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The design of environmental control subsystems (BCS) for the passenger com-

partment of e- , ctric and hybrid vehicles requires new approaches. Conventional

as well as unconventional techniques were identified for providing environ-

mental control suited for the unique characteristics of electric and hybrid

vehicles. These techniques included various types of heat pumps, thermal

energy storages, and reversible chemical reactions.

A novel technique called the Split Heat Pump appears to meet the require-

ments in a cost-effective manner, and, thus, has been selected as the most

suitable element for long-term development. The split heat pump has no

moving parts and requires no fuel on board the vehicle. Recharging can be

accomplished with a suitable heat source in the garage, and hence can be

operated with multitudes of energy sources such as electricity, oil, natural

gas, or even wood.

Thermal energy storage utilizing sensible heat for heating and latent heat

of freezing for cooling has the most merit for intermediate-term development.

The gasoline-engine-driven heat pump is suitable for near-term product de-

velopment.

As a by-product of this study, one version of the split heat pump also ap-

pears to have potential for application as an air-conditioner in conventional

internal-combustion-engine vehicles. This version may provide a less expen-

sive air-conditioning system with practically no penalty in mileage as com-

pared to presently available systems.
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This final report contains the results of a nine-month study contract awarded

to Mechanical Technology Incorporated (MTI) by the Jet Prop ►,lsion 'Laboratory,

Pasadena, California. The program ooJective was to select an environmental

control subsystem (ECS) suitable to the unique characteristics of electric

and hybrid vehicles. The study, in addition to addressing the need for on-

vironmental control in no passenger compartments of these vehicles, also

examined various methods of obtaining the desired temperature control for

the battery pack.

Both conventional and innovative concepts were considered during the studv,

which began b% , defining the functional requirements of ECS equipment.

Following categorization by methodology, technology availability and risk,

all viable ECS concepts were evaluated. Each was assessed independently

for benefits versus risk, as well as for its feasibility to short-,

intermediate- and long-term product development. Selection of the pre-

ferred concept was made against these requirements, as well as the study's

major goal of providing safe, highly efficient and thermally confortable

ECS equipment, A summary of the major stud y tasks is presented below.

Functional_ Requirements Specification

The ECS function is to provide desirable environmental conditions within

the controlled space (passenger compartment) when the ambient conditions

take on a wide range of values. Thus, thermal comfort. safety and operator

efficiency, coupled with an overall effort to minimize energy consumption,

were key considerations throughout the study task to define ECS functional

requirements.

Design criteria for the sizing, of appropriate ECS elements were established

from the following: demand thermal loads; controlled-space and ambient

temperatures; tine required to reach steady-state operation; relative

humidity; number of air exchanges; safety (defogging and defrosting); and

state-of-the-art survoys. The design point conditions for the patis,cnr, i
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compartment were derived from mathematical modelling of the physical, physio-

logical and psychological processes involved in the determination of thcr%ml

comfort. The model, based on a thermal comfort equation developed by

P.O. Fenger. accounted for:

e Thermal exchange with environment

e Change in stored heat

e Physiological response triggering vasomotor mechanisms

e Effects of blood circulation rate change.

The following chart represents the resulting design point specifications for

the passenger compartments of electric vehicles:

Air Exchange > 5 cfm /person

Parameter During Heating Season During Cooling Season

Tai dry-bulb camp. >68*F ?5'F

T%J . wet-bulb temp. <75or

Air velocity e0.5 meter/sec <1.5 meter/sec

at the passenger

Limit Not SpecifiedTmr'	 mean radiant temp.

Design point ambient conditions were determined by integrating the weather

data over the U.S.A. with the car population density distribution. The

following philosophy was utilized: "Ambient conditions will be worse than

design ambient conditions for less than 1% of the time for less than l of

the total car population." The resulting design point specifications are:

Conditions	 For Heating Season	 For Cooling Season

T 	 -10'F	 1006F

T 	 -	 740F

Air Velocity	 45 mph	 45 mph

So lar Insolation 	- 	 3.'.6 Btu/hr/ft=
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Duration of environmental control was another important parameter in deter-

'	 slain$ the ECS functional requirements. Trove) scenarios depicting typical

.

	

	 U.S. driving patterns were constructed in order to establish the following

SCS desib.i load specification:

e Continuous 17,000 Btu/hr ( • 5 kW)

a 2.5 hours of operation maximum (passenger compartment)

e 42,500 Btu (Maximum)

e 10 hours v: recharging

i	 e 10 hours of unplugged operation for battery temperature controller.

0_ Battsr Temper ature Control

Key objectives to establishing the functional requirements for maintaining

, temperature control within the battery compartment were to:

e Ensure availability

e Enhance power density

e Enhance energy density
t

e Inc rease number of life cycles

e Improve charge /discharge efficienty.

t

Specific configurations, which used insulation to trap the by-produc t heat

t	 available from the batteries, were quantitatively examined. The various

configurations were selected to see an optimum for volume devoted to insula-

tion versus heat loss. Only well-established, state-of-the-art materials

were considered.

The requirement for rejection of heat from the batteries is straightforwar,'.

In the calculations, the batteries are permitted to reach 130°F and it is

assumed that cooling air at 100 ° F is available, With that temperature dif-

i

	

	 ferentinl available, the dissipation from lead-acid batteries is within the

capabil'ty of a small-capacity blower. Thus, the preferred method is to

employ simple insulation with a small thermostatically controlled blow,,, that

uses ambient air for cooling,. Attention should be given to securing; the

lowest available temperature, avoiding stagnant, under-hood heated air. An

option of heating the batteries, using garage power when available and

^2p14	 -,• 4M
	 -x-
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battery power when under way, Nay be useful for geogreohic areas with as

verely cold conditions.

Ths benefits of this approach appear significant. The trade-off of providing

additional volume to accommodate the insulation has important implications

to vehicle design and battery maintenance. No significant improvement was

found on this simple configuration.

Identification and Rankin of E S Elements
t

.-m 	 a	 ^..^ ^ ro ..._-

Because an electric vehicle is designed to significantl, reduce the use of

petroleum-based fuel, the maintenance of the thermal environment within toe

passenger compartment should use little or no fuel of this type. With this

goal as a !c,cus, over Sn elements for heating and/or cooling of electric

vehicle passenger compartments were studied. Key considerations included

component efficiencies, system COP, system capacity and system weight. Pre-

liminary calculations were performed to determine each element's viability

in gross terms such as weight and volume. Resulting data indicated that

over 30 of these elements were capable of being developed into practical

subsystems without imposing undue penalties on vehicle weight and propulsion

energy usage and, hence, on vehicle range and performance.

For heating, a package weighing less than 60 lb and occupying .less than 1 ft 

was identified. This unit provides adequate heating at ambient temperaturet-

as low as -10°F and requires no on-board storage of a petroleum-based fuel.

For combined heaelnE and cooling, a package weighing; less than 200 lb and

occupying leas than h ft  was identified. Such a unit also dues not require

on-board storage of gasoline or energy from electric batteries.

ECS elements were divided into the following categories:

a Heat pumps

e Thermal storage

e Reversible thermochemical reactions.

Within the heat pump category, various types were considered; e.g., vapor

compression, absorption cycle, thermoelectric, magnetic and split systems.

"MAME"
nCHMS"
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Thermal storage schemes under evaluation used either sensible heat or

latent heat of phase change; i.e., salts, oils, paraffins, sand, liquified

gases. Reversible thermochamical reactions were identified as having the

potential for heat storage in excess of 3000 Btu/lb; however, published in-

formation is insufficient to enable a feasibility determination.

In order to be considered for ranking and possible recommendation, candidate

ECS elements were screened for feasibility; each was required to meet the

JPL-approved energy usage criteria and performance specifications. Criteria

upon which each element was ranked included:

• First cost (25)*

• System life (5)

• Range impact (10)

• Energy efficiency (5)

• Storage period (5)

• Maintenance cost (10)

• Performance impact (10)

• Consumer-perceived risk (5)

a Noise level (10)

e Envtr.orimental impact (5)

• Packaging and volume (5)

• Development status (5).

Selection of Recommended ECS Elements

B;!s:d on the results of the ranking exercise, a gasoline-engine-driven

vapor compression heat pump offers the greatest potential for near-term

application. This system can readily be used because only state-of-the-

art product development is required. First costs are low; no daily charging

is required; and both heating and cooling can be provided with no pre-

planning.

For intermediate-term development, a system utilizing water thermal energy

storage is the preferred configuration. Although this type of system offers

*Numbers in parentheses indicate weighting factor assigned to each criterion.

^ we.^►
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only a limited storage period, its other functional characteristics make it

a superior choice for product development within the next three to four

years. Such an QCS element requires no on-board use of patrols= fuel and

can be effectively applied to both heating and cooling cycles. Other ad-

vantages include a simplicity and similarity with present automobile heating

systems, low noise level and a short development period.

Preliminary calculations indicate than an ammonia-water split heat pump

meets all functional requirements in a cost -effective manner; hence, its

selection as the "best" configuration for long-term development. This

system, which also can be applied to both heating and cooling cycles, re-

quires no moving parts on board the vehicle and no on-board use of petro-

leum fuel.	 It offers low overall weight, as well oar: long storage period-,

that are comparabl y to gasoline engines.

In the split heat pump system, the thermodynamic process rates can be

operated independently. It is thus possible to design the home-bast

equipment to perform the regeneration function over a 24-hour period,

while the maximum operating time of the vehicle-base equipment is 2 1/2

hours. This design results in a considerable reduction in the size of

the home-base equipment, as well as of the weight carried on board the

vehicle.	 Furthermore, recharging, can be accomplislvd with a variet y of

energy sources, including electrictt> oil, natural gas or even wood.

er"O ft e	 -xiii
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1.0 INTRODUCTION

The development of propulsion systems for electric and hybrid vehicles has

received considerable attention in the recent past. This development has

now reached a stage where electric vehicles can satisfy most of the perceived

needs of an average American family as far as the propulsion requirements

are conctimed. The electric vehicles built so far or those planned for the

near future have not addressed the problem of passenger compartment envi-

ronmental control to any significant extent. Most of the serious builders

of electric vehicles provide a gasoline-fired heater for the passenger com-

partment. Only recently has prototype development of an electrically or

gasoline engine operated air conditioner begun at Airco.

At present, electric vehicles cost far more than cars equipped with I.C.

engines. Projections for the near future indicate this trend will continue.

It is perceived that since the vehicle is expensive and is likely to continue

to be so, the potential buyer will expect it to be comfortable year round.

In any event, some minimal environmental control will be required by federal

end state laws for reasons of safety; for example, defogging and defrosting

of windshields.

A straightforward adaptation of the techniques used in vehicles equipped

with I.C, engines is not possible due to the following differences in the

propulsion systems between electric vehicles and I.C. engine vehicles:

1) I.C. engines produce large quantities of heat as a by-product,

whereas electric vehicle motors generate relatively little

heat as a by-product. Furthermore, what little heat is gener-

ated is distributed among components that are located far from

each other. The temperatures of such heat sources are also not

very high.

2) The I.C. engine in present-day cars runs continuously, even

when the vehicle is not in motion such as at a red traffic

light, whereas in many conceptual designs, the propulsion

system of an electric or hybrid vehicle is turned off when

the vehicle is at rest.

W
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Thus. new approaches awe required to address the need for environmental

control of the passe»ger compartment of electric and hybrid vehicles.

The environmental control subsystem elements will have sow impact on the
f

performance of other subsystems. Any decrease in range or acceleration of

an electric vehicle caused by ito ECS will be of great concern as these

performance factors are already substandard to what we are accustomed to.

The major objective of this study was to provide a basis for selection and

to select, for the purpose of potential Trototype development, those elements

comprising the Environmental Control Sutsystem (ECS) that are best matched

to the unique characteristics and requirements of electric and hybrid vehi-

cles. As a result of this study, three candidates were selected to address

the needs in three different time spans: short (immediate), mid-term

(within the next three to four years) and long-term (after five years).

A program plan identifying various tasks, cost and schedule for prototype

development was generated for each of these three systems.

Apart from the ECS for the passenger compartment, this study addressed the

need for battery temperature control. The batteries for electric vehicles

are undergoing major development. Some of them can function at their best

at temperatures wl,icl are different from normally encountered ambient tem-

peratures. For some battery types, higher than ambient temperature is most

suitable; others, however, need lower temperature:. This study examined

various methods of obtaining the desired te-nperature control for the battery

pack.

1.1 Report OL&ini at ion

The work on this study was divided into -carious subtasks. Detailed reports

were issued on these subtasks or groups of subtasks. This report sununarizes

the work presented in those reports. However, for thL' sake of reaev ref-

erence and completeness, the detailed reports are included here as appendices.

wcwurou
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2.0 FUNCTIONAL REQUIRENlEI1TS SPECIFICATION

As new approaches are required for designing the ECS for electric and hybrid

vehicles, the first step is to identify the important parameters and specify

their values. Figure I schematically shows the ECS function: to provide

desirable environmental conditions within the controlled space (passenger

compartment) when the ambient conditions take on a wide range of conditions.

Literature surveys, as well as personal contacts with people connected with

ECS's for passenger cars, revealed that no ECS design standards exist with

the exception of windshield defogging and defrosting. A review of present

practice indicated that the ground rules used for selection and design of

ECS equipment are materially different from those applicable to electric

vehicles. In the case of electric vehicles, utmost care must be taken to

minimize the energy requirements for the ECS and also to minimize its weight.

Significant reductions in thermal loads (and, hence, in energy requirements)

can be achieved by suitable modification in the vehicle body construction.

Such modifications will address themselves to reducing heat transfer rates

from various parts of the body, viz., reducing cracks between doors and hods

to reduce unintentional air infiltration, using double thermopane glass for

glazing, photo-chromic glass to reduce radiation loads, and use of selective

coatings to expl2it radiation cooling. However, such modifications have

been considered to be out of the scope of this study. Present practice is

to design air conditioning equipment to provide for 22,000 to 26,000 Btu/hr

and 8,000 to 25,000 Btu/hr for heating in the case of a compact size auto-

mobile. For this study, assuming a thermally well-designed vehicle, cooling

loads of 17,000 Btu/hr were used as the maximum value for steady-state

conditions.

2.1 Design Conditions for- Passenger Compartment

As it is desired to minimize ECS energy regirements, it is necessary to

keep the temperature difference between ambient and the passenger compart-

ment as small as possible without sacrificing comfort. Thus, the parameters

that affect thermal comfort were studied. Work on thermal comfort in auto-

mobiles is scarce in published literature; whatever is published is mostly

experimental and empirical. However, considerable analytical work has

been carried out for the home and work environment. A thermal comfort
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equation, developed by P.O. Tenser, is based on mathematical modelling of

'	 various heat exchange processes of the human body coupled with the phys-

^:

	

	 iological control mechanisms such as vasomotor restrictions of blood cir-

culation rate, etc. The criteria for comfort are based on values of

measurable physiological variables such as heart rate, skin temperature

and skin wettedness, etc., determined by statistical correlation of results

of experiments performed on a large number of individuals under carefully

controlled conditions. The results of the solution of the thermal comfort

equation are presented in the form of lines of constant comfort in psychro-

metric charts. One such chart is shown in Figure 2.

Two design conditions are identified for the environment within the

passenger compartment. These zonditions are based on the fact that people

wear heavy outdoor clothing during winter and light clothing during summer.

Table 1 shows the parameters and respective values that define the thermal

environment within the passenger compartment during winter and summer;

these values are derived from the Fanger thermal comfort charts described

above. It is recognized that a straightforward application of these equa-

tions derived for the home and office environment may involve inaccuracies,

the major limitation being that the thermal comfort charts are based on an

assumption of steady-state conditions, whereas transient effects play an

important role in daily commuter car travel.

2.2 Design Ambient Conditions

The range of values of parameters that define ambient conditions (as far

as the thermal load on the ECS is concerned) would be very large if the

ECS design provided for the worst possible conditions over the continental

U.S.A. Such an approach would result in an unduly large ECS for most con-

sumers. Therefore, "design ambient conditions" were determined based on

the following philosophy: "Ambient conditions will be worse than design

ambient conditions for less than 11 of the time for less than 1% of the

total car population."

MCM&W."
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TABLE 1

DESIGN POINT SPECIFICATIONS

PASSENGER COMPARTMENT

Air Exchange ', 5 cfm/person

Parameter During Heating Season During Coolin¢ Season

Ta , dry-bulb temp.	 >b8°F
	

C75OF

Tw o vet-bulb temp.
	 ,75'F

Air velocity at the
passenger
	

40.5 meter/eec	 1	 <1.1 meter'Qpr

Tmr
	 Limit Not Specified

^ wcwiu^er
^rc..raM.	 —%—



Table 2 shows the parameters and their values for "design ambient conditions"

for summer and vinter. These valueR were determined by integrating the

weather data over the U.S.A. approximately weighted by the car population

density distribution. The details of the calculation procedure are pre-

sented in Appendix A.

2.3 Duration of Environmental Control

Vehicles must carry all the energy required on board. As the energy density

of various energy storing devices is rather small, it is important to

minimize the ECS on-board energy requirement so as not to impair mission

profile. Batteries of many electric vehicles last only about two to three

hours of driving before being totally discharged. Thus, it is clearly not

necessary to carry energy for environmental control for a considerably

longer period. In order to determine a more probable duration of environ-

mental control, including the effect of events such as stopping at traffic

lights, etc., typical travel scenarios were constructed for going to work

and back, shopping and ,other chores, etc. These scenarios were based on a

recent study that derived average U.S. driving patterns by surveying a

large number of families. The results of these travel scenarios and other

contractual requirements are shown in Table 3. The design value for the

required duration of environmental control is taken to be 2.5 hours pe

vehicle charge/discharge cycle for this study. Table 3 shows that a more

moderate value of 0.8 hours is adequate for most people's needs. The

details of constructing travel scenarios are given in Appendix B.

2.4_ Destgn Load Specifications

Table 4 shows the load specifications as determined from the above exercise.

-
.coawum



T.BL?

DESIGN POINT SPECIFICATIONS

AMBIENT CONDITIONS

Conditions For Heating Season For Coolin¢ Season

(Dry Bulb Temp.) -10°F 100OF
a

Tw	
(Wet Bulb Temp.) - 74'F

v	 (Wind Velocity) 45 mph 45 mph

Solar Inso?ation - 326 Btu/ hr-ft"

"C%AM n

"COOrOOO"O

rs.t



.ow.w
-10-

ACTUAL DRIVING TIN

Scenario Driving Time
(hours)

SAL" J227a, D Cycle
Repeated 65 Time 1.75

Work-Related
Travel 0.734

Shopping and Other
Non-Work-related Travel 0.584
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3.0 IDEMPIFIC4. low OF ACS `I.PMS

3.1 Introduction

Environmental control of the passenger compartment of electric vehicles

requires both heating and cooling subsystems. because an electric vehicle

Is designed to significantly reduce the ute of petroleum -based fuel. the

maintenance of the thermal environment within .:sv passenger compartment

should use little or no fuel of this type. With this goal ac a focus, a

variety of heating and air conditioning elements, which use a variety of

energy sources. are identified. In most cases, it is assumed that the

energy carriers will be recharged at home during the period in which the

propulsion batteries: are being charged. Figure 3 schematically summarizes

the various components in the ECS of an electric vehicle.

