 ROU1w -21.2 -6,7 2363,1 -39.5 -s
lI9O WEST -. 7 -2.90;0 -117.2-2 7
1990 TOTAL ti.., -608,.2 15,2 56 5.3 -186 .6a
1905 NDmRH EAST -102.9 -iU 18B.9 .- a.07-,
1905 NORTH CENTRAL - 65.0 -;.? 3022.0 -22.7-
1905 O51W -576.1 -1.7 A 81t;7 -80.9 -nl;o
1905 WEST -1n2.3 -5.0 1939,9 -?40.? -5,6
1995 TOTAL U.S. -1206.b -31.5 11672,5 -378.5 -?is.a
2000 NORH11 EAST -2?5.8 -2. 04105.6 -7.' -lu,.3
2000 NORTH CE1TRAL -10?1.8 -aU7 6590,7 -.9,P -i?4.n

0n0 9U0TH -lh60., -30J I 106?8.6 -177, -??6;1
Pono WEST -22.5 -11.12 ,o -52 -1292,o

o000 TOTAL <1.S. -?73,.7 -b6.. 25623;9 -R.n3l, -50;

COAL - L9X10-b MIL - GALXIO-B GAS - CWTXlIO- Hy1g:0 - KWtx0-b 4,JCLEA4- N<CHXtO-o

Note: Negative numbers represent resource savings.



EXHIBIT F-8b

DIFFERENCE TN PRIMAY4 FNFRGY CINSUMPTI ON HA3ED ON PROJECTION OF qEGIO4AL hMAKEr PENETRTT J!"S

RANK[NE-RANKTNE GAS HEAT PUMP VS ELECTRIC HEAT JMtP - STAN!AR)

LOw ESTTIATE

YrF? 4QEGnN COAL 3IL GAS HYDRO NUCLEAR

19q5 NORTH EAST -37.3 -5.3 67;8 -1 , -2.3
193 N3RTH CENTRAL -169.7 -11.Z 108.u -o0, -29
19 S? SOUIH" -bl - -72.'1 ]SO.0 -3n -3
9AS5 WEST -37.3 -2h61 70;1 -9, -0;2

195 TOTAL Lf.S. -hO033 -b3e 4? 26,3 -1,S -9 2
t99 ) 'I)TH EAST -o9.8 -?84,1 St61; -2.5 -12.3
1900 NORTH CENTRAL -596.2 -597 572;7 -u, -t
1990.O 4T3 -1 i5. 3 -57 ' 922.9 -ISL. -19 ;
19() wEsT -1Qb.9 -?,? 370,1 -45,? -I;0
1990 TOTAL U.S. -Pa00.2 -85u 2227,2 -71. -U, I
1 4- M r FH E ASr -4 9, - h9 ,e 89,9 -16.1 -6 .0
1 9S 'J3RT CENTRAL -?20(.q9 -IUSu 1 12.2 -10,5 -7?1
1993 Sl11TH -273.9, -923.3 221.0 -37.6 -q7;9
1995 WEST -485.5 -39.7 912,6 -111.5 -2 b

9 a5 TOTAL I',1. -592Q1I -2107.95 595.7 -175,7 -118 .
?2010 OlTH EAST -91 0,2 -1305.? 1712,0 -31.0 -58 ,
?20o0 lNRTH CENTRAL -u258,9 -280.1 2721 h -Z03 -2, 9
2On0 531.TW -S275;2 7-1777.Q '392,6 -I,?.o 4 2.
2000 WEST -035.7 -h54.t 1758.7 -?lIu, -5;0
?2no TOTAL 'I9,S -1'1U1;0 -4057. 105i'nS8 -3.,1 -2^,;u

HIGH ESTIMATE

YFAP; S9EGIN COAL TL GAS HYDRi] NUCLE^A

195 ND;RTH EAST -76.1 -lS 138;a -2.5 4.7
1905 Nj rH CENTRAL. -34.0- -2 2. 2?2,4 -1 -h
t945 S31'TII -a79,9 -10,a. 357.9 -5.9 -7 5

c 1995 WEST -76.5 -5 .5 Sl37 -1?,h . -0,
n tq195 T'TAL II.S. -93., -330,.1 862. -27.h -I2;

t 9 9q 0 NORTH EASt -51'.1 -73 , 935.1 -1 .9 -51 .
m I90130 NIRPTH CENTRAL -'323.0 -15.2 1aU84,5 -1.1 -
1 19q0 SO'JTH -3??7.b -969.? 239b.1 -39.5 -50;3

990 WrEST -510,4 -351.o 959,3 -117.2 -;7
H 930Q TOTAL 'J.5, -2??5.1 -221,U 5775,0 -IU.6b -?i4.6

195 NORTH EAST -t05 .0 -1505.l 1915.4 -3I,7 -S5;
105 NORTH CENTRAL -763t,5 -- 1 3.5 304o.c -22,7 -41 ;
I 5 RSOUTH S-5&9b.0 -987.1 4909.5 -Pno. -1)O.0

o r199o WEST -1'0!.b -734,1 1967.0 -2?0,. -5.b
195 TOTAL U.S. -1?759,1 -0537, 11815.9 -7 5 -257.5

m '0no0 !OQTH EAST -7211.0 -3303,1 'u23; -h1,1 -1'3.3
? n2( NO9RTH CENTRAL-1005S.1 --67.9 663;U -U9.3 - 79 .
20) 0 S)OIUT -1Q9.0 (-4SbOP 10T777u -177.* -277.1,
2000 WEST -P297; 7 -Ihl)7. "31;5 -527,o -12;2
20n0 TOTAL U.S. -2q009,7 -990, 5 259R2,h R30,9 -5 n;6

COAL - RTUXtO-9 I -L T l T n-JY n GAS- TlI Xl-9 HYDOH - <WHX10-b 'lJCLEAR - KAHX1i-b

Note: Negative numbers represent resource savings.