3.2 _ Ener2v_ Storms

Environmental control of the electric vehicle requires an adequate amount

of energy on board the vehicle in some suitable form. Utilization of this

energy at an appropriate rate then provides the desired heating and cooling.

Fundamentally, hear can be added or removed in two ways. The first method

is addition/removal of heat in the form of heat itself. In this case, the

amount of energy required to be stored i p equal to or greater than the quan-

tity of heat to be supplied/removed. Li the second method, total added/

removed heat is partly in the form o r heat and partly in the form of word:.

Since the atmosphere may be used as a source/sink of heat, only the work

component needs to be stored. Becas , se most of the energv is obtained from

the atmosphere. the work component represents only a fraction of the total

energy requirement. However, unless the work can be stored in the form of

potential energy, significant losses are bound to occur in converting any

other form of energy, such as chemical or heat, to work. Thus, the ad-

vantage of a redti-ed energy storage requirement will be attenuated to a

certain extent.

Energy can be stored in the . form of heat (at high temperature for heating

and at low temperature for cooling) or Rome other form such a, chemical or

^ MCw1KY
T^C^rO^M.
^rtWM^^N
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potential. When energy is stored directly in the fora of heat, no energy

conversion is required, and no conversion-associated losses occur. However,

a certain amount of heat energy is bound to escape during the storage mode.

The extent of the loss depends on the temperature differential between the

storage and ambient temperatures, and on the level of insulation. When

energy is stored in sow other form, it must be converted to either heat

and/or work. This conversion requires equipment and results in an energy

loss that can be utilised only in the heating mode to a small degree. In

the storage mode. however, energy losses are insignificant.

The length of storage time is limited by the form of energy storage used.

Thus, for energy stored in the form of heat, storage time is on the order

of only a few hours, unless elaborate insulation techniques are utilized.

By using electric batteries, storage time can be extended to a few days.

With gasoline, the storage time is unlimited.

3.3 Ener_Souwrce

The source of energy *va- lable presents another dimension to the selection

of the appropriate scheme for the electric vehicle ECS. Energy could be

obtained from private residences in the form of electricity, natural gas,

heating oil or waste heat, and from service stations in the form of gasoline,

propane, etc. Delivery of liquid hydrogen, nitrogen, oxygen or air from a

suitable source is also conceivable. Furthermore, ice, dry ice ( solid form

of CO2 ) or liquid ammonia could constitute suitable sources of energy.

3.4 Categories of ECS Elements

The various ECS elements considered can be divided into three general cate-

gories:

e Heat Pumps (2.0)*

e Thermal Storage (3.0)*

a Reversible Thermo-Chemical Reactions (3.0)*

*The numbers in parentheses show the aection numbers of Appendix C in which

these categories are discussed in detail.

."C"Ma 4

M^ •KORK'o..
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3.4.1 Beat Pumps

Various types of heat pumps were considered in this study as follows:

e Vapor-compression heat pumps driven by a gasoline engine

or electric motor (2.1)*

v Thermal engine heat pumps (2.2)*

s Absorption-cycle heat pumps (2.3)*

e Thermoelectric heat pumps (2.4)*

e Magnetic heat pumps (2.5)*

e Split heat pumps (2.6)*

In the first five systems, the complete heat pump hardware is on board

the vehicle. The energy required to run the heat pump is also stored on

board in electric batteries or petroleum-based fuel.

The last system, the split heat pump, is a novel design in which the refriger-

ant loop is split into two parts. M adequate quantity of refrigerant in

state 1 is stored on the vehicle. When heat pumping is performed, this

refrigerant passes to state 2 and is also stored on the vehicle.

In a conventional heat pump, the equipment that converts the refrigerant

from state 2 to state 1 is part of the heat pump itself. In the split

heat pump system, this equipment is not carried on board the vehicle but is

kept, for instance, in a garage. Thus, when the vehicle's propulsion

batteries ire being recharged, the used refrigerant in state 2 is delivered

to the other stationary half of the heat pump cycle equipment for recon-

ditioning to state 1. Then, the refrigerant in state 1 is again stored on

the vehicle.

3.4.2 _ Thermal Storage

Two types of thermal storage were considered: high-temperature thermal

storage and low-temperature thermal storage. High-temperature thermal

*The numbers in parentheses show the section numbers of Avpendix C in
which these citegoriet are discussed in detail.

MCM Im&&
TIC.MO►MV
ItiCOMOYgW
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storage systems act as heat sources from which beat can be extracted for

beating the vehicle. Low-temperature thermal storage systems can be used

as heat sinks to which heat can be rejected from the hot enviroat+ent for

cooling. Heat sources and sinks can be classified as either sensible heat

or latent heat (of phase change), depending upon the mechanism employed for

rejecting or absorbing heat.

If energy is added or removed in thermal form for the purpose of environ-

mental control, the energy can be low grade in the sense that it does not

have to be capable of delivering shaft work. Thus, from a storage point

of view, only two parameters are of great significance, viz., gravimetric

energy density and volumetric energy density. Table 5 shows the values of

these two parameters for a variety of electric vehicle batteries. Many

thermal storage schemes are identified that exceed the energy densities of

batteries by orders of magnitude. Even relatively simple and readily

available materials result in schemes that surpass energy densities of the

batteries.

Thermal storage schemes were identified using:

Sensible heat storage

Latent heat of phase change.

Realization of practical schemes utilizing high energy densities depends on

the temperature of storage, heat transfer problems and insulation problems.

These systems are presented in further detail in Section 3.0 of Appendix C.

3.4.3 Reversible Thermo-Chemical Reactions

Certain chemical reactions have a property that when the reaction proceeds

in one direction, say from state A to state B, heat is liberated (exothermic

reaction) and the components of state B can be made to react with one

another in a different set of conditions, resulting in products of state A.

In many cases, the reaction from B to A requires heat to be supplied to

the reactants. The materials for these chemical reactions, therefore, can

be used as energy storage devices. Further, as the products in state B of

reaction from state A to state B are not discharged out of the system, th(

same materials can be used over and over again many times.

^ HC.IM^iY
^R.M►N^
.co..o..wr -16-



TABLE 5

ENERGY DENSITIES FOR VARIOUS BATTERIES

I 	 I
I	 Storage	 I

.	 _

Gravimetric

i	 I
I	 Volumetric

Type	 I Energy Density (	 Energy Density
I	 I

I	 ^
(Btu/lb) I	 (Stu/ft3)

I	 I
II I	 I

I	 I
Lead-Acid Batteries	 I

I	 ^
I

Present	 I

I	 I
54 (	 5,800

I	 I
I	 I

Advanced	 (

I	 I
77

I	 I
I	 8,700	 I

I	 I
I	 I

hi-2n Batteries	 I

I	 I
I	 I

Present	 I

I	 I
108 I	 11,100

I	 I
I	 i

Advanced	 I 130

i	 I
I	 14,500

I	 I I	 I



i

In the field of solar energy research, many reactions have boon identified

that have energy densities of thousands of Btu/lb and, thus, may provide a

basis for compact electric vehicle ECS deeiins. However, this field of

E	 study has received attention only recently and information presently avail&-

{

	

	 ble in published literature is inadequate to make engineering decisions.

Section 4.0 of Appendix C deals with this topic in further detail.



4.0 PROCESS OF SELECTION OF ECS

4.1 Elimination of Inappropriate ECS Elements

Many elements for providing heating and/or cooling are identified and

described in Appendix C. Many of these have been eliminated from further

consideration as they are judged not to have potential :3r development to

a practical scheme. The reasons for eliminating any particular element are
i

some combinations of the following:

1) Too expensive (above $1000)

2) Too heavy (above 500 lb)

3) Too bulky (over 10 cubic ft)

4) Too complex

S) Vnacceptably high safety hazard

6) Not enough information available to enable

determination of variovo, trade-offs.

In case (6). significantly more work will be required to obtain the

necessary information. Such work is outside the scope of this contract.

The elimination process is shown in Table 6. After elimination, 14 elements

appeared to have sufficient merit to warrant their inclusion in the ranking

scheme.

4.2 Ranking

The 14 selected elements were then ranked in three categories:

1) Applicable to heating only

2) Applicable to cooling only

3) Applicable to both heating; and cooling.

The ranking was based on a scheme in which each system was given a score.

This score was computed by a weighted srm of marks given to the system for

various criteria. The weighting factors represent the relative importance-

of various criteria with respect to the overall selection process. The

a. w AAAW .
tiawaM• -19-



ORIOINAL PAGE IS
OF POOR QUALITY

TABLE 6

ELINIMTION PROCESS

FR. Ne,	 to
$theme	 PIT  80M3

Available
for Neatls.0

Available
for Cooling Remarks

(Number Cob
Free Test)

eett	 ter-	 wn
[teat ►eft	 2.21 : a t 1.2

Qaeolise-tty ine-privee
Best PUMP	 2-20 a m R

M71 Neat-Activated
Nest Pump	 2.23 x a (LTD) R

Absorption Cycle Neat
Pump	 2-26 x a t :,3

Thermoelectric Host 1,1	 -
Puep	 2-37 x x E bsttsr>

Localited Thermoelectric 2-41 x x (LTD) R

Thermoelectric/Storage
Combination	 2-42 x x E 1

!lagneti.	 most	 Pump	 2-42 x x E 1,:

Water.L:Br	 2-43 x R

Ammonia rater	 :-50 x x R

Water	 3-1 x x R

LiOH	 3-7 a R

`a0H	 7-' x R

OF	 t.7 x R

NaOH-NaNO 3	3-13 x R

K,CC 3 -Na,CO 3 -L1 2 Co 3	3-20,2: x R

Li 2 CO 3	3-21 x R

Sodium Sulfite Decahv-
drare	 ^.Clauber's	 Salt)	 3-21 x E 2

Polvethv:one Pellers	 3-.3 x E 2

Other Phase-change
Sa:ts,	 Table	 3-9	 3-:S x E 2

Liquified Cues	 3-2o x E 1,4,5

Paraffins	 3-28 x E 3.2

Organic Oils,	 Table 3-1:	 3-30 x R

Sand	 3-33 x E 2,1

:ompressed Air	 3-37 x x E 3

Asaeaniated	 Salts	 --1 x E 6

Reversible Thermo-
chemica:	 Reactions.
Table --2	 4-- x E 3

Reversible Thermo-
chemical Reactions,
Table .-3	 4-3 x E 3.6

N1 5LaHx	4.6 x x E 6

FaTiH-6 x x E 2
x

"ON	 4-10 x x (LTD)	 R

•E-E:i=insted; R•Reta:ned fir Further Consideration; iLTD)R • Retained Due to Long-Tess Development P^re ;:a:

Conditions

iamb	 - -1C'F	 Heat Rate - 1',00( Btu/hr

vehicle Space Temp. - 75'F 	 Total Quantity of Most Added or Removeo - ..2,500 Btu

-20-
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marks &Ivan to a system for any given criterion represent the degree of

"goodness" of that system for that particular criterion is comparison with

the system used as a baseline reference system. The baseline reference

system is taken as a gasoline engine driven heat pump.

'a

	

	The criteria and the associated weighting factors (shown in Table 7) were

derived from a consensus of opinion of MTI engineers associated with this

project. All criteria and weighting factors were approved by JPL. The

reasoning for these factors is discussed in detail in Appendix D.

The marks given for any system for various criteria were arrived at by the

following process. First, a schematic of the complete system was prepared

which consists of all the components required for providing enviranmental

control starting from energy sources available in the home, to providing

hot or cold air within the passenger compartment. Estimates were then

made of the cost, parasitic power required and the weight of each of the

components.

Using these numbers, marks were computed for various criteria. For some

criteria such as noise, marks were assigned only from judgement, while for

other criteria such as range impact, a definite algorithm was available to

compute the marks starting from the information about the ECS weight.

In case of storage period criterion, three systems inherently have a long

period of the order of months, while for all the thermal storage schemes,

the period of storage is dependent on the extent of the insulation provided

on the storage device. Thus, for thermal storage schemes, the system cost

and siie is determined by assuming a storage period of 10 hours of out-of-

home operation.

Table 8 summarizes the manner in which marks for various criteria were

obtained. The detailed information is available in Appendix E.



ORIGINAL. Pu^^
OF POOR Q

TABLE

CRITERIA AND ASSOCIATED WEIGHTING FACTORS

Weithtint FactorCrime
Capital Cost Characteristics:

1. First Cost
2, System Life

::se Characteristics:

3. Range Impact
4. Enemy Efficiency
S. Storage Period
6. 4aintainance Cost
7. Performance Impact

Environmental and Safety Characteristics:

S. Consumer Perception of Safety

9. System Noise

10. Other Environmental Impacts

Development and Manufacturing Characteristics:

11. Ease of Packaging and Volume

12. Development Cycle Through Commercialization

25
S

10
5

11pp5
10

5
10
5

5
S

TOTAL
	

100

wewror
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TABU S

SUMMARY OF SYSTEM CRITERIA RANKING PROCESS

Criterion
Degree of Uncertainty of the

Marks For Each System

First Cost _1

System Life 2

Range Impact 1

Energy Efficiency 1

Storage Period 1

Maintenance Cost 2

Performance Impact 1

Consumer -Perceived Risk 3

Noise 1.5

Environmental Impact 3

Packaging and Volume 2.5

Development Status 2.0

0	 Calculated from precise system design.

1	 Calculated from engineering data

(engineering data are subject to variaA lity due to personal preferences)

2	 Engineering ,judgment based on engineering characteristics.

3	 Judgment based on perceived socio-economic view of national goals.

t

We"W .►
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f.
Subjectivity is built into the entire ranking process. This tors at three

different levels:

1) Selecting the criteria

2) Assigning weighting factors to the criteria

3) Assigning marks for any system for a given criterion.

Of these items. 3) is least prone to subjectivity as it enters mainly into

the choice of a specific ranking algorithm from the engineering data. The

very nature and scope of this study makes it impractical to perform detailed

engineering calculations. Thus. a certain amount of judgement is involved

In arriving at the engineering data such as cost, weight, etc. It is thus

possible to arrive at very different sets of conclusions by persons with

different perceptions as to the overall national or other socio-economic

objectives.

4. 3 Results of Ranking and Recommendations

The results of the ranking exercise are shown in Table 9. Based on these

results, the following recommendations are made.

For heating only:

Thermal storage with water.

For cooling only:

Li-Br-water split heat pump

For both heating and cooling:

1) Near - term development: Gasoline engine-driven

heat pump

2) Intermediate -tern development: Thermal storage

with water

3) Long-range development: Aqua-Ammonia split heat

PUMP.

r

OWN	 MCNAWW ►
t^NM►N.
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TN_
RESULTS OF RANKING SYSTV

System Type System Score

Thermal Storage with
Water 240

Aqua-Munonia Split
Both Heat Pump System 195

Heating and
Cooling MTI Heat-Activated

Heat Pump 136

Gasoline-Engi^ie-Driven
Heat Pump 100

Thermal Storage with
Water 377

Thermal Storage with
K2 CO 3-Na 2 CO 3-Li 2 CO 3 208

Heating Only
Thermal Storage with
Li,CO3 208

Thermal Storage with
Organic Oil 198

Thermal Storage with
U OH 195

Cooling Only
LiBr-Water Split Heat
Pump 213

%J c-4"a
W NF1 c cmf"V

. ^	 tp
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5.0 Ducai rioy of asconID y arras

5.1 Aessania-Water Split Neat pule

Basically this is a conventional absorption-type host pump. The mjor

modification is that the total absorption cycle is split into two subsystems.

One of the subsystems of the cycle is located on board the vehicle and the

rest of the components to complete the cycle are located at the hone base.

Thus different processes in the complete cycle are performed in different

locations and at different times. Specifically, the refrigerant expansion

and absorption processes are carried out on board the vehicle. while the

regeneration of ammonia from the weak solution is carried out in the home

base equipment. The process is shown schematically in Figure 4. Figure

5a shows a schematic arrangement of the system in the heating mode. Moving

the baffles to another location makes it possible to use the system for

cooling. Figure 5b shows the system in the cooling mode.

As the system is split in two subsystems. the rates of thermodynamic pro-

::esses in the two subsystems can be independent of each other. It is thus

possible to eesign the home bcse equipment to perform the regeneration

function over a 24-hour period, while the maximum time of operation of the

vehicle-based equipment is 2-1/2 hours. This results in a considerable re-

duction in the size of home base equipment. Moreover, splitting enables

a minimization of the equipment and thus the weight carried on board the

vehicle.

Preliminary calculations provide the following information about the system:

e On-board-the-vehicle equipment:

- Weight	 316 lb

- Volume	 6.8 cubic feet

- Neat transfer rate 	 17.000 Btu/hr

- Total quantity of heat transfer 	 42,500 Btu

- Cost	 $365

-26-



Split Heat Pump System

Insulation
High-Pressure
Liquid Ammonia

Meat Exchanger in
Passenger Compartment

Disconnect for
-	 Charging
Expansion Valve	 c=p

Disconnect for	 [—^	 '" =S
Charging	 _ =}=Ambient	 -

Temperature
Heat Exchanger

Low-Pressure
Water

Figure 4.
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700 Btu/hr

$ 361

k

^q

e Hose -base equipment:

- Maximum hest transfer rate

- Cost

1

i	 The salient points about the system are:

Benefits

e No moving parts on board the vehicle

s No on-board use of petroleum fuel

s Long storage periods of similar order of the

system with gasoline engine

e Very little noise

e Low overall weight on board the vehicle

e Applicable to both heating and cooling.

Drawbacks

e Longer development period

e Perceived safety aspect.

5.2_ Thermal Storage W;th Water

In this system, thermal energy is Ftored in water. For the heating season,

water is heated to 250"F in a pressurized container resulting in a storage

density of 150 Btu/lb of heat. This assumes that useful heat can be ex-

tracted until the temperature of water falls to 100°F to maintain the

passenger compartment temperature of 68° F in winter. For the cooling

season, water acts as a low-temperature heat sink. An energy storage

density of 150 Btu/lb is obtained by letting the water freeze. This assumes

that heat can b rejected to the low-temperature heat sink until the water

temperature rises to 40°F to maintain the passenger compartment temperature

at 75 °F.

In order to take care of expansion during freezing and also heat transfer

from passenger compartment to ic(.- during; frozen state, pure water is en-

closed in many ela ,,tomer balls. These halls are then kept in a tank

wewwsr
-29-



containing dater with antifreeze like ethelyne glycol. 7be water with

antifreeze is used as a heat transfer fluid and is circulated through the

fluid to air heat exchangers located in the passenger compartment. Ap-

propriate containers are adequately insulated to limit heat loss to 52 of

the total stored energy over a period of 10 hours.

The thermal storage is charged overnight by circulating the water with

antifreeze from the vehicle tank, through a reconditioning plant located

in the home base. Such a reconditioning plant consists of a small freezer,

refrigerator and a tank with an immersion heater. A schematic of the

system is shown in Figure 6.

Preliminary calculations result in the following information:

i

e On-board-the-vehicle equipment:

- Weight (including water)

- Volume

- Parasitic power

- Heat transfer rate

- Maximum heat transferred

- Cost

s Garage Equipment

- Heat transfer rate (24-hr basis)

- Cost

333 lb

5 cubic ft

365 W

17,000 Btu/hr

42,500 Btu

$300

700 Btu/hr

$350

The pros and cons of this system are as follows:

Pros

e No on-board use of petroleum fuel

s Very little noise

s Applicable to both heating and cooling

e Simplicity and similarity with present

automobile heating systems

e Short development period.

wewor
COAPO M.
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Thermal Storage System
AIR TO LIQUID NEAT EXCHANGER
IN PASSENGER COMPARTMENTS

SERVICE
L E

	

	 SERVICE
VALVE

SERVICE	 MATER AND	 SERVICE
VAL E	 ETHYLENE GLYCOL	 VALVE

CIRCULATION	
INSULATION

MOTOR	 PUMP

CONTAINING
PURE MATER

i	 ^	 I

vALVECE	VALVECE
	 I

I	 CHILLER	 HEATING	 SERVICE I
I	 UNIT	 UNIT	 VALVE

I
	vALvECE

	 I

I	 CONTROL
MODULE	 I

I	 (
	BATTERYHOME SASE	 !

CHARGING EQUIPMENT

Figure 6.
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06CMA oA,
TwHOWL"T	 -31-



I'

Cans

e Limited storage period

I	 e Capable of providing heating or cooling only on
a given daily charge.

5.3 Gasoline-Engine Driven (Vapor Compression) Heat Pump

For the near-term application, this system has a potential for the least

development period and cost. It is used as a reference system for compara-

tive evaluation of various other schemes.

Figure 7 shows a schematic layout of the system. In winter, much of the

energy content of the exhaust gases is made available to the passenger

compartment by heating the evaporator with the exhaust gases. A simple

movement of the damper is used to change from heating mode to cooling mode.

Preliminary calculations show the following information about the system:

e Weight	 175 lb

e Cost	 $750

Benefits and disadvantages of this system are as follows:

Benefits

e Only state-of-the-art product development required

e No daily charging necessary

e Capable of providing either heating or cooling without

any preplanning.

Disadvantages

e Use of on-board petroleum fuel

e Noise

e Hazardous fumes

e Maintenance.

maim s.e..a«w
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ABSTUCT

The specification for design point conditions for designing govironmental

Control System (ECS) elements has been derived tc minimise energy consuma-

tion without sacrificing comfort.

The rationale for deriving values of various parsmeters defining conditions

in the passenger compartmint is based on the use of mathematical modelling of

physical, physiological and psychological processes involved in the deter-

mination of comfort.

The rationale for deriving design point specification for ambient conditions

is based on a suitable modification for vehicular application of the logic

used in the ECS design for buildings.

INTRODUCTION

Since the energy stored on board electric vehicles is small, the energy

demand for any purpose other than propulsion must be as low as possible,

lest the vehicle range, which is already small, become even smaller. In

the design of ECS equipment for current autome'ljiles, the range penalty does

not become a consideration due to the large range between refuelling stops

and to the quick refuelling period of a few minutes as compared to a fey

hours for electric vehicles. Thus, the duplication of the practice of ECS

equipment design used in current automobiles is not prudent for application

to electric vehicles. (See Tables 1 and 2.) Therefore, Mechanical :ech-

nology Incorporated (MTI) studied various means of reducing the heatin g and

cooling loads. The study focussed on the objectives of providing ECS equip-

ment for electric vehicles. In order of priority, these objectives are:

e Safety

e Driver operation of the vehicle with maximum efficient;, for

accident avoidance

e Thermal comfort to occupants.

^ MC ^^ KY
MP d► DIP	 -1-
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NTI SURVEY 1ZSVLTS Of CURRElP!' ECS DESIGN ?VACTICE TOR ALTTMILES*

e Ambient Conditions (a/c)

. Dry-ful `+ Temp. 100' ••+W 110'7

j. Wet-lulk	 :amp. 70'« 75'7

Relative "umidity (RH) 30 ++ 40%

a Inside Conditions (a/c)

Steady State

Dry-Aulb Temp. 75'F

RH
4

Not	 specified	 {

Air Rate (fresh air
and recirculated air) 100 -o-+-200 cfm

` Air Exchange Rate
(fresh air only) 10 x+•200 cfm

iCooldown

Ir.itial	 Temp. 140° x•+1459F

20 minutes 76	 86'F

e ^	 .'Capacity	 (a;.; 2= 000» 26,000 Btu,'hr,

(6.45 —o-7.61  kW)

e C.O.P.	 ( a/c) 1.8

e Fuel	 Rate	 ( a/c) 1 gal/hr
i^

• Weight	 ( a/c) 90	 •...•.100	 lb	 5'

e Heating

Ambient Conditions

Dry -Bul'c Temp. -10° i--4. 2°F

Inside Condition 75°F

Capacity 8,000 +*+ 25,000 Btu/hr

(Steady State) (2.35 fe-7.31 kW)

(Quick Heat) up to 50,000 Btu/hr
(14.6 kW)

Time to Warm Up

40 °F 10 minutes

75°F 25 minutes

*No mandator y standards exist for CCS design for present automobiles e::rL:c
for windshield defogging, defrosting and glazini, transmission.

•CM&AW' ►
vo.wM•
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TABLE 2

IMPLICATIONS OF INFORMATION* ON ELECTRIC VEHICLE APPLICATION

At 0esiLn Points

e For a/c, about 2 batteries (Ni-Zn) of 60 lb each

required per hour of operation

e For heating, about 1.8 batteries (Ni-Zn) of 60 lb each

required per hour of operation

Supporting calculations needed.

*Taken from Table 1

s
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LNERCY CONSUMPTION FOR THERMAL COMFORT TRADE-OFF STUDY

+	 Relatively little information is available in the published literature about
I

► 	 characterising thermal comfort eause-effect relationship in the case of auto-

mobiles. Only two papers 11,21* have been found which address this topic.

However, extensive research has been performed in this field in the case of

buildings, and substantial information is available in the published litera-

ture.

Some work has been recently done in the thermal comfort field to consider

modifications in the space conditioning practice to reduce energy consump-

tion. The research work examines, among other factors, human physiological

responses for various activity levels, various clothing insulation levels,

and effects of seasonal acclimatization. The research utilizes mathematical

models of physical and physiological processes, and an extensive experimental

data base of a statistical nature on the actual subjective feeling of thermal

confort of a large number of individuals under various environmental con-

ditions.

As energy conservation in space conditioning is of utmost importance in the

case of electric vehicles, this work was examined to provide a rational basis

for determining functional requirement specifications for ECS for the

passenger compartment. These specifications would be consistent with the

objective of providing thermal comfort with a minimum of energy consumption.

A review of this study is presented in brief in the following section.

NUMERICAL EVALUATION OF THE STATE-OF-COMFORT FROM PHYSIOLOGICAL AND PHYSICAL

PRINCIPLES

Thermal discomfort is expressed by descriptive words such as hot or cold and

is associated with an index which historically was considered to be synony-

mous with dry-bulb temperature of surrounding air. As more understanding

was gained, the importance of wet-bulb temperature, air movement and radia-

tion was gradually recognized.

*Numbers in brackets indicate references which can be found at the end

of this report.
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With every additional factor, attempts were made to maintain simpliilty in

the concept of "temperature" as an indicator of thermal comfort or the lack

of it. Various indices or "effective temperatures" were defined, which

combined the effects of the four environmental factors (dry-bulb temperature.

wet-bulb temperature, air velocity and radiation) which affect the degree

of thermal comfort. The definitions of some of these indices are given in

the -%SHRAE Handbook of 1977 Fundamentals, Chapter 8. pp. 8.16-8.18.

The subject of thermal comfort recently has been studied from a rational

approach. In such an approach, a physically measurable definition of com-

fort is needed. Obtaining this definition is not a simple task due to the

fact that the feeling of comfort is an integrated effect of a variety of

social, psychological and physiological perneptimns. The proposed ASHRAE

standard 55-'4 R for "Thermal Environmental Conditions for Human Occupancy"

defines "thermal comfort" as that condition of mind which expresses satis-

faction with the thermal environment.

Experimental data on a vast number of individuals indicate that the feeling

of thermal comfort has a strong correlation with certain quantifiable and

measurable physiological state variables (responses).

A partial list of these variables and their values during the state-of-

comfort for most individuals is given in Table 3. This information has been

adopted from Goldman (3). Any departure in the state svace from these value

points represents a degree of discomfort. The extent of discomfort can be

assigned a numerical value by the distance (a suitable defined metric)

of the point fr.m the point of comfort.

Numerical evaluation of the degree of comfort then reduces to first deter-

mining actual values of these state variables under any given conditions, and

then computing the above-referred discomfort metric. The resulting numerical

value will determine the extent of the "feeling of comfort." Determination

of the values of state variables can be accomplished by mathematical model-

ling of the heat transfer processes between the body and the environment, and

of the pnysiological processes involved in the thermoregulatory mechanisms of

the body.

-5-wee""MY
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TABLE

r
STATE—OF—COMFORT VALUES FOR MOST INDIVIDUALS

PARAMETERS	 COMFORT

Mean Weighted Skin

Temp.	 (T 
9 ) 33.3 °C

Wet Skin = 20%

Tfinger
= 20 0 C

Ttoe
18.5°C

Deep Body Temp.

(T re)37 = 0.5 °C

Change of Body Heat Content (OS) 	 0 Kcal

7 H2 O LOSS	 0%

WORK	 100 kcal/hr

Heart Pate (HR)	 60 - 80/min

where:

T
finger ` temperature of the tips of the fingers

Ttoe	
` temperature of the tips of the toes

*Adapted from Goldman (3).

wcw.en	 _^w
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,r	
t	 MATHEMATICAL MODEL FOR EVALUATION OF PHYSIOLOGICAL RESPONSES

One mathematical model used by Ayer at al. (4) is in the form of a differen-

tial equation, and hence can be used to determine the extent of comfort

during transience. The essentials of this model are:

e The body produces heat by the combustion of food. This heat

rate is called metabolic rate, and is a function of the level

of activity and other physiological factors.

e The heat produced must be dissipated to the ambient through

heat • ransfer processes to maintain the body temperature and

the values of certain other physiological state variables

within narrow limits.

The rates of heat transfer are governed by:

e Environmental conditions giving rise to different rates of

convection, conduction, radiation and evaporative heat

transfer

e Clothing insulation

e Physiological responses resulting in modification of skin

conductance by blood flow regulation and/or rates of

secretions by the sweat glands.

The environmental conditions affecting heat transfer processes can be com-

pletely characterized by:

T 
	 - dry-bulb temperature of air

T 
	 - wet-bulb temperature of air

Tmr	 mean radiant temperature of the surroundings defined

in the ASIR E Handbook of 1977 Fundamentals

v	 - air velocity.

The effect of clothing on the heat transfer processes is rather complex.

However, this effect is assumed to be represented by a single factor, 1`10'

which has d`-mensions of thermal resistance.



1

The flow diagram of Figure 1 shows the schematic of the logic in the develop-

,	 ment of the model. This model shows that the physiological responses are

i	 the dependent variables, and are functions of six independent variables (T at

Tw , Tmr , v, 1`l0, 	 and m). The variable m is the rate of heat generation

1	 within the body due to metabolic activity. For transient conditions, time.

t, is one more independent variable. The following equation can then be

written:

Cm ' Cm (P n )	 (1)

Fn	 Pn (Ta' Tw' Tmr' v ' Iclo' M. t)	 t`)

where

F , vector of physiological response state variables
C	 metric of comfort.
m

Combining the above two equations, the following can be written:

Cm ' Ccn (T a , Tw , Tmr , V, Iclo' M. t).	 (3)

HQL_ATION FOR CO":FORT AND ITS TYPICAL SOLUTIONS

For condition of optimal comfort,

C
m 

n 0.

Hence,

0 Y L' (T , T , T	 v, I	 m, t)	 : +
m a	 w mr	 clo

represents an egt:aticn of comfort.

In steady state,

0 - C-
(T

a' Tw' Tmr' ,' Iclo' m).
	 (^^

This equation represents an equation for a surface in the six-dimensional

space of the six independent variables. A similar equation used by Fanger

is INnown as he Fanger Comfort Equation. In the electric vehicle appliza-
tion, the passengers ^-- an be considered as sedentary, and hence,

^^': 11CW-0604V	 -8-
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F'.

m • 58.2 watts/motor2,

Thus, Equation (5) is modified to

1

	

	 0 • 
C"

'(Ta' Tw' Tmr' v ' Iclo)	 (6)

with five independent variables.

The solution of Equation (6) can be graphically represented as lines of

comfort shown in Figure 2. Here, the procedure for plotting the line of

comfort is as follows.

Equation (6) is inverted to obtain:

T =
w	 w a	 mr	 clo

T (T , T , v, I 	),	 (;)

Further constraints are introduced:

T a T
a	 mr

and

I
clo 0 0.5 clo.

Thus, Equation (,) reduces to

T = T"(T
W	

w

	

a , vl.	 (91

v is now assigned a specific value, as:

v = J-5 meters'sec.

Hence, E q uation (8) reduces to

T  = Tw"(Ta).	 (9)

Thus, the line shown on the map of Tw o T  in Figure 2 for v n 1.5 meter sec

is a plot of Equation (9). Similar lines are drawn for different values fcr

the velocity.

Following the line for v = 1.5 meter/sec, the effect of relative humidity on

thermal comfort is shown. t;ith 07, relative humidit*., a condition o; thermal

comfort exists at T a	85.5°F. Whereas, when relative humidit y increases to

wc"W"68
ne^o.o^.	 -10-
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'	 1

1	 100%, the value of Ta needs to be reduced to 82 ' F. A similar effect of high

	

i	
relative humidity in reducing T  for thermal comfort can be seen at other

	

,	 1 air velocities.

(	 The effect of air velocity can be seen by following the line of 100 % relative
J

humidity. At essentially standstill air, the T  needs go be reduced to 76°F,

although it can be as high as 82'F when air velocity is 1.5 meter/sec.

Figure 3 shows similar curves for a different level of clothing insulation.

A comparison of the curves from Figures 2 and 3 shows that the wearing of a

business suit requires the T  to be reduced to 71°F for standstill air and

100% humidity, whereas with light, shirt-sleeve clothing, the T  can be as

hig! as 76`i for the same levels of air velocity and relative humidity.

Figure 4 shows the effect of mean radiant temperature. Following the line

of standstill air shows that T  needs to be reduced 5°F for every 10°F

rise in Tmr'

Figures 2, 3 and 4 are called "Generalized Comfort Charts of Fanger" and are

reproduced from the ASHRAE Handbook of 1977 Fundamentals, pp 8.25 and 8.26.

The utility of this approach in reducing cooling loads is realized when a

comparison is made between extreme conditions of wearing a business suit

(I 
CIO` 

1), standstill air, 100'; RH with a T  of 71°F.and wearing light

clothing 
(I
cic a 0.3), air velocity of 1.5 meter /sec and 100% RH with a

T  of 82°F. The total temperature difference is 11°F. If outside air is

assumed to be at 95°F, 60'o RH, the reduction in cooling load required to

cool fresh air is seen from the following table:

Cooling Required
(Btu/lb of dry air)

0

1.221

12.171

T	
Enthalpy

a (°F)	 RH(%)	
(^tu'lb of dry air)

95	 60	 .147.121

100	 45.90

71	 100	 34.95

we^we•^	
-12-*tawxw.
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Thus, simply through the wearing of lighter clothes and the circulation of

air, the cooling load imposed by the admission of fresh air can be reduced

by a factor of 10.

FACTORS NOT CONSIDERED IN THE FANGER CHARTS

The described treatment has considered the gross problem of thermal comfort.

The following factors, which affect the feeling of thermal comfort, are not

considered.

Localized Cooling or Heating

The model assumes that clothing is uniformly distributed over the body, which

is rarer• the case. Also, the radiation load due to the sun would be highly

localized in the case of a passenger in a vehicle. This radiation will pro-

duce a feeling of discomfort for the part of the body exposed, even if the

body as a whole is in thermal comfort. Localized cooling of selected areas

of the body where thermal receptors are located could result in a feeling of

confort at insi gnificant power requirements. This problem has been addressed

by Temming et al.[1] of Volkswagenwerk. However, inadequate experimental

data does not justify, at present, the inclusion of this information in

the functional requirement specifications for the ECS.

Transient Effects

The usage pattern of an electric vehicle is expected to be many short tri^s

of short duration (on the order of ten minutes). In fact, total time for

which the car can be driven before the batteries are fully discharged is on

the order of two to three hours. Thus, the steady-state comfort equation is

of limited value in the stud y of electric vehicles.

A modification of the comfort equation to incorporate the time effect can be

based on a model from Azer et al.(4j. However, various authorities have

pointed out a lack of correlation in the predictions of comfort with experi-

mental data during transient conditions lasting less than 10-20 minutes.

Since onl y the steady-state modelling results can be relied on for information

at the present time, more research is -ec,uired t: incorporate the effect of

t ime .
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AIR EXCHANGE CONSIDERATIONS

In the current automobile ECS practice, more than 40% of the thermal loid is

presented by the infiltration of outside air either coming in through crack•

and leaks or intentionally introduced by blowers. A significant reduction

r	 in this load is possible if the amount of fresh air intake is reduced to a

minimum. The purposes of fresh air intake are:

e To provide an adequate supply of oxygen for breathing and for

any combustion taking place within the passenger compartment.

e To keep CO 2 concentration to a safe, low level by removing

exhaled C01,

e To remove any hazardous fumes leaking into the passenger

compartment

e To remove undesirable odors, such as body odors, smoking, etc.

Relatively insignificant volumes of fresh air are required to satisfy the

first two considerations. Hutchinson (61 states that 3.3 hours is the time

limit before breathing becomes difficult for one person in a sealed environ-

ment of 100 cu ft due tc the reduction of oxygen and the increase of CO,.

To quote Hutchinson,

"This fact is even more clearly recognized when one realizes
that a single occupant could be sealed in an airtight box of
10 feet b y 10 feet by 10 feet for a week before loss of con-
ciousness would be expected from oxygen deficiency. This same
problem can be approached from a different point of view by
assuming that it is desired to supply only sufficient outside
air to an occupied enclosure to prevent the carbon dioxide con-
centration, from exceeding 2 per cent. In order for equilibrium
to exist, the volume of carbon dioxide introduced into the room
in the incoming ventilation air plus the volume produced by the
occupant r , st be equal to the volume of carbon dioxide leaving
the room in the discharged air during the same time interval.
By taking 1 hr as the time interval, the above balance gives
L 	 CO 

2 1

Volume in + volume produced a volume discharged"

we+uw .*, L4,



Now, under standard atmospheric conditions, the following facts are noted:

I. Amount of CO 2 in fresh air is 0.0003 cu ft per cu ft of

fresh air.

2. The rate of CO2 production per person is 0.6 cu ft/hr.

3. Breathing becomes difficult when the amount of CO 2 exceeds

0.02 cu ft per cu ft of air.

To determine the rate of fresh air that needs to be supplied to an enclosed

space to prevent breathing difficulty due to excessive CC  buildup. let:

in
	 • rate of volume of fresh air in ( cu ft/hr)

	

Vin CO	
' rate of volume of CO 2 coming in with the fresh

	

`	 air (cu ft/hr)

	

Vp CO'	 n rate of volume of CC  produced by the occupants

	

`	 (cu ft/hr)

	

^d CO
2	

' rate of volume of CC  discharged (cu ft/hr)

N	 • number of occupants.

Using these facts,

	

in CO 2	
0.0003 din

^pCO	 0.b%4

and

V  
CO1.0.02 

din

(neglecting small changes in the volume of discharge air due

to the generation of CO`)

Hence, in steady state

in CO., + ^ p CO 2 ^ ^d CO.,
A.

0.0003 V in * C.6 ti = 0.02 tin

^-r
M	

w
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Hence,

!	 Vin =

i

Thus, an ai

satisfy the

0.6 N

0.02 - 0.0003

Vin > 30
. 4 cu ft /person-hr).

r exchange of 0.5 ft 3 /minute /person is all that is required to

first two considerations.

In electric vehicles, no hazardous fumes are generated due to the operation

of the vehicle itself. However, if ECS elements utilize fuel combustion,

such gases and fumes will be generated. Care will have to be taken to keep

the fumes out of the passenger compartment either by making the compartment

gas-tight or by vent:ldt^on.

Odor removal can be accomplished by dilution, masking, adsorption, or

absorption. No mandatory requirements exist for automobile air exchange.

The ASHRAX standard 62-73 for Natural and Mechanical Ventilation for volume

of air intake will be used as follows:

e For electric vehicles utilizing ECS elements which will not

result in any hazardous fumes or gases - 5 ft3/min/person

e For electric vehicles utilizing ECS element4 which may

result in the generation of hazardous fumes or gases -

15 ft3'min/person

e For hybrid vehicles - 15 ft3/min/person.

AMBI ENT CONDITION DES IGN POINT SPECIFICATION

The size and weight of the ECS is determined by the difference in conditions

is has to produce between the ambient and the controlled space. The desir-

able conditions in the controlled space are relatively constant. However,

the ambient conditions vary over a wide limit.

DE:'ER.MINATION OF DESIGN DRY-BULB TEMPERATURE

In the case of ECS design for buildings, the design-point, dry -bulb tempera-

ture and coincident wet-bulb temperat::re are selected in such a wa: :hat

'- wCOAN"	 -17-
*fCMN►Mt
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the resultant heating and cooling loads will be exceeded less than a certain

number of hours in winter and su=sr, respectively. for exWle, the ,ASHPAHRAE,

Randbook of 1977 lundas^s_ n_ ta_ls, Chapter 29, has this temperature infomation

on sore than 1000 locations in the U.S.A. for three different ambers of

hours: SX, 2.5%, and 11 of total hours in winter and sus er. Since the

location is fixed in a building application, only local weather data statis-

tics need to be considered. In an automobile application, different size

units for different ltcations could be considered to better match the thermal

loads with equipment - ipacity. However, for the purposes of this study.

only one ECS is considered applicable all over the U.S.A. Thus, the same

logic must be used as for the buildings. except that the effect of different

locations in the percentile calculations must be integrated.

The algorithm for de _ iding design dry -bulb temperature is as follows:

Let

Pci n population of cars in location i

A	 dry-bulb temperature which will be exceeded for xS:
x.i

of the hours in a given season at location i

The car population percentage at location i can be determined by:

Pi ^ ti ci^

PE ci
iml

where

N n number of locations in the data.

The car population percentage below certain temperature conditions is ob-

tained by cumulative sums, as follows:

N

Qk(6^	 `"iPii 1 

"MUM &A
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where

6  • 0 when 8 X  < 8

6 1 a 1 wha. ` , > Q

and

Q 
X 

a total percentage of cars which will experience tempera-

tures hither than @ for X% of hours in summer.

Weather data (7J are recorded at particular locations through time and cannot

be meaningfully averaged to represent a large area such as a state.

Weather stations, often located at airports, are generally assumed to be

representative of the nearest city. Since car registration statistics 181

by city are not directly available, it is assumed in the calculations that

per capita car registration for any city is not significantly different fror;

per capita registrations for that entire state. P ci , the population of cars

in location i from page 16, is calculated for the 25 largest standard metro-

politan statistical areas (SMSA's) in the U.S. as follows:

P	 U population of (SMSA) x	
cars registered in state(s)

ci	 i 	 population of state(s)

In the case of three SMSA's, more than one state was used to calculate ptr

capita registration (portion cf formula enclosed by parentheses). The 	 al

population of all 25 SMSA's considered is 34 11: ofN the total U.S. population;

the total of-all calculated car registrations ( 1 1 Pci) is	 all regis-

trations nationwide. Figure 5 shows the plots for 	 1, 2.5 and 5.

DESI GN POINT SELECTION FOR AIR VELOCIn' AND SOLAR PADIATION

The ambient conditions of importance for heat load calculations are:

T  - dry-bulb temperature

T  - wet bulb temperature

v - air velocity

I - solar radiation (direct, diffuse and reflected).

all

wept.."	 -19-
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In the case of automobiles, the air velocity of importance is the relative

velocity created by the car's own notion. Bence, the design value for this

I
factor is taken as 45 mph (SAE J277 - D cycle top speed).

As the electric vehicle is considered to be operable at all times of the

year and any time during the day, she selected design value of solar radia-

1	 tion should present a maximum load on the ECS. Thus, during the heating

season. the benefit from solar radiation will be assumed to be zero. During

the cooling season, the design value for solar radiation should be selected

so that it will not be exceeded for 99% of the car population in the U.S.A.

These calculations are made on similar lines as for the determination of

dry-bulb and wet-bulb temperatures. Figure 6 shows the plot of percentage

of cars for which a certain level of solar radiation will be exceeded in a

year.

DESIGN POINT !ECIFICATION FOR PASSENGER COMPARTMENT

Based on the considerations for the various environmental parameters, such

as dry- and wet-bulb temperatures, air velocity, and solar radiation, the

ECS will be sized to provide the followirg conditions in the passenger com-

partment.

Air Exchange > 5 cfm / person

Parameter During Heating Season During Cooling Season

Ta ,	 dry-bulb temp. >68°F <150F

T I, ,	 wet-bulb temp. - <75 °i

Air velocity ^0.5 mEter/ sec <1.5 meter	 sec

at the passenger

Limit	 'lot	 SpecifiedTmr

In the case of innovative solutions, the specification will refer to Fanger's

generalized comfort charts, or comfort will be computed from the mathematical

model of Azer, whichever is appropriate.

nRr^
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SELECTED DESIGN POINT SPECIFICATIONS FOR AMBIENT CONDITIONS

Based on the desigr: point specification for the passenger compartment study,

the following conditions are selected as the design point for sizing ECS.

Conditions For Heating Season For Cooling Season

TA -10OF 1000F

T
74 •F

V 45 mph 45 mph

Solar Insolation - 326 Btu/ hr/ft2
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'	 INTRODUCTION

The requirement for the scenarios used in this study are realistic sample

missions in which the vehicles with and without ECS's are simulated. The

scenarios also provide for exercising the simulavion over the performance

{

	

	 capability of the vehicle and most the practical requirements for computa-

tional simplicity.

METHODOLOGY

References (1) and 121 have been identified at the and of this report.

They catalog and interpret the travel behavior of American households.

They are used to provide the factual basis for the travel scenarios used

in this report. The following pages summarize material abstracted from

the references.

• 8.9 hours per week average - is devoted to travel

24.7% - work associated travel

22.5% - leisure activity associated travel

20.2% - shopping associated travel

20.2% - personal travel

12.4% - other non-work travel including educational,

organizational, social leisure

s t:ork-associated travel, in averaged terms of travel

time, stop time, and number of stops, is different

from other travel activities

	

DURATION OF
	

STOP TIME
TRIP SEGMENT
	

AFTER 1st SEGMENT

work associated tr;svel
	

22 minutes
	

326 minutes

all non-work travel
	

18 minutes
	

24 minutes

e Distribution of personal automobile-driven- distance to

work has a mean of 9.0 miles and 7.6 percentile for 25

o r more miles.

-1-
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A requirement sat by the contract for this study is that one of the scenarios

will be 63 repetitions of the SAE 227a - D driving cycle. This 65-cycle

scenario demands total travel time of 131 minutes, maximum speeds of 72 km/hr

(65 mph) and acceleration from 0 to 72 Ion/hr in 28 seconds. This scenario

i provides data with moderate speeds and emphasis on speed changes. It has the

Important benefit that there is a large data base of simulating the "D Cycle"

for comparison.

The "work associated" scenario and the "shopping and all other non-work

associated" scenario are designed to consider portions of the vehicle operating

map that are not encompassed by the SAE 227& - D cycle and that are reasonable

for the designated activity. The scenarios are also chosen to be practical

in limiting the analytical effort and are, therefore, made simple.

Care was taken to justify the duration of the scenarios The energy expended

for conditioning of the EV environment is determined most strongly by the time

span that the vehicle is occupied (for any ambient conditions).

WORK-ASSOCIATED TRAVEL SCENARIO

The references indicate that the time for travel to work is less variable than

the distance driven to work. That is, the shorter distances are driven more

slowly than the longer distances. The average trip duration was used with

higher- and lower-than-average driving speeds to exercise the high- an: low-

speed portion of the vehicle operating map for this study, and to have travel

time and distance travelled be realistic. See Table 1.

SHOPPING- AND OTHER-THAN-WORK-ASSOCIATED TRAVEL SCENARIO

This scenario characterizes the remainder of the vehicle operating spectrum.

The references indicate that the previous scenarios have not covered the

less brief, multisegmented trips at moderate speeds. The elapsed time

reasonably models the references. See Table 2.

WNW ^a.b.o..	 -2-
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i
TABLE 

WONC-ASSOCIATED TRAVEL SCENARIO

Time-Seconds Vehicle Speed - 1n/hr ,
• h

0 0 ( 0)

15 40 (25)

1,035 40 (25)

1,050 Be (55)

1,290 88 (55)

1,320 0 (	 0)

parked

20,880 0 (	 0)

20,910 40 (25)

21,930 40 (25)

22,170 88 (55)

22,200 88 (55)

end 0 (	 0)

-3-Nd
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TA1LE 2

SitopprNC- AND OTm-rw-woitK-ASSOCIATED TRAVEL SCUalO

Time-Seconds	 Vehicle Sped - Ka/hr	 (mph)

0 *	 0	 ( 0)

	

18	 56	 (35)

Drive	 160	 56	 (35)

	

176	 0	 ( 0)

	180 *repeat five more times 0	 ( 0)

Stop	 1,080	 0	 ( 0)

	

2,520	 0	 ( 0)

	

2,538	 56	 (35)

Drive	
2,680	 56	 (35)

	

2,696	 0	 ( 0)

	

2,700 *repeat five more times 0	 ( 0)

3,600

and

P`

A



summay

The travel scenarios used for the analysis In this study have the following

characteristics:

SAL 227a - Workrelated Shopping and
SCENARIO D Cycle travel other non-work

repeated 65 tines related travel

Maximum Speed - lam/hr (mph)	 72	 (45) 88	 (55) 56	 (35)

Acceleration

from 0 to --- lam/hr (mph)	 72	 (45) 88	 (55) 56	 (35)

in --- seconds 28 40 12

Distance per trip segment-
km (miles) 1.5	 (0.9) 18	 (11) 2.5	 (1.6)

Number of Segments 65 2 12

Total Distance km (:tiles) 97	 (60) 36	 (22) 30	 (19)

Total Driving Time - minutes 105 44 35

Parking %ne - minutes 0 325 24

REFERENCES

1. The Journey to Work in the United States: 1975, Bureau of the Census

Special Studies P -23.

2. Hummon at al., An Analysis of Time Budgets of U.S. Households: Trans-

op rtation Energy Conservation Implications, University of Pittsburgh,

1979. (funded by DOE Contract ANL-Sub-31-109-38-5041-2)
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ABSTRACT

'	 The report contained herein provides a description of the work coupleced

for Tasks 3 and 4 of the Electric Hybrid Vehicles Envirornsental Control

Subsystem Study under the Jet Propulsion Laboratory Contract No. 955682.

The work involved in these tasks comprised the identification and descrip-

tion of environmental control subsystems for electric vehicle passenger

compartments. Over 40 different heating and cooling schemes are presented

including preliminary calculations used to determine their feasibility.

,he discussion contains descriptions of subsystem characteristics, oper-

ating procedures, material storage methods, and sources of energy. The

major parameters in the preliminary calculations include subsystem sizing

and cost.

Many schemes appear to be attractive. For heating, a package less than

60 :b in weight and smaller than 1 cubic foot will be adequate to provide

all the heating required without on-beard storage of a petroleum-based

fuel. Combined heating and cooling can be provided by a package as small

as 200 lb and 6 ft 3 , again requiring no gasoline or energy from electric

batteries on board the vehicle. Determination of the most suitable sub-

systems will be established in future tasks.
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1.0 INTRODUCTION

Environmental control of the passenger compartment of electric vehicles re-

quires both heating and cooling subsystems. Because  an electric vehicle is

designed to significantly reduce the use of petroleum-based fuel, the thermal

environment within the passenger compartment should use little or no fuel of

this type. With this goal as a focus, this report has identified ano described

a variety of heating and air conditionin3 methods which utilize electricity.

(Some schemes can use fuel oil or natural gas as well.) In most cases, it is

assumed that the energy carriers will be recharged at home during the period

in which the propulsion batteries are being charged. Figure 1-1 schematically

summarizes the various components in the environmental control system (ECS)

of an electric vehicle.

The materials and operating systems identified in the report are described

in terms of their weight, volume, and cost. These factors become signifi-

cant at a later stage of analysis when efficiency and range penalties are

being evaluated. Since this study has the nature of a screening study,

only preliminary calculations are carried out to determine the feasibility

of each system. The calculations indicate that some of the systems are

promising, while others are clearly impractical. Because no attempt has

been made to arrive at a specific conf guration, the design of ancillary

components such as blowers and duct work is not included. More detailed

calculations and specific ECS designs will be made in future tasks of

this program.

11+1 System Sid: ng

The considered systems must be sized to a given set of performance specifi-

cations in order to assess their relative merits. Some of the parameters and

their values for performance specifications, which are reproduced in 'Table 1-1,

were derived in an earlier report f1J*. In addition to these parameters, two

others have 'o be specified: duration of environmental control and thermal

load.

*Numbers in brackets indicate Referec,ces found at the end r_.z' t;iis reoort.
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1.1.1 Duration of Environmental Control

Attachment A of the study contract (2) specifies that the vehicle is provided

with iD batteries, each providing 1 kWh of deliverable energy. The General

Electric Company (GE), under a contract from the U.S. Department of Energy,

has built an electric vehicle which has the same number of batteries, and

approximately the same characteristics as specified in Attachment D of this

contract. The characteristics of the GE vehicle will be used in this study.

Table 1-1 shows the data on the rang& of this vehicle as given in Reference 3.

Table 1-2 shows the actual driving time under various conditions computed

from the range data.

In an earlier report (4), Mechanical Technology Incorporated (MT.) developed

probable- use scenarios for an electric vehicle. This report included the

requirements specified on page 2 of Attachment B, "Functional Requirements"

of the contract (2) for 65 repeats of the Jet Propulsion Labora •.ory (JPL)

version of the SAE J227a Schedule D driving cycle. Actual driving times for

these various scenarios are reproduced in Table 1-3.

A conclusion that can be reached from Table 1-3 is that for the most probable

use of an electric vehicle, environmental control needs to be provided only

for about one hour. For the most probable pattern of driving, viz. Table 1-2,

SAE J22% Schedule D driving cycle, batteries will run out within 2 . 6 hours

of driving. Thus, providing environmental conditioning for more than 2 . 6 hours

is unneces;;ary, as the ECS can be recharged during the same period the propul-

sion batteries are being r echarged. As the duration of environmental condi-

tioning has a profound influence on the viability of some of the schemes

considered, two sets of calculations will be considered, one for a one-hour

duration and th y: other for a 2.5-hour duration.

1.1.2 Thermal Load

Thermal load is defined as a function of the design point specifications

given in Table 1-1 and of the structural design of the vehicle. Ruth (5)

has shown that significant reductions, up to 50%, are possible in cooling

loads in summer through minor design changes. Various sources 'S, 6, 7)

wau.erMn. '^c^wap.
•eoren.wr
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TADLE -2

OU

Cycle T1ro Occupants
300 lb Payload

Four Occupants
600 lb Payload

Driving Driving
Range Period Range Period
(miles) (hours) (miles) (hours)

35 mph constant

speed 3.5 117 3.35

45 mph constant
speed 102 2.27 97 2.16

SAE J227a Schedule
D Driving Cycle 75 2.6 69 2.39

g ..	 •^awaw.
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TABLE

ACTUAL DRIVING TIMES FOR VARIOUS TRAVEL SCENARIOS

	

Scenario I 	Driving Time
(hours)

SAE J227a, D Cvcle
Repeated 65 Times	 1	 1.75

Work-Related
Travel	 0.734

Shopping and Other
Non-work-related Travel	 0.584



have used different values for the cooling loads, varying between 10,000

and 20,000 Btu/hr for compact cars. Similar variability exists in the heat-

ing loads during winter.

During the suer, the cooling load consists of solar, conductive, convective,

human, and instrument loads. The relative values of these factors have

been estimated by Ruth (5I and are reproduced in Table 1-4. During winter,

the solar load is negative, but to allow for night conditions, this load

is considered to be zero. The human load is also ne gative. The condic-

tive and convective load are two to three times higher than in summer,

due to the higher temperature differential that has to be maintained between

the ambient and the passenger compartment. Therefore, the rate at which

heat needs to be added during winter can be considered to be approximately

equal to the rate at which heat needs to be removed during summer.

Various systems will be sized to provide a heat rate of 1 1 ,000 Btu/hr (5 W

both in winter and in summer. Thus, the total quantity of heat that needs

to be removed or added is given as:

For one hour - 17,000 Btu

e For 2.5 hours - :+2,500 Btu.

1.2 Energy Storage

Environmental control of the electric vehicle requires an adequate amount of

energy on board the vehicle in some suitable form. Utilization of this

energy at an appropriate rate then provides the desired heating and cooling.

Fundamentally, heat can be added or removed in twc rya 	 The first method

is addition,'removal of heat in the form of hc , Qt itself. In this case, the

amount of energy required to be stored is eq 	 or greater than the

quantity of heat that needs to be supplie ': , r	 In the second method,

total added/removed heat is partly in the form of heat and partly in the

form of work. Since the atmosphere may be used as a source/sink of heat,

only the wcrk component needs to be stored. Ber°use most of the energy

^.co^re.•n^
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TABLE 1-4

j	 BREAKDOWN OF COOLING LOAD

Load Value
(Btu/hr)

Percent of
Total Load

Solar 4470 34.8

Conductive 1770 13.8

Fresh Air 5400 42.0

Passenger 1000 7.8

Instrument 200 1.6

Total 12,840 100

From Reference 5

^ weww,K
^e+wo^oa•

mow- ^Ncaiw^..v 1-8



Is obtained from the atmosphere, the work component represents only a frac-

tion of the total energy requirement. However, unless the work can be stored

in the form ofotential energy,gy, significant losses are bound to occur in

converting tuy other form of energy, such as chemical or heat, to work. Thus,

i

	 the advantage of a reduced energy storage requirement will be attenuated

to a certain extent.

Energy can be stored in the form of heat (at high temperature for heating and

at low temperature for cooling) or some other form such as chemical or po-

tential. When energy s stored directly in the form of heat, no energy con-

version is required, and no conversion-associated losses occur. However, a

certain amount of heat energy is bound to escape during the storage mode.

The extent of the loss depends on the temperature differential between the

storage and ambient temperatures, and on the level of insulation. When

energ,,^ is stored in some other form, it has to be converted to either heat

and/or work. This conversion requires equipment and results in an energy

loss which can be utilized only in the heating mode to a small degree. In

the storage mode, however, energy losses are insignificant.

The length of storage time is limited by the form of energy storage used.

Thus, for energy stored in the form of heat, storage time is on the order

of only a few hours, unless elaborate insulation techniques are utilized.

By using electric batteries, storage time can be extended to a few days.

With gasoline, a storage time of weeks and even months is possible.

1.3 Energy Source

The source of energy available presents another dimension to the selection

of the appropriate scheme for the electric vehicle ECS. Energy could be

obtained from private residences in the form of electricity, natural gas,

heating oil or waste heat, and from service stations in the form of gasoline,

propane, etc. Delivery of liquid hydrogen, nitrogen, oxygen or air from a

suitable source is also conceivable. Futhermore, ice, dry ice (solid form

of CO2 ) or liquid ammonia could constitute suitable sources of energy.

sews"	 1-9



M ove.riding factor in the selection of a suitable energy source is related

to the and product after the utilization of the energy on board the vehicle.

The and product can either be stored on the vehicle and reprocessed by a

suitable technique after delivery to a reprocessing plant, or it can be re-

leased to the atmosphere. The first approach is clearly the more attractive

from a local environmental consideration, but the total environmental impact

must be kept in perspective.

1.4 Categories of ECS Elements

The various ECS elements considered can be divided into three general

cate6+Ties. These categories and their respective report section numbers

ere ab follows:

• Heat Pumps - Section 2.0

• Thermal Storage - Section 3.0

• Reversible Thermochemical Reactions - Section 4.0

Within these categories, specific ECS elements are defined and described.

"C"Ana.
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2.0 HLAT PUMPS

Various different types of heat pumps were considered in this study. The

heat pumps described, and their co-responding subsection numbers are as

follows:

e Vapor-compression heat pumps driven by a gasoline engine or

electric motor - 2.1

e Thermal engine heat pumps - 1.2

e Absorption-cycle heat pumps - 2.3

e Thermoelectric heat pumps - 2.4

e Magnetic heat pumps - 2.5

e Split heat pumps - 2.6

In the first five systems, the complete heat pump hardware is on board the

vehicle. The energy required to run the heat pump is also stored on board

as electric batteries or petroleum-based fuel.

The last system considered, the split heat pump, is a novel design in which

the refrigerant loop is split into two parts. kn adequate quantity of re-

frigerant in state 1 is stored on the vehicle. When heat pumping is per-

formed,this refrigerant passes to state 2 and is also stored on the vehicle.

In a conventional heat pump, the equipment which converts the refrigerant

from state 2 to state 1 is part of the heat pump itself. In the split heat

pump systom,this equipment is not carried on board the vehicle but is kept,

for instance, in a garage. Thus, when the vehicle's propulsion batteries

are being recharged, the used refrigerant in state 2 is delivered to the

other stationary half of the heat pump cycle equipment for reconditioning

to state 1. Then, the refrigerant in state 1 is again stored on the vehicle.

2.1 Vapor-Compression Heat Pumps

This section describes a brief study of the current automotive air-conditioning

or heat-pump systems. By blowing the conditioning air over either the con-

denser or the civaporator, the :eating effect or the cooling effect is derived.

weuw.c"
ne"W"0•' 2 -1.caro""s



p

Cycle calculations are carried out for various ambient temperatures. Com-

pressor mass flow capacity dependence on pressure ratio at+d ambient tempera-

ture is determined. Graphs are drawn for the system performance parameters:

capacity and COP. A brief estimatior ' costs and wei`nts is presented.

2.1.1 Basic Heat Pump C'yclo

i	
The system comprises a compressor, a condenser, an expansion valve, and

an evaporator. Figure 2-1 shows a schematic diagram of the system. Freon

vapor at a saturated state or slightly superheated state is compressed in

the compressor. The compressed vapor is cooled and condensed in a condenser.

The state of the fluid leaving the condenser is saturated or slightly sub -

cooled liquid. From this state, the fluid undergoes a throttling process

in the expansion valve. The low- pressure fluid is now in the mixture region

and enters the evaporator. In the evaporator, the fluid receives heat and

evaporates before admission to the compressor to recommence the cycle.

Figure 2-2 shows the operation of the cycle on a temperature-entropy diagram

(T-S) while Figure 2-3 shows the cycle on a pressure-enthalpy diagram (P-h).

Working fluids, such as the Freons; R-11, R-12, R-502, R-22, R-500, are

used in heat pump systems. The following discussion will be, however,

limited to R-12 which is commonly used in automobile systems.

A heat pump operates in the heating or the cooling mode. For this study,

vehicle (compartment) temperatures of 68°F for winter and 75°F for summer

are set. The ambient temperature is assumed to vary from -10°F to 65'7 in

winter and from 75°F zo 100°F in summer. The range 68°F to 75°F is a

"dead-band" when the heat pump is not required to operate.

2.1.2 Heating. Opera s von

Figure 2--4 shows a typical ill,stration of an operating cycle in the heating

mode. For this example, an ambient temperatu:e of OF is chosen. Heat

transfer rate is a function of the heat exchanger design parameters and the

temperature difference across the evaporator. Otviously, smaller temperature

differences increase the evaporator (heat exchanger) size and vice versa.

Thus, the ambi,,7nt temperature and the AT decide the evaporator temperature.

...	 2-2
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For the chosen working substaticaq this temperature fixes an evaporator

pressure (i.e., the saturation pressure corresponding to the evaporator

ltemperature).

Compressor suction pre ► .ure is slightly lower than the evaporator pressure

due to pressure losses in the connecting linos and the suction valves. The

vapor is compressed and is delivered to the condenser, which is placed in

the condirs,,ned space (compartment). The required condenser pressure and

the pressure losses in the lines and delivery valve determine the compressor

discharge pressure. The vapor is condensed and heat is transferred to the

compartment. Once again, the heat transfer rate is a function of GT and

the heat exchanger design parameters. The condenser temperature is the

saturation temperature corresponding to the condenser pressure. Lastly,

the fluid flows through the expansion valve to effect the required pressure

change between the condenser and the evaporator.

2.1.3 Cooling Operation

The operation of the cycle in the cooling mode is similar to that in the

heating mode except that the positioning of the condenser and evaporator

with respect to the conditioned space is altered. Figure 2-5 is illustrative

of a typical arrangement.

2.1.4 Comprtssor Operation

Inspection of the cooling and heating operations described above shows that

the compressor operating pressures vary with the mode. The pressure ratio

over which compression is carried out varies with the ambient temperature.

Figure 2-6a shows the pressure-volume (P-V) diagram for a reciprocating

compressor. The compression line of the cycle on a T-S diagram is shown

in Figure 2-6b for an understanding of the temperature correspondence.

As the source and sink (compartment and ambient or vice versa) temperatures

vary, the compressor operation varies over a certain pressure range.

Ideally, the volume delivered by the compressor is equal to the stroke volume.

But in an actual compressor, the mass of gas in the clearance volume expands

(process 3-4) and the volume of gas sucked is given by VI -V 4 . Thus, the

^°^..`.. 2-7he^.e►er.
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' 	 volumetric efficiency of the compressor i• a function of the pressure Ratio

and the eI•arance volume. Thus, in the hosting mode, when the ambient tamper-

&cure is very low (such as -10 0F), the compressor volumetric capacity falls

off considerably. Moreover, the density of the gas is low at low temperatures

resulting in very poor mass flows through the cmpressor.

6

2.1.5 Performance.

Seat pump performance is measured by the amount of heat transferred and the

coefficient of performance (COP).

In the heating mode. thass two parameters are the heat transferred from the

condenser to the conditioned spacs and the heating COP. The heating COP

(COP H ) is defined as the heat added divided by the total work irput to the

heat pump system.

In the cooling mode, the corresponding parameters are the heat transferred

from the conditioned space to the evaporator and the cooling COP. The

cooling COP (COP C ) is defined as the heat removed divided by the total work

input to the h,at pump system.

The following relationships define these parameters:

COP  a (h2-h3)/(h2-hl)

COPC a (h3-h1)i(h')-hl)

For definitions, see Figure 2-6.

As presented in the previous discussion. the COPS vary with the ambient

temperature. Such a variation may be calculated. Table 2-1 shows an il-

lustrative calculation. Figures 2-7 and 2-8 show graphs of COP variacion

with ambient temperature.

Argonne National U b oratories (ANL) conducted a study (8) which included

heat pump performance variation with tem perature and presented polynomial

equations. The results incorporating the ANL study are also shown in

Figures 2-7 and 2-8 and reasonable agreement is apparent.

r
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TABLE 2-

ILLUSTRATION OF CALCULATIONS OF THE COP 
VARIATION WITH AMBIENT TEMPERATURE

T Ambient, OF -10

AT Evaporator,	 O F 10

T Evaporator,	 OF -23

P Evaporator, psi& 15.27

LP Suction,	 psi& 2.0

P Suction,	 psia 13.:7

T Conditioned Space,	 O F 68

LT Condenser,	 O F 10

T Condenser,	 OF 78

P Condenser, psis 96.07

LP Delivery,	 psia 5.0

P Delivery,	 psia 101.07

r compressor 7.62

c	 (clearance),	 % 3.0

Capacity/Displacement 0.84

V
G9

(Specific Volume at Compressor Inlet), 	 ft 3 /lbm 2.44

HS (Enthalpy at Compressor Suction), 	 Btu/lbm 74

HD (Enthalpy at Compressor Delivery), 	 Btu/lbr: 90

n 
(Adiabatic Efficiency of Compressor) 0.7

WC , Compressor Input, Btu/lbm 23

AH, Enthalpy Drop in Condenser, Btj/lbm 75

COP 3.26

I`	 r
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The volumetric efficiency of a compressor is a function of the pressure

ratio and the clearance volume. Furthermore, the mass flow capacity of a

compressor is a function of the compressor size, the volumetric efficiency,

and the specific volume at the compressor suction. Hence, the heat pump

capacity is a function of the ambient temperature. In this analysi4, this

"

	

	 capacity variation is obtained by calculations as well as by the use of

ANL correlations, and is presented in Figures 2-9 and 2-10. The methods

for calculations are standard and are obtained from References 9-13,

2.1.6 Costs

ANL analysis presents correlations for equipment costs. Since heat pumps

are not presently being used in automotive applications, the valueF given

are for residential units. For the 1-1/2-ton capacity unit, the cost may

be obtained from the following equation:

Equipment Cost a 1400 (CAP/3)0.86

Where CAP a capacity in tons

The resulting costs are $ 736 for the 5-kwt* unit, and $184 for the 1-kwt unit.

The automotive units do not require a number of items of equipment ( such as

motors and cabinets) that the residential units require. Also the scale of

manufacture and marketing are very favorable to the automotive units. These

considerations are estimated to result in the automotive units costing only

25 to 50% of the correspondi-ng residential units. Thus, the costs are

estimated to be $200 for tr^e 5-kwt %!nit and $90 for the 1-kwt unit. A more

accurate estimation of these costs, although desirable, is not attempted in

this task.

2.1.7 Weight

The weight of a heat pump unit is estimated from the data available for a

commercial unit and is expected to by 30 to 50 lb per kwt.

*kwt stands for thermal kilowatt.

WOMAN"M^ .«'r.e►.s.	 2-14
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1

^	 1 2.1.8 ZzMe le of a Commercial Unit

Data on compressor specifications are available for York [14) units, and are

shown in Table 2-2. Performance calculations are carried out and the capacity

of the models is shown in the same table. The COPs of some commercial units

1	 are shown in Figure 2-11 which is adapted from Reference 15.

1

i	 2.1.9 'Limitations and Conclusions

In this brief study, reasonable values (based on current practice) are

assumed for pressure drops and temperature drops. Detailed component analy-

sis is not carried out to estimate the performance, weights or costs. The

effects and types of controls are not addressed.

The results are, however, compared with correlations by ANL and are found

to be satisfactory.

When these results are used for electric vehicles with motor driven com-

pressors, motor efficiency should be included. If variable-speed, do drives

are used, the speed can be so chosen that the capacity is augmented to com-

penuate for the ambient temperature effects.

2.1.10 Drive for the Heat Pump

From the above discussion and a few further calculations, a conclusion has

been reached that to meet both heating and cooling requirements at the appro-

priate design temperatures, the drive for the heat pump compressor should

have:

e 1.5 to 2.5 hp output power

e Variable speed capability over a speed range of 3:1.

The two types of drives that can be considered to meet the above require-

ments are:

e Gasoline engine

e Electric motor, driven from the battery.

...,	 wauran
Mu .... 	2-1 i



ULE _2-2

YORK AUTOMOTIVE AIR CONDITIONING COMPRESSO
DATA AND PWORMANCE CALCULATION (EXAMP LE

Data

Model Number 206 209 210

yo. Cylinder 2 2 2

Bore,	 in. 1.875 1.875 1.875

Stroke,	 in. 1.105 1.373 1.866

Disp.,	 in, 3 /Rev. 6.11 8.7 10.3

rpm - Maximum 6000 6000 6000

Refrigerant 12 12 12

Initial Oil r"1g.,	 oz. 10 10 10

Weight,	 lb 14.6 14.6 14.6

Lubrication Positive Pressure

Performance (95°F Ambient)

Maximum Capacity, cfm 21.2 30.2 35.8

Specific Volume at Compressor
Suction,	 ft 3 /lb 0.518 0.518 0.518

Maximum Mass Flow, lb/m 41 58 69

Volumetric Efficiency 0.84 0.84 0.84

Mass Flow at Maximum rpm, lb/m 34.4 48.7 %R 0

eH Evaporator, Btu/lbm 54.0 54.0 54.0

Refrigeration Effect, Tons at

Max.	 rpn^ 9.3 13.1 15.7

2000 rpm 3.1 4.4 5.2

1000 rpm 1.55 2.2 2.6

Power Input, hp at

Max. rpm 5.5 7.7 9.2

2000 rpm 1.8 2.6 3.1
1000 rpm 0.9 1.3 1.5

wc"a"a	 2-18
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Based on information given for characteristics of gasoline satin" and do	 q

motors available in the marketplace today, approximate numbers for total

system weight and cost to provide 2-1/2 hours of environmental conditions

at the rate of 17,000 Btu/hr can be derived. These numbers are given in

Table 2-3.

2.2 Thermal Engine Heat Pumps*

Although the electric heat pump can be designed to have an electric motor

hermetically sealed into the refrigerant loop to drive the vapor compression

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 waete heat re-

jected 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 becomeo a

liability in the cooling mode in that it has to be rejected without signi-

ficantly diminishing the refrigerating capacity of the system.

This section 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 vapor compression cycle type;

in some cases, a cycle operating entirely in the gas phase is traated.

2.2.1 Aspects of Design and Operation

Some generally applicable considerations in the design and operating char-

acteristics of thermal engine '=at pumps will be noted before discussion of

specific heat pump concepts in Section 2.2.2. Use has been made of a number

of comprehensive discussions on this subject published by Wurm and Rush (19-5).

Wurm et al. (1976), Colosimo (1976) and an AGA research project report

edited by Wurm (1974).

h of the material in this section has been adopted from Reference 15.

Kra.O►MV
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TABLE 2-3

HEAT PUMP SYSTEM WEIGHTS AND COST

Drive Type Weights Gasoline Engine do Motor

Heat Pump System 150 lb 150 lb

Drive 30 lb 60 lb

Energy Storage 1Q lb 470 Zb*

Total System 190 lb 680 lb

Costs

S200 $200Heat Pump System

Drive 10u 200

Energy Storage —1-0 40C

Total First Cost $310 SEGO

*%,i-Zn batteries.

2 -21
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{	 2.2.1.1 Uvant_ a_

Depending on the particular prim mover or refrigeration cycle contemplated,

thermal engine heat pumps have a number of significant advantages in com-

parison to, say, electric heat pumps. The major advantages are listed

1 below:

e High overall efficiency (in a primary energy sense) in comparison

to state-of-the-art electric heat pumps in a heating mode and

gasoline burners

e Ability to utilise prime mover waste heat to supplement re-

frigeration cycle on the heating mods

e Capability to modulate heat pump capacity by varying fuel

input rate to the prime mover

e availability of on-site waste heat for evaporator defrost

e Adaptability to total-energy systems or for operation inde-

pendent 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, and ability to modulate capacity all add to high sea-

sonal performance in the heating mode. In the cooling mode, electric heat

pumps have certain advantagem, but a thermal engine heat pump designed to

"hold its own" on cooling as well is also possible.

Prime movers, especially turbomachinery, are relatively easily speed-modulated

by controlling fuel flow to the combustor or bypassing some of the power

fluid around the prime mover.

Having a source of waste heat on site not only makes supplemental heat avail-

able for augmentation of the output but allows its use for efficient evapor-

ator coi,. defrosting in the heating mode. This consideration may potentially

eliminate hat is frequently a major reliability problem with electric heat

pumps as  11 as a cause of some efficiency loss.
`""	
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t
i	 2.2.1.2 Disadvantsttts

Significant disadvantages applicable in general to thermal engine host pumps,

in contrast to electric heat pumps or gas or oil burners, are listed below.

As before, these disadvantages apply to varying degrees, depending on the

particular system being considered.

e Requirement to reject prime mover waste hest in the cooling

mode

e Greater system complexity which could result in potentially

higher system cost and lower reliability

e Difficulty in designing totally hermetic refrigeration system

e Aggravated noise and pollution problems due to on-site prime

mover operation and fuel combustion

e Dependence on availability of scarce fossil fuels (natural

gas, fuel oil).

In elaboration of some of the disadvantages listed above, a note sh(suid be

made 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 sur.ace, and pump or fan energy is

required to reject engine waste heat.

With an on-site prime mover, design of a hermetically sealed refrigerant loop

becomes difficult.

2.2.2 MTI Heat-Activ ated Heat Pump

At MTI the problem of a hermetically sealed refrigerant loop has been solved

by using an interesting concept. In this diaphragm concept, a free-piston

Stirling engine drives a linear oscillating Freon compressor heat pump op-

erating on a vapor compression cycle. The Stirling-cycle ent-ino has been

selected because of its potentially high level of efficiency. R. Ackermann

o4 MTI 116 has described this system as follows.

,.... — .^..K., 	
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The 41aphragm concept revolves around separatiog the working fluids in the

online and compressor with a flexible metal diaphragm, and hydraulically

transferring the power output from the ovali" • :.o the compressor.	 A schematic

layout for this system is shown in Figute 2-12. The system will consist of

/ two moving subassemblies: 	 the engine displacer, and the Freon compressor

assembly which consists of the engine power diaphragm, the compressor, • gas
-

spring diaphragm, and the intsrvvr",j hydraulic oil.	 These two subassemblies

form a coupled resonant system that functions as a conventional Stirling

engine; i.e., the displacer shuttles the working fluid between the hot and

cold spaces generating the driving pressure wave far the system. and the

power piston (compressor) extracts work from the gas to power the load. In

the diaphragm system, the power is extracted from the engine and delivered

to the compressor through the hydraulic fluid which provides a force/dis-

placement transfer path between the engine and compressor. This coupling

also applies 'he proper dynamics to the engine to give it its resonant

characteristics and volumetric phase relationships.

The benefits to be derived from this system are:

e The separation of the working fluids eliminates the need for

the spring tube, improving both the cost and performance of

the compressor.

e The use of the diaphrag: eliminates the power piston and the

intricate gas bearing de+s ign associated with it, and replaces

it with	 less costly lubricated bearing on the compressor.

e The use of the iiaphragm has reduced the system from a three-

degree-of-freedom system to a two -degree-of-freedom system,

thus improving the operating control of the system.

In order to realize these benefits, diaphragm fabrication must be reliable

and loss expensive than the spring tube assembly. A diaphragm development

program has been started that will:

e Identify industrial applications and diaphragm manufacturers

e Determine the fatigue characteristics of diaphragms

^ we...rer
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e Establish design procedures and develop computer design

codes.

The progress that has been made on thin program is that several applications

ranging from reciprocating compressors to transmission couplings for high-

speed rotating machines have been identified and several diaphragm

manufacturers have been consulted. Subcontracting arrangements have been

established with two of these companies to manufacture the power diaphragm.

The first of these diaphragms was scheduled for delivery in June 1980 at

which time a life testing program was initiated at MTI.

Ackermann has made calculations to verify the suitability of this kind of

heat pump for electric vehicle application. Figure 2-13 shows the system

weight and cost. Figure 2-14 shows the volume of the engine compressor

assembly as a function of design point cooling capacity based on the

following assumptions.

s Ambient temperature - 95°F

e Passenger compartment temperature - 72°F

At a design point capacity of 17,000 Btu/hr (5 kW) some of the operating

characteristics of this system are shown in Table 2-4.

2.3 Absorption Cycle Heat Pumps

The absorption refrigeration cycle is similar to a conventional refrigeration

cycle in its principle, i.e., a two-pressure domain system.

Figure 2-15 illustrates the basic vapor compression refri g eration cycle con-

sistin g of four components: compressor, condenser, evaporator and expansion.

valve. The condenser operates at a higher pressure than the evaporator,

condensing the refrigerant at higher temperature, and thus rejecting heat.

The refrigerant then passes through an expansion valve to the evaporator

which is at a lower pressure than the condenser and therefore at a lower

temperature, thus enabling the r%frigerant to absorb heat. The two pressure

domains are se p arated by the compressor and the expansion valve.

.cof:.	 2-26
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The absorption cycle. Figure 2-16, consists of four basic emoonents: ab-

sorber, generator, condenser, and evaporator. The condenser and evaporator

are identical to the vapor compression cycle, while the generator and absorber

replace the compressor in the vapor compression cycle. Compression of the

refrigerant operates on the physical chemistry principle that certain liquids

and liquid solutions have the capability of absorbing a vapor or gas. The

weight of the gas or vapor which can be absorbed is directly proportional to

the pressure and inversely proportional to the temperature of the liquid.

Therefore, the cool absorber absorbs the refrigerant vapor and the solution

is pumped into the generator where heat energy (instead of the work in the

compressor) is applied, thus raising the temperature of the solution. Con-

sequently, the refrigerant is relieved into the condenser at higher pressure.

Many combinations of refrigerant-absorbent are available commercially. The

most used combinations in the industry today for which data are available are

the ammonia-water combination, where the ammonia is the refrigerant, and

the water-lithium bromide combination, where the water is the refrigerant.

The latter of the two is used in this feasibility study since it is the

only one operating successfully in cooling a small residential unit, and

as such, is the closest to the motor vehicle requirement.

2.3.1 Analysis of Absorption Cycle

The analysis of a practical absorption cycle consists of heat balance and

material balances around the varioue components as well as around the sys-

tem as a whole (See Figure 2-17).

The following equations are set per unit mass of refrigerant flowin g per

unit time (171.

Heat balance of the whole system:

q e + q  + q  - q a - q  a 0.	 (2.11

Heat balance around evaporator:

q +h-, -h4 -0.	 (2.2^
e

`- "CHRA ..	
2 - 31-C**VO".
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,	 l
iRest balance around absorber:

-qa + h5 + Ah12 - (14+1) h6	0 (2.3)

iHeat balance around generator:

M►

qg + (M+1) h a - X10 - h
9
	0 (2.4)

Heat balance around condenser:

-q c - h l + h9	0 (2.5)

Heat balance around liquid heat exchanger:

i

Î gRhe 	
M(h10 - hll )	 (4.+1)	 (h8 - h7 ) (2.6)

t,
I

Heat balance around refrigerant precooler:

^ qpc	 h l - h 2 n h 5 - h4 ^( ^ .')^

Where:

q  n heat flow to evaporator

q
g 

n heat flow to generator

q
P 

n heat equivalent of pump work

q
a 

n heat flow from absorber

q n heat flow from condenser
c

hi • enthalpy of i th stream (heat per unit refrigerant mass)

M n mass of absorbent solution entering absorber (mass per unit

mass of refrigerant flowing through the evaporator)

g
the ' heat exchange flow of liquid

q
pc	

heat exchange flow of refrigerant

'- !CMAN r
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Calculating the coefficient of performance (COP) of water-lithium bromide

is accomplished by using Equations 2.1 through 2.7. charts from Reference 17

and steam tables. The following assumptions were made based on industry

components design:

I• The absorbent solution leaves the absorber at a temperature

of $06 F (point 6).

e The absorbent solution enters the absorber (point 12) at a con-

centration of 60% lithium bromide and has been cooled in the

liquid heat exchanger within 10'F of the temperature of solution

leaving the absorber.

• The condensing temperature is 120'F (points 9 and 1).

• The vapor leaving the precooler is warmed to within 10'F of

the temperature of the liquid refrigerant leaving the con-

denser.

Table 2-5 shows the conditions for the cycle analysis. Using this table,

the following values can be found:

q
e 

a 107 - 45 n 1032 Btu/lbm

-q n -698 - 1109 + 615	 -1192 Btu/lbm
a

q g a 395 - 311 + 1142	 1126 Btu/lbm

-q n 88 - 1142 - -1054 Btu/lbm
c

Therefore, the COP is:

qe

4	
. 1226 - 0.842

g

2.3 .2 	 Indus try Survev

Several companies in the USA manufacture absorption cooling systems. H.Dwever,

most of them are involved in large units, beyond the requirement of an auto-

motive vehicle. The only one - to MTI's knowledge - that manufactures small

units with the smallest capacity of two tons of refrigerations is ARKLA of

"CHA06 .
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Indiana. Their units have a COP of around 0.6 vich a ester-lithium bromide

combination. The physical sites of the smallest AMLA absorption units are:

e 2-Ton Unit - Weight, 450 lb and Volume, 55 ft 

e 3-Ton Unit - Weight, 660 lb and Volume, 60 ft 

2.3.3 Absorption Cycle Conclusions

Absorption cycle systems are used primarily in areas where heat is available

as a by-product which will be wasted otherwise. In electric vehicles, where

energy is at a premium, the absorption cycle low COP is very unattractive.

In the industry, the vibration of the absorber unit is known to reduce sub-

stantially its absorptivity, which will further reduce the COP. Furthermore,

the system's physical size and weight will further deteriorate the vehicle

performance on the road.

2.4 Thermoelectric Heat Pumps

Thermoelectric devices are widely used for cooling electronic equipment.

These devices are also used in various other equipment such as beverage

coolers, mobile refrigerators, medical instruments and cooling of infrared

detectors. In all such applications, heat rejection rates are small, of

the order of a few hundred Btu/hr. Commercial devices can produce &T of

70'C between the hot and cold face.

2.4.1 Operating Principle

The following description of the thermoelectric system operating principle

is taken from Reference 18.

Thermoelectricity is a specialized branch of solid-state tech-
nology, and thermoelectric heat pumps have only come into their
own as practical, mass-producible devices in the last few years.
The basic cooling element employed in these devices is the Peltier
couple; a thermoelectric eooltr's cooling capacity is propor-
tional to the number of such couples it contains and the magni-
tude of the current passing through them.

A Peltier couple consists of two semiconductor elements, alloyed
from bir	 h, tellurium and other compounds that are doped to form
p- and	 pe units. At the top end, 0e elements are soldered
to a _.anon copper strap, while at the bottom, they are soldered

WCMUOMKM^ ne....M.
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d

to individual copper straps to which electrical connections are
made. The coenton top strap functions as the cold and in the cool-

_	 ins mode.

In an actual device, thin ceramic insulating plates of alwaIns
or beryllia, which prevent shooting of the copper connections yet
provide good heat-transfer capability, are soldered to the copper
straps. (Except in special high-efficiency devices, manufacturers
are discontinuing the use of beryllia because it is toxic in pow-
der form.) In a cooling application, the thermoelectrin device's
cold-side insulating plate mates to a heat sink or other heat-
transfer element, using standard heat-sinking techniques such as
thermal grease and clamping press ► ,re. The hot -side plate mates
to the load to be cooled.

When dc current is applied to the Peltier couple, it passes from
the n- to the p-type semiconductor material; the temperature of
the common copper strap decreases, and heat is absorbed. Junction
cooling occurs because the electrons pass from a low energy level
in the p-ty0e material, through the connecting copper tab, to a
higher energy level in the n-type element; the heat is pumped .rom
the cold and through the elements by the means of electron tansport
to the opposite ends, which grow hotter.

Ideally, 100% of the cold junction ' s heat -absorbing capacity,
which is proportional to the product of the Peltier coefficient
and the current, ! .s available to soak up the heat from the load.
But in practice, not all of this capacity is actually available
because some of it gets used up in absorbing the heat from two
internal sources; the Joule ( I2R) heat (Q i ) generated by current
flow through the Peltier -couple resistances, and the heat trans-
mitted by thermal conduction ( Q t ) from the hot end back to the
cold end. Thus, the t ►et heat ( Qc ) that can be usefully absorbed

is Qp - (Q V + Qt).

The heat dissipated at the cooler ' s hot side (Qh ) is the sum of
the Peltier heat plus half the Joule heat, minus the thermally
conducted heat: Qh • Q + 112Qj • It . The cooler ' s electrical
input power (Pi) is thepdifference (measured in watts) between
the amount of heat dissipated at the hot side and the net amount
of heat absorbed at the cold junction: Pi • Qh - Q c . (See Fig-

ure 2-18.1

2.4.2 EHV Application

For electric /hybrid vehic les, the areas of most interest are heat rejection

rates in the range of 1 to 5 kW (3413 to 17,065 Btu/hr).

Westinghouse has developed a module for providing 24,000 Btu/hi of air con-

ditioning for environmental control of remote shelters. The complete system

'r wrw.rww
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	 package consisting of thermoelectric modules, heat exchangers, fans etc.

weighs 261 11, The package's overall dimensions are 40 in. x 40 in. x 20 in.

The COP for this system is 1 for Tcold 0 95 * F and Thot ' 140'F. The spe-

cifics of this package are described in detail by Percupile at al. 119].

Westinghouse has also developed thermoelectric air conditioning (heating

and cooling) for shipboard use in capacities of 6000 Btu/hr. However, these

units are expensive; on the order of $10,000 to $15,000. These cost figures

include the cost of heat exchangers, power supplies, etc.

A more realistic idea of the cost of thermoelectric devices is obtained by

examining the catalogs for these devices. For example, Melcor company's

device aCP5-31-06 has a heat pumping capacity of 200 Btu/hr with Tcold ` "OOF

and Thot ` 122'F. This device has a list price of S32 each for quantities

of 1000 or more. The price does not include the cost of heat exchangers.

The characteristics of thermoelectric devices tc provide required air con-

ditioning capacity would be:

• Thot - 122°F

• Tcold	
40°F

• Capacity - 5 kW (17,065 Btu/hr)

• Cost - S2 71-0

• Volume - 0.0:?5 ft3

• weight < 150 lb

• COP . 0.2 44 .

The above cost figures are based on present production rates. With mass-

production techniques, cost may be significantly lower than the above figures.

Therefore, the thermoelectric system will not be cost competitive if it is

to produce identical heat rejection rates as required by conventional

systems.

wCMANW. ► 	
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1
	 2.4.3 Localized CoolipA/Neatinj,

The small size of thermoelectric devices can be exploited for providing

ilocalized cooling which will provide some level of cosfort to individuals.
i

Cooling would be achieved with a heat rejection rate requirssent reduced

i	 to a tenth or le a% ei the conventional space conditioning technique. In

such an application, thermoelectric devices will be superior to any other

technique by the following:

s Least cost

e Least energy consumption

e Least weight

e No effect on vehicle dram.

One such technique would be to make a "weather coat", which has thermoelec-

tric devices spread throughout. Such a coat would provide heating or cool-

ing as desired, by pa ►.sing currents of appropriate polarity through the

thermoelectric elements. Alternatively thermoele^-Lric devices could be

incorporated in seat belts and seat cushions.

Due to closer contact with the source of heat (i.e., human body), the tem-

perature differential over which heat needs to be pumped is small. Assum-

ing T cold " 800°F and Thot ` 110°F, a heat pumping rate of 600 Btu/hr per

person would be adequate, as only the heat generated by the human bode (plus

a little heat flowing in due to conduction when ambient temperature is higher

than 80°F) is to be pumped out. At these conditions, the thermoelectric de-

vice system will have the following characteristics:

e Capacity - 176 watts/person (600 Btu/hr)

e Thot - 110°F

e Tcold - 80°F

e LT - 30°F (16.7°C)

e Weight - 0.4 lb

e COP - 1.32

Electric power required - 0.23 kW/person

e Cost : $30/person .

'dditional egi,ipment required wog•!' ^ blowers, fans, control system, etc.

MCMUM "
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1	 2.4.4 Combination Syst ma

The *sell size and weight of the thermoelectric devices can be exploited to

provide for charging of thermal energy storage systems. As charging time

could easily be of the order of 10 hours to charge (either heat or cool),

the storage system with 42,500 Btu of heat would require an average charging

rate of 4250 Btu/hr. The characteristics of thermoelectric devices for pro-

viding such rates will be:

e Capacity - 4250 Btu 'hr (1.241 kW)

e T
hot 0 

95°F

e T
cold " 0

O F

e L: - 100°F (55.5°C)

e Weight n 60 lb

e Volume a 0.t):6 ft 

e Cost	 $1360

2.5 Magnetic Heat Pump

The working principle of magnetic heat pumps,known for more than three dec-

_s, is based on the fact that meny magnetic materials become warmer when

subjected to a magnetic field, and cooler when the field is removed. This

reaction is called the thermomagnetic effect. Recently, NASA physicist

Dr. G.V. Brown used a material called Gadolinium to make this reaction pro-

duce heating and cooling effects near room temperature. The device - a

magnetic heat pump - is believed to be a more efficient alternative to

existing methods. its use promises significant potential savings in equipment,

energy, and peripheral operating costs for many industrial, commercial, and

residential applications. The physics behind the operation of such a mag-

netic heat pump are well described by Dr. Brown (20].

Dr. Brown made a few sample calculations to determine the feasibility of a

magnetic heat pump utilizing Gadolinium for electric vehicle applications.

These calculations were not attempted to obtain an optimized engineering

design but rether to obtain order of magnitude estimates.
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1	 Assumptions (for summer):

I

e Temperature at which heat is absorbed by the heat pump • 50'F

e Temperature at which heat is rejected ►o the ambient a 110OF

e Cost of Gadolinium - 875/lb

e Cost of -ferrite permanent magnet material - $0.20/lb

e Rate of cooling required • 17,000 Btu/hr.

The results of these calculations are given in Table 2-h.

Significant opportunities exist to reduce the weight of the ferrite perma-

nent magnet required by optimizing the magnetic circuit configurations and

also increasing the frequency of operation.

2.6 Split Heat Pump

Two split heat pump systems are described here. One system uses water as

the refrigerant, the other uses ammonia.

2.6.1 Water-Lithium Bromide System for Air Conditioning

Hater has the highest latent heat of vaporization per unit mass of any known

substance. This property can be utilized to obtain a very lightweight air-

con0itioning system for electric vehicle application. Figure 19shows the

schematic of the arrangement.

Water is stored in a tank at ambient temperature and pressure. This water

is passed through an expansion valve and its pressure is dropped to a very

low absolute pressure, e.g., 0.12 psia. This decrease in pressure results

in flash boiling of water and a temperature drop to 40°F. The mixture of

water vapor and water is then passed through a heat exchanger located in the

passenger compartment. Here, the lots-pressure, steam-water mixture receives

heat from the passenger compartment, and the water is completel y evaporated

(and even partly forms superheated steam). The water vapor is further

passed into a container holding lithium bromide. Lithium bromide ab,•orbs

the water vapor, thus retaining constant pressure on the low-pressure side

2-43.o.e....
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UBLE 2-6

RESULTS OF SAMPLE FEASIBILITY CALCULATIOMS

Material Weight
(lb)

Cost
($)

Gadolinium 11 825

Ferrite 319 64

Total 330 889

Performance

Fregaenc%, Capacity COP

5 Hz

2 Hz

17,000 Btu/hr

7,850 Btu/hr

3.7

6.0

.^ wog.
7C .. WI
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Water

Ambient

Temperature	 Passenger Com)artment

Ambient Pressure	 Heat Exchanger

0.12 psia	 1

Expansion Valve

Pressure <0.12
psis

Ambient Air
Heat Exchanger

Lithium

Bromide

Fig, 2-19 Schematic of Water-Lithium Bromide Arrangement
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of the system. During absorption, the heat of the solution is liberated,

raisin` the temperature of the solution and hence the container. This con-

tainer is made in the form of a heat exchanger, and therefore, the liberated

heat of solution is removed by blowing ambient air on the container. As a

result, the solution is at a few degrees above ambient and at a very low

1
	 pressure, such as 0.12 psi&.

The various pressures, and amounts of water and lithium bromide are calcu-

lated using data from steam tables and the data on the properties of lithium

bromide aqueous solutions from the ASHRAE Handbook.1977 Fundamentals. These

calculations are shown in Section 2.6.1.1.

For recharging. the lithium bromide aqueous solution is heated to a tempera-

ture that essentially drives off all the water from the solution. The tank

is then sealed. resulting in a vacuum of appropriate magnitude when the tank

is cooled.

Calculations in Section 2.6.1.1 show that the weight of the system is very

small. These calculations will have to be modified to provide adequate rates

of absorption. CertAin problems will, arise due to vibration and the high

vacuum needed.

2.6.1.1 Calculations for Svstem Size Determination

Assumptions

100°F

1.x.7 psia

40°F

120°F

e Ambient temperature

e Ambient pressure

e Temperature of cooling coil

in the passenger compartment

e Temperature o f absorber heat

exchanger

e Storage

- Tem ,,:rature	 100°F

- Pressure	 14.7 psia

- Enthalpy	 66 Btu/lb from steam tables [21

wewma
-VC "T

M	 ^400"T .
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40'F

0.121 psi&

1079,0 Btu/lbm

2445.8 ft3/lbm

(Assuming satur-
ated vapor). 7rom
steam tables (21'

e After Expansion

- Temperature

- Pressure

- Enthalpy

is After Evaporation

- Temperature

- Pressure

- Enthalpy

- Volume

e After Absorption

- Temperature

- Pressure

40'F

(6.3 mm Hg) 0.121 psi&	 From steam

68 Btu/lb	 I tables (211

120'F

0.121 Asia

I

From Figure 2- 20:

Equilibrium concentration, 63'e by weight of LiBr.

Hence, the amount of heat removed from the passenger compartment per Ibm

of water

n Enthalpy after evaporation - enthalpy before evaporation

• 1079 - /8

1011 Btu/lbm of water

Thus, the amount of water required to provide a total cooling of 42,500 Btu

is

42,500 . 42 lb.
1011

The amount of lithium bromide required is

.42 x 0.63 . 71.5 lb.
(1 - 0.63)

we.wmu
M,NCOMM"M
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Fig. 2-21 Enthalpy-Concentration Diagram for Water-Lithium Bromide Concentration

*Reprod uced fro-,.-. Reference _'2.
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aThe total refrigerant + absorbent we ight

• 41 + 71.5
• 1 13.5 lb.

^^	 1
2.6.1 Ammonia - Water Scheme

Amonis has the highest heat of vaporization with the exception of water.

i	 A system utilizing ammonia is shown in Figure 2-22. High -pressure. liquid

ammonia is stored in an insulated container. This ammonia liquid is passed

through an expansion valve, lowering the pressure and temperature. This

low-temperature fluid is passed through an ammonia -to-air -heat exchanger

located in the passenger compartment. Here, the ammonia liquid absorbs heat

from the passenger compartment and is thus vaporized. This vapor is ab-

sorbed in the water contained in the second heat exchanger. As the vapor

is absorbed, heat of vaporization is given off by the ammonia, causing the

mixture temperature to increase. This heat is removed by the ambient air

flowing on this heat exchanger.

Recharging of this system is accomplished externally, e.g., in a garage.

For recharging, the mixture of ammonia and water is heated to drive the

ammonia vapor off. The water is returned to the ambient heat exchanger

while the ammonia vapor is compressed and cooled. In this manner. satur-

ated liquid ammonia is obtained, as in its initial condition, to charge

the ammonia tank.

2.6.2.1 Cooling Mode

Typical calculations are shown below:

e Ambient temperature: 100°F

a Condition of ammonia liquid in the ammonia tank:

- Temperature, 55°F

- Pressure, 98.06 psi&

- Enthalpy, 103.5 Btu/lb
- Specific volume, (1/38.75) ft3/lb

'- wnu^s^
rCORM^^fq	^ ..• 
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f

Insulation

r- Liquid Ammnia
at 98 psi&

Heat Exchanger in
Passenger Compartment

Disconnect for
Charaine

Expansion Valve

Disconnect for
Charging

Ambient
Temperature—^
Heat Exchanger

Water at 90 psi

FLg. 2-22 Ammonia System
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e Condition of ammonia vapor at the exit from the passenger

compartment heat exchanger:

- Temperature, SO'F

- Pressure, 90 psi&

- Enthalpy, 625.2 Btu/lb

Specific volume, 3.3 ft3/lb.

Thus, heat absorbed from the passenger compartment . 625.2 - 103.5

• 521.7 Btu/lb.

When the ammonia vapor is absorbed by the water in the second heat exchanger,

the conditions are:

e Temperature, 110'F

e Pressure, 90 psi&

The amount of water needed to absorb the ammonia vapor at these conditions

is found to be 1 lb of water for 1 lb of ammonia. This amount is derived

from Figure 2-23, which is reproduced from the ASHRAF Handbook, 1977.

Fundamentals.

Thus, for providing a storage capacity of 42,500 Btu, the following is needed:

42,500	
81.5 lb of ammonia

521.7

and 81.5 lb of water.

Thus, a total storage fluid weight equals 163 lb.

The volume of the ammonia tank

81.5 a 2.1 ft3.
38.75

The volume of the ambient-temperature heat exchanger

weight of solution x specific volume of solution

163 x 0.0197

3.21 ft3.

we"A"M
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l

Total storage voluse

f

	

	 - 3.21 + 2.1

- 5.31 ft3.

2.6.2.2 Heating Mode

The same sysm can be used fot providing heating. The liquid asssonia is

hq	 passed through an expansion valve, lowering its pressure and temperature.

I	 The lower pressure value selected is such that after expansion, the fluid

temperature will be below ambient. Thus. when this fluid is passed through

the air-to-ammonia heat exchanger, it can absorb heat from ambient air.

Hence, in the heating mode, the first heat exchanger exchanges heat with the

E

	

	

ambient instead of with the passenger compartment as in the cooling mode.

With the heat absorbed from the ambient, the low temperature liquid ammonia

is vaporized and is further passed on to the second heat exchanger which

contains water. Here the ammonia vapor is absorbed by the water, and heat

is liberated. This heat will cause the temperature of the heat exchanger to

rise to well above the temperature required inside the passenger compartment.
1

Hence, when air is blown over Ois second heat exchanger, it can be used to

heat the passenger compartment.

A set of typical calculations for the heating mode are shown below. The

data about the properties of ammonia and aqueous solutions of ammonia are

obtained from the ASHRAE Handbook, 1977 Fundamentals and from Figure 2-23.

e Storage

- Temperature

- Pressure

- Enthalpy

- Volume

-10°F

23.74 psis

32.1 Btu/lb

1/41.78 ft3/lb

e Ater Expansion

- Temperature	 -30°F

- Pressure	 13.90 psia

- Enthalpy	 10.7 Btu/lb

- Volume	 1/42.65 ft3/lb

M ^NC.uw.CY
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I	 e Aftsr Evaporation

- Temperature -30OF

- Pressure	 13.90 psis

- Enthalpy	 601.4 Btu/lb - 77.9 Btu/lb e s 523.5 Btu/lb

- Volume	 15.97 Btu/lb

e After Absorption

- Temperature	 BO'F

i	 - Pressure	 13.90 psia

- Enthalpy	 -40 Btu/lb of solution

- Solution Concentration	 30"0' by weight ammonia

n -40 x Btu/lb of ammonia
0.3

n -133 Btu/lb of ammonia

• Total Heat Civen ci f:	 - 523.5 - (-133)

- 656.5 Btu/lb of NH3

- Weight of Ammonia Required - 
42,-500 . 

64.5 lb
656.5

- Weight of Water Required	 - 64.50 30. 7 n 151

- Total Weight to be Carried n 0.3 - 216 lb

*The enthalpies of pure ammonia are based on 0 for the saturated liquid at

-'0°F, and enthalpies of the mixture are based on 0 for water at 32°F and

0 for ammonia at 32°F. The enthalpy of pure ammonia at 32°F based on
at -40°F is 77.9 Stu /lb.

wc+wW."
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3.0 THERMAL STORAGE

Two types of thermal storage are considered: high-temperature thermal stor-

age and low-temperature thermal storage. High-temperature thermal storage

systems act as heat sources from which heat can be extracted for heating the

vehicle. Low-temperature thermal storage systems can be used as hest sinks

to which heat can be rejected from the hot environment for cooling. Heat

sources and sinks can be classified as either sensible heat or latent heat

(of phase change), depending on the mechanism employed for rejecting or

absorbing heat. The following subsections describe various thermal storage

systems.

3.1 Water

3.1.1 Heating

Liquid water has the highest specific heat, with the exception of gaseous

hydrogen and helium. In the heating mode, water can be heated to temperatures

in excess of 212°F, either by increasing pressure and/or adding other sub-

stances such as glycols or salts (NaCl, CaC1 2 , etc.). If the pressure-

increase method is chosen, the heat storage capability can be determined from

using steam tables.

Assumption:

Tcold 0 100°F

1	 Capacity required - 42,500 Btu

where

T
cold ` lowest temperature of the storage material at which

useful heat can be extracted.

Table 3-1 shows the results of calculations using various pressures. This

table indicates that a practical heat storage system can be obtained with

water as a storage medium. Other advantages of water are:

e The same water can be used as a heat transfer medium.

^	 n :•«aoe.^woeap 3-1
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c

TABLE 3-1

STORAGE SYSTEM WEIGHT FOR
DIFFERENT PRESSURES FOR STORING 42.500 Btu

Sensible Weight of
Pressure Temperature GT Heat Water Required
(psia) ('F) ('F) (Btu/lb) (lb)

14.698 212 112 112 380

29.82 250 150 150 283

66.98 300 200 202 210

134.55 350 250 253 167

MCP.W..
VICWMo..
.co,.a.n. 3-2
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s Temperatures and pressures are reasonably small and

 hence can be handled with inexpensive insulation

and containment materials.

e mater is very inexpensive. Hence, its weight can be reduced

during those days when heating requirements are low, reducing

{}	 overall weight of the vehicle, with little cost consequences.
k

3.1.2 Cooling

For the cooling mode, the following assumptions are made:

Thot 0 
50°F

Capacity required a 42,500 Btu.

where

T
hot w highest temperature of the storage material at which

heat can be rejected to the storage material.

A maximum 4T of 18°F can be obtained before solidification occurs. Hence,

a maximum of 18 Btu/lb can be stored in a sensible heat mode. A large

amount of water will be necessary to store the required capacity. The

storage capacity can be increased in two ways:

s Using latent heat of fusion of ice

s Lowering the freezing temperature by adding suitable

materials such as propylene or ethylene glycols.

In the case of the first alternative, an additional 144 Btu/lb, which is the

latent heat of fusion of ice, could be obtained, thus bringing the total

storage capacity to 162 Btu/lb at 32°F. The formation of ice is accompanied

by an increase in volume and also by a reduction of thermal conductivity.

This combination will necessitate a special heat exchanger design and some

heat transfer medium. One such design is shown in Figure 3-1.

In this design, the problem of freezing expansion is solved by filling elas-

tomer balls with water. These balls are kept in the container and the res:

of the space in the container is filled with water containing some freezine

waw.w
Mows ".M n .COMPO.,.
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, temperature depresoant such as ethylene glycol. This fluid acts partly as

a storage medium but mostly as a heat transfer medium. The fluid is pumped

through the water-to-air heat exchanger located in the passenger compartment.

During recharging time, th* fluid is circulated through a refrigerating

K
apparatus located externally, e.g. in a garage, and the temperature of the

storage system is brought down to about 20'F. This reduction in temperature

p

	

	 causes the water in the balls to freeze, storing 144 Stu/lb of latent cold

for freezing, and about 30 Btu/lb of sensible cold. Thus, a total of about

174 Btu/lb of cold is stored. The heat transfer medium also stores some

sensible cold of the order of 26 Btu/lb while the metal containing device

stores about 6 Btu/lb. Therefore, obtaining an overall storage density of

150 Btu/lb is conceivable.

The same system can be used for heating the vehicle provided the elastomer

balls can stand a pressure of about 70 psi at 300°F, so that, in the heating

mode, identical storage density is achieved.

Alternative forms of heat exchanger/storage designs can be built, using the

basic idea of water in an expandable container to utilize latent heat of

fusion of ice. Such schemes have an added advantage of requiring minimal

changes during heating and cooling seasons.

In the second alternatI a discussed earlier, of using brines to lower the

freezing temperatures, the latent heat of fusion of ice can also be used,

but not nearly to the same extent as in the first alternative. If, for

example, a mixture of ethylene glycol (30% by weight) and water is used,

it has a freezing temperature of 0°F. However, in brines, the freezing does

not result in complete solidification of the liquid until the temperature

is reduced to the freezing temperature of a eutectic mixture. In the case

of ethylene glycol and water,this temperature is below -60°F.

Between 0°F and -60 * P more and more ice crystals drip ou'L as the temperature

is lowered. However, a significant portion of the total mixture remains

liquid, leaving the who l e —4 xt , ire in the form of slush. This sits arion i:,

ideal, as the liquid c"	 to obtain tht- desired heat transfer

W OMM .►
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and no artifices are required to prevent bursting due to freezing. The only

drawback is that since all the ice is not formed at any constant temperature,

only a fraction of the latent heat can be utilized, until the temperature is

reduced to a very low value. Furthermore, addition of ethylene glycol reduces

l
the specific heat and hence, storage of sensible heat is reduced. Calcu-

lations show that to obtain 150 Btu/lb of cooling, a temperature of -50'F

will have to be attained. This low temperature will require better insu-

lation to limit heat leaks to a reasonable value.

The system utilizing ethylene glycol thus is simpler, at the expense of

requiring very low temperature, than the system utilizing the expandable

containers. In either case, the cost of storage material is insignificant.

The total cost of the storage device is expected to be in the neighborhood

of $50.00.

3.2 Salts

Most salts have a large sensible heat capacity but relatively low density

(about 1.7 kg/liter), giving better heat capacity per unit mass than materials

like cast iron or magnetite, and comparable capacity per unit volume. Single

salts or a salt eutectic mixture exist to provide melting temperature ranges

anywhere between 130% and 900%. Salts have large latent heats of melting

(comparable to water in heat/volume) and can provide large amounts of heat

at essentially constant temperature.

Salts have low viscosity, poor heat transfer as stagnant liquids, and poor

thermal conductance as solids (copper = 10 x steel s 100 x NaCl). Salts

have very large expansion on melting (typically 20%) with attendant large

pressure differentials and risk of container rupture. However, this

characteristic could be used to provide strong convection and stirring, en-

hancing thermal transfer by as much as tenfold.

Heat transfer will not be critical during melting since the heat flux is

through the convecting liquid to the solid boundary. Freezing will be much

more serious because the solid-liquid interface provides the heat at con-

•tanr temperature. This heat has to pass through the growing layer of pocr-

conduc Ing solid.



3

{	 Corrosion over period* of 30 years or more is likely to be a serious prob-

lem with molten salts. Whereas the solid is a relatively inert, dense -packed

crystal, the liquid is almost completely dissociated and fully ionized -

hence the large latent he ".t and expansion on salting. Most pure salts are

not expected to be corrosive, but small graces of water - parts per million

i	 or less - could be extremely corrosive to steel or even stainless steels.

Dehydration before melting will be essential at levels unknown at present

in commercial use of such materials. Cathodic protection of the containers

will be necessary above 400'C (or even lower), removing residual OH and also

any H2O which may enter in protective gases such as argon.

3.2.1 Solids for meat Storage

Table 3-2 gives the properties of a number of eutectic salts, insofar as

those properties relate to thermal storage. Only the solid state of these

salts is considered. Using the common NaOH and the uncommon LiOH as ex-

amples from Table 3-2, the constants for these salts are given in ':able 2-1.

The amount of solids required to store enough heat to provide 42,500 Btu

of heating is computed as follows:

• assume that the lowest temperature at which heat can be

extracted from the solid storage is 100°F

• Hence, heat extracted per pound of solid equals

C x (T 
max- 

100°F)

Using the information in Table 3-3, the following quantities are ccmputec

for NaOH and LiOH.

W(lb) V(ft3) Cost M Btu/lb

NaOH	 177 1.33 21 .6

LiOH	 94 1.04 186 450

3.2.2 Lithium Fluoride

Lithium fluoride (LiF) is potentially an excellent storage material for twc

reasons: it has a high energy density, and its specific heat increases

increasing temperature. Thus, most of its energy is released over the early

"1t"AA CY
'1tw"Sey
"`°ftP°" "a	
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TABLE 3-2

PROPERTIES OF SOLIDS FOR HEAT STORAGE
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TABLE -3

PROPERTIES OF NaOH AND LION

Salt NaOH LIOH

c, Btu/lb-'F 0.48 0.59

w,	 lb/ft 3 133 91.1

Cost,	 $/lb 0.12 1.97

T : max,	 'F 600 860

"CMOs"
n,awwev.
.waww•vM
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patt of the heating cycle. In the past, it has been necessary to bring

LIT to temperatures exceeding 1330'F under vacuum conditions to eliminate

impurities which are a major contributor of this material's corrosiveness.

Nowever, the same benefits can be achieved by adding about 0.31 alumina to

the LIT. LIT can store more heat than any other known material as its

temperature is varied in the range from 1022'F to 1550'T.mp	 g	 Approximately halt

the energy stored is in the form of latent heat of fusion (LiF melts Ott

1554'F , and the remainder is sensible heat.

The relevant constants for LiF are:

a Heat of Fusion: 774 Btu/lb at 1554'F

e Specific Weight: 147 lb/ft3

e Specific Heat at 54 0 F: 0.373 Cal/g'C - 0.373 Btu/lb-'F.

Thus, assuming for purposes of calculation that the material, after solidi-

fying, can be cooled down to 100'F, then,

Q - W (H Qg + c (@s - 100) J

42,500 - W (774 + 0.373 (1554 - 100)J - 1319 W

or

W n 33 lb

V - 33/147 - 0.22 ft 

These values are extremely attractive numbers.

Molten lithium fluorides have been tested as storage materials using heat

transport fluids ranging from gas to sodium vapor. However, a number of

problems exist with this material. Due to its high ootorage temperature, LiF

would have to be extremely well insulated and placed in some heat resistant

connecting fluid for circulation through the vehicle. The storage systems

will require delivery of energy either by electrical resistance heaters or

through some other circulating thermal conduction device, and the supply,

containment, and transport of the heat in and out of the system will pre-

sent serious difficulties. The toxic and combustible properties of the

wa.AM"
nC».ww.
mC**.a.qP
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material itself, and combinations of materials which might be used in a de-

vice, have to be examined for any design case. Flours 3-2 show a schematic

r	 i	 of a complete system designed by Thermo Electron Corporation 1241 for an

automotive propulsion energy storage system. Table 3-4 shows 	 of the

'	 nusbet. ,f intereit in this design. also derived fr6s the sans source.

prelimina., rmal cycling tests havo shown an initial tendency of LiF to

degrade, and whether or not stabilization occurs with prolonged cycling is

not known.

Production of storage units using salts will have to be conducted under con-

trolled atmospheres, since moisture and air will initiate corrosive attack

of materials even at room temperature. At high temperatures and in operation

of the units, complete sealing and/or inert blanket gas cover of the salt is

required. Consequently, dealing with this hazardous condition in vehicular

use requires a high-temperature device or provision for the escape cs LiF.

Burn and fire hazards are lower then those associated with the use of gaso-

line fuels, should that flammable liquid escape. Molten salts freeze rapid-

ly on exposure to cold surfaces or air, and would not decompose unless ex-

posed to extremely high temperatures or contacted by acid or acid fumes, in

which case toxic fumes could be released. Removal of spilled ',IF after' cool-

ing should present no problem.

3.2.3 Modified Caustic Soda (NaOH + NaNO

Sodium hydroxide ( caustic soda) is a widely used, i 	 )give, irdustrial in-

organic chemical which has two phase changes is the region of 450 to 630",

one associated with fusion at about 616°F and one associated with a crystal-

line transformation at about 574 •F (25). Ths addition of about 8% sodium

nitrate has the effect of depressing the fusion phase change so that all thr

latent heats of both the NtOH and the NaNO 3 are available within a narrow

temperature range. Some of the characteristics of this material are shown

in Figure 3-3. Unlike some inorganic media, the material can be contained

in inexpensive mild steel vessels; the heat exchangers can be fabricated

from this material as well. Moreover, the medium has a low vapor pressure

and can operate in a vented vessel. Therminol oil, described in Section 3.5,

can tie used as circulating fluid for storing and extz..ting heat.

WHOM"
«•	 3-11

^"cow"tw



TO 171011.106
wyom"EN
01FFUSION
WIND"

0900 Mr0A0iLN GAi

V* POTASSIUM 1APOR

;;; IKAT FLOW

10ER SUPPORT

FIKR INSULA

ENGINE SUMP

POTASSIUM RETURN	 • •	 •

ARTERY	 •	 •

WIN" SIMIRATIMS

![NZilt MEAT F10110	
•	 •

IRON /AL`UMINUM
MULTII

i	 T!. ^	 •
•

TES SUMP

1011 [ R /	 •

•

DISCMARGI NG HEAT PIPE

THERMOELECTRIC
MODULE

ELECTROMAGNETIC
PUMP

PUMP PLO'"	 • r•
CONTROL OnA	 LE01f1
MECMANICAL —4:
VARIATION OF
MAGNETIC FIELD)

FIN

- •N • am)

— K RMANENT
1	 MAGNET

STEPPING
MOTOR

/ii
CNAR ING TO TEMPERATURE SENSOR 	 PUMP F101M	 % 0 U
NEAT PIPE	 IN ENGINE HEATER	 CONTROL	 F ` N

\.Y^J

	

TO T EMPERATURE	 ENGINE	 PUMP
SURNER	 SENSOR IN TES	 LOGIC	 MAGNETIC FIELD

METER
TURNER
CONTROL

Dual-Mode Operation. Burner On. Pump Contro l, Set at Run.

The burner is on; therefore, heat is supplied to the TES and/or the engine.
At low engine power the TES charged (i.e., melted) and at high engine power
the TES is discharged. Thus the combustion system can be sized f or average
power, rather than peak power, operation. From Reference (241•
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XABLE 3-4

ENERGY DENSITIES FOR VARIOUS ENERGY STORAGES

Storage
Type

Gravimotric
Energy Density

(Btu/lb)

Volumetric
Energy Density

(Btu/ft3)

LiF (Complete System
Between 1554 °F and
100°F 1545 58,000

Lead-Acid Batteries
Present 54 51800

Advanced 77 8,700

Ni-Zn Batteries
Present i08 11.100

Advanced 1?l 14,500
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Referring to Figure 3-3. the change in enthalpy between 620'F and 100'F is

approximately 276 Btu/lb.

1	 e Specific Weight - 110 lb/ft3

e Cost - $0.15/lb

The above information yields

M a 
4 2 5600 n 154 lb

V a 154/110 - 1.4 ft^

The mass of material required is on the high side, though its volume is

reasonable. The cost of the caustic soda, above, would amount to 154 x 0.15

$23, which is insignificant.

3.2.4 Alkali Carbonates

Alkali carbonates are attractive as latent-heat storage materials due to

their relatively high storage capacity and thermal conductivit y , low corro-

sivness, moderate cost, and safe and simple handling requirements. Test

data on a number of these salts are given by Petri et al. (26]. Some of

their results a • e reproduced in Tables 3-5 and 3-6, as well as in the fol-

lowing summary.

• Alkalifalkaline earth carbonates can be used as latent heat

thermal storage materials over the temperature range of 747

to 1636°F.

• LiKCO 3 (melting point: 941°F) exhibited excellent chemical,

physical, and thermal stability for over 5600 ho • srs and 129

cycles, as well as good compatibility with type 315 stain-

less steel.

e Pure Li 2 CO 3 (261 Btu/lb, $0.93/lb) and Na I CO 3 (113 Btu;'lb,

$0.03/lb) appear attractiVL in approximate temperature regimes

of 1300°F and 1500°F respectively.

>	 ^^ rtCHUa«•
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f

• Na2CO3-saCO3 mixture is an attractive low-cost ($0.06/lb) six-

tore for 1300'F applications.

fa 85 sole-percent Na2CO3 and 15 mole-percent K 2CO3 salt solidified

incongruently over a range o:: 1445 to 1364•F.

fe CaCO3 and NaCO were chemically stable as mixtures with alkali
3

carbonates over a range of 1200 to 13000F.

a Carbonates can be melted and safely loaded in air environments.

e Chlorides and fluorides require more sophisticated handling,

fabrication and operation procedures. Their vapors are toxic

in air and they must be handled and cycled in dry, inert

environments to avoid accelerated containment corrosion by

oxygen/moisture contamination.

e 304 and 316 stainless steel demonstrated good compatibility over

a range of 700 to 1200°F.

e Prolonged operation above 1200°F results in salt creepage

and increased oxidation, carburization, grain boundary car-

bide precipitation and brittle sigma phase formation in

austenitic stainless steels. Use of superalloys may be

required.

e Baseline thermal discharge characteristics and heat fluxes

at the order of 12,000 to 24,000 Btu/hr-ft 2 with storage ca-

pacity of 340 Btu units were established.

Selecting two salts from Table 3-5, one with the highest heat of fusion,

the other with the highest value of c, Rives,

H st c, w, Cost, Melting
Salt Btu/lb Btu/lb-°F lb/it $/lb Point,	 °F

K2CO3'Na2CO3 70 1.0 149.8 0.11 1310
•L12CO3

Li 2 CO 3 261 0.63 131.6 0.93 1339

The required masses and volumes of these two salts (for a final salt tem-

perature of 16:°F) are as follows:

wuure"
'.c0460"T"
	 3-18



I

r.

Storage
Capacity,

t	 atu/lb,
Mass.
lb	 Volume, f t 3	 Cost of Salt. $

I	 R2CO3-Na2CO3

'1.12CO3	
1280	 33	 0.22	 3.6

IL12CO3	1041	 41	 0.31	 36

These numbers, like the lithium fluoride previously considered, are practi-

cal and these salts are thus potential candidates. However, a point to be

kept in the foreground is that extraction of heat from these salts down to

100'F may not be practical and storage at 13O0'F may be a demand difficult to

meet due to excessive insulation levels. Also, while the cost of salts is

low, the cost of the total system as projected from a solar heating system

estimate, given in :able 3-5, would be $67 for the K 2 CC3Na 2CO
3
 and $155 for

the Li2CO3.

3.2.5 Sodium Sulfate Decahvdrate *

Sodium sulfate decahydrate (271 offers many advantages over competitive ma-

terials for storage of thermal energy in the temperature range from 32 °F to

approximately 100°F. The heat of hydration is comparable to that of the

best of the paraffins; yet its thermal conductivity is approximately five

times greater. Containment of the material is simplified because the solid

phase is more dense than the liquid, so the substance contracts upon solidi-

fication. Sodium sulfate offers the added advantage of safety and low cost,

which is on the order of 3c - 5c/lb.

To obtain working temperatures for cooling, other salts m-ist be added to the

sodium sulfate to depress its freezing point from the nominal 90 0F. A mix-

ture, consisting of sodium sulfate decahydrate and five other salts, as

shown in Table ?-7, was added to decrease the solidification point to 55°F

(13%). The mixture does not behave as a eutectic: the concentration of the

solid phase increases as the temperature decreases, with complete solidifica-

tion occurring at approximately 9°F (-13°C). The effective heat capacity was

found to be approximately 2 Btu/lbm-°F over the temperature range from 50

to 60°F.

*Known as Glaube-' r	 1t
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Tests indicate that the salt performs as if the undissolved anhydrous sodi-

um sulfate is not able to combine with its water of hydration during the

Ihydrating process. As a result, the heat of transformation is less than the

theoretical 75 Btu/lb. In fact, the salt behaves as if it had a variable

specific heat of approximately 2 Btu/lb-'F rather than as a phase-change

1	 material. The phase-change process occurs continually over a temperature

range of some 55'F, although most of the heat of transformation is realized

over a range of 30'F.

Even taking the maximum possible value of 75 Btu/lb, and using a temperature

range of 140'F to 68°F, the following weight requirement is obtained:

42,500	 a 42,500 . 194 
lb75 + 2(140-68)	 219

No data for specific weight are available, but whatever the weight's ex.,c.t

value, the volume required would be of the order of 1 to 2 ft3.

For the purposes of comparison, Table 3-8 gives information on some of the

commercially available phase change materials. This table is reproduced

from "Solar Age" [28]. Using the information given in this table, the

weights for storing 42,500 Btu are calculated and are shown in Table 3-9.

3.3 Polvethelene Pellets

A highly crystalline polymer, such as high-density polyethylene offers ad-

vantages as a thermal storage material, if it is rendered form-stable so that

it does not flow on melting. Uncrosslinked pellets deform and flow into

flattened discs upon melting, whereas properly crosslinked pellets maintain

their original shape during the melting-freezing cycle. Long-term durability

tests showed excellent hydrogen retention up to 1000 cycles. In terms of

producing the least inter-particle adhesion, the best product is the silane-

grafted/crosslinked polyethylene resin [29). As a heat transfer fluid,

glycerin is found to be a suitable medium.

The relevant properties of this polyethylene material are:

e Melting point - 270°F

Rd WCOSPO""a
eu..aer 3-21
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TAILt 3-2

PHASE CHOU 14ATERIALS - WEIGHTS FOR STORING 42,120 VTU

1

2

3

4

5

6

7

8

9

Phase-Chan&*
Material

Host Storage
Capacity
(Btu/lb)

Storale Weight
for Storin& 42,500 Btu

(lb)

Paraffin 11 3860

Glauber's 22.8 1865
salt	 (1)

Calcium 70.2 605
Chloride
Hexahydrate
with Additives

Sodium 66 - 91 645 - 468

Sulfate	 (1)

Sodium 35 1215
Sulfate	 (2)

Calcium 73 581
Chloride
Hexahydrate

Calcium 70 606
Chloride
Hexahydrate
with Additives

Calcium 76 560
Chloride
Hexahydrate
(Bisoi	 11)

Glauber's 811 525
Salt	 (2)

MEN	 3-23



a Heat cif fusion - 90 Stu/lb

a Specific Gravity - 0.96
a Cost 40.2-0. 3/lb

For these properties, the mass and volume of storage material required are

respectively 472 lb and 7.9 ft 3.

A cost study for a solar storage system given in Reference 29 yields the

following estimates:

0.940 per Btu for a liquid heat transfer medium

0.79c per Btu for air circulation

These numbers were obtained for an application different from V-* present

one, but if these .,,.ambers are projected to a passenger vehicle, the cost of

the system would be of the order of $400.

3.4 Liquefied GasiLj

Liquefied gases such as air or hydrogen can, from a practical standpoint, be

considered only as candidates for vehicle cooling. Liquefied gases can be

stored at atmospheric pressure at their respective liquefaction temperatures.

Since these temperatures are extremely low, the gases would have to be kept

in special, highly insulated containers. In addition, it the case of hydro-
gen, special safety Precautions would have to be taken if the gas were to be

boiled off to the atmosphere, cr if a road accident occ•irred.

Table 3-10 gives some of the liquefied gas properties relevant to the aresent

survey.

As shown, hydrogen has the highest heat of vaporization and also a very high

specific heat. Of the gases, hydrogen will be discussed first. The refri-

geration requirement is given as 42,500 Btu.

Assumptions:

e Thot	
"0°F

e 
Tcoldn 

-422°F

wck"W"
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f

e Latent heat of vaporisation • 194 Btu/lb

e Average specific beat over the temperature range ti 2.9 Stu/lb-'F

e Density of liquid hydrogen n 4.3 1b/ft3

1

1	 Banco, the total cooling capacity over the temperature range

n 194 + (40-(-422)) x 2.9

• 1534 Btu/lb
The weight of liquid hydrogen required is:

42,500 • 27,7 lb
1534

The volume of liquid hydrogen required is:

47. .	 6.4 ft 

Performing the same calculation for the other gases listed in Table 3-10,

the res pective weights and volumes are given in Table 3-11.

3.5 Organic Oils

Reference (251 contains a brief diF.cussion of the potential use of special

high-temperature oil labelled Therminol. The properties of these oils are

given in Table 3-12. Table 3-13 shows the weights and volumes required to

store 42,500 Btu, utilizing the highest usable temperature and assuming that

heat is extracted until the oils reach a temperature of 100°F in the heating

mode. In the cooling mode, the oils are assumed to be precooled to the low-

est usable temperature and cooling is provided until their temperature rises

to 50°F.

3.6 Paraffins

The material considered here is Shellwax 700, a commercial israde paraft in.

Data indicate that paraffins havE approximately the same thermal conductivity

in the solid and liquid phases. Their thermal properties are shown in Fig-

ure 3-4. Calculations (30) performed for a solar storage system using a

heat of fusion of 63 Btu/lb showAd the following trends:

TM irc+.u.^cwN
nAiW wr.^o^ra,.ne 3-26
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TABLE 3-11

WEIGHTS AND VOLUMS REQUIRED FOR PROVIDING COOLING OF 42,500 Btu

P ul,

iQ M"s	 lb Volume (ft 3)

Air 254 4.66

N 2 241 4.73

02 255 3.64

H 2 28 6.5

t
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e The cost of the systam (total) is twice as such as that of

a comparable sensible heat water storage system. The main

item of expanse is the heat exchanger.

e The optimum occurs when the heat stored is 852 of the total

storage capacity.

e The volume required is 2/3 less than an equivalent water

storage system.

For this case, considering again a range of 190 °F to 120'F, the following

is obtained from Figure 3-4.

W a 42,500 , 
329 lb.

129

3.7 Sand

Figure 3-5a taken from Reference ( 31) shows a possible scheme for a fixed-

bed sand storage system. The sand is retained by concrete walls which are

the least expensive method for such containment, except for the two opposing

walls made of corrugated metal steel plates. Holes in the steel plate are

spaced to 3lign hot water pipes passing through the sand volume. Header

pipes are welded to the tubes just outside the steel retaining walls which

allows for easy replacement. In the charging mode, pressurized hot water

enters the system, the heat is transferred from the hot water through the

pipe walls and diffuses through the sand volume, heating the sand. In the

extraction mode, cool, pressurized water enters the system via the same

tubes. Heat is transferred by conduction from the sand to cool fluid which

is circulated through the heat exchanger in the vehicle.

In the cooling mode, cold, pressurize3 water is first circulated through the

sand, cooling it. Subsequently, when cooling is required, water is circu-

lated through the cold sand bed which is cooled, and in turn cools the vehicle.

A limiting factor in the extraction (or input) or thermal energy from (or to)

the fixed -bed sand system is the low thermal diffusivity of the storage ma-

terial, One way to counteract this low diffusivity is to increase the

^•w GamCK

,7 rr.. o►e^.
2 .co.rciu.w
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surface conductance between the pipes and the sand by moving the sand with

respect to the pipes. The sand is fluidized or otherwise agitated into

motion, thereby increasing the heat transfer potential; this concept is

shown in Figure 3-5b. In the absorption or charging mode, the sand in fluid-

ited by an inert gas such as air or nitrogen, and will absorb heat from the

pipes which transport energy in the form of hot pressurized water. After

sufficient time has passed to store the desired quantity if thermal energy,

the bed is defluidized with the sand stationary until energy extraction

commences. The low thermal diffusivity of quiescent sand retards heat

loss, in addition to the fact that the shell of the fluidized bed is in-

sulated. In the discharge or extraction mode, the sand which has remained

at a high temperature will again be fluidized and the heat will flow from

tFc sand to the pipes, which now have cool fluid running through them. The

electrical energy consumption of the blower necessary to fluidize the bed

is on the order of 5 6% of the thermal storage that the system may contain.

The advantages and disadvantages of fixed and fluidized beds are summarized

in Table 3-14.

The following are used as a feasibility check of using sand 131, 321:

b 50 Btu
hr-ft`-°F

c	 0.195 lbt;F

w	 - 65 lb/ft3

Cost - 810/ton

e	 ti 900°F
max

(for fluidized bed)

With these numbers allowing 100°F at the end of the cycle,

Q - W x c (900 - 100)

42,500 - W x 0.195 (800) - 156 W

weHurw
nG..aeS.M n .MCOW,.M 3-33



TABLE 3-14

COWARISONS OF SAND STORAGE SYSTEMS

Systems Advantages Disadvantages

Fixed Beds •	 Uncomplicated; •	 High tulip density
few moving parts required

•	 high reliability •	 Probable high
system cost

•	 Low development
risk

•	 Low containment
costs

Fluidized Beds •	 Lower pipe cost •	 Parasitic power
losses due to large
blower

•	 Improved •	 Large containment
performance cost

.,,.. " waawie..

Nil nc+wo.0^o	 3- 3 4



yielding

W n 272 lb

V a 4.2 ft 3

1 Considering he fact that a 400 .7 sand temperature may not be advisable and

	

g	 mD	 Y

that the bulk of piping, insulation, etc., may equal or exceed the weight

`	 of the sand, sand would be an impractical system for vehicle applications.

3.E Compressed Air Energy Storage

A general physical arrangement scheme for the utilization of adiabatic air

compression for purposes of both heating and cooling is shown in Figure 3-6.

The charging part of the cv- y e consists. in all cases, of the adiabatic com-

pression of air and its storage in compressed form in a well insulated con-

tainer aboard the vehicle. The external power could be delivered to the

system either by simply hooking on the storage vessel to an external air

compressor, located in homes, gas stations, .upermarkets, etc.; or the vehi-

cle could have a motor compressor aboard, in which case only an electrical

connection to the outside would be required. The latter is, of course, more

convenient, but its price is the cost, installation, and weight of additional

equipment.

As portrayed in Figure 3-6, in the seating mode, a circulating fluid would

extract the heat from the hot compressed air and pass it on to the interior

of the vehicle via a heat exchanger. As heat is extracted, pressure and

temperature in the constant volume storage vessel would drop. When the IT

would fall to a sufficiently low level, the system would have to be re--

charged to its original thermodynamic state of high Fxessure and high temper-

ature. This recharging can be done in one of two modes. A resistance heater

can be used to restore the temperature to its original level (heating at

constant volume); or the low pressure gas can be exhausted and a compressor

used to charge the vessel with newly compressed air (adiabatic compression).

In the cooling mode. the compressed air can be throttled to ambient nressure

and exhausted to the atmosphere. On expansion, the temperatures would dreg.

drastically cooling the interior of the car via a heat exchanger. For

IM wcw.or
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'	 cooling purposes, storing air at a sufficiently low te"erature so as to

yield adequate temperature differentials during thro ► !ling may be preferable

to compressing the air adiabatically. To simplify the arrangement, a pos-

sibility spay exist to construct a single heat exchanger to serve both the

beating and cooling modes. Since it is unlikely that both systems would be

needed during a given period, it would only be a matter of connecting or

switching the heat exchanger from one mode of operation to the other.

3.8.1 Feasibility of Systemstems

The relation between the thermodynamic properties of air for adiabatic com-

pressors is given by:

T

\Ts/

Figure 3-7 gives this relation for air being compressed from atmospheric

conditions of p a a 14.7 psia and 80°F. Keeping generally to the temperature

levels of the previous systems, the conditions of 400 psi& at a temperature

of 920'F can be used for the compressed state. The amount of heat that

would be extracted from compressed air (at a constant volume) would be given

by:

Q ' WCv (5 s - 6a)

For our requirements,

42,500 - W x 0.171(920 - 100)

or

W a 304 lb

From pV . W RT, the volume required is:

V a 304 x 53.3 x 1380 . 
352.9 ft 

400(144)

Thus, compressed a!r is not likely to be a candidate for energy storage

aboard a passenger vehicle.

WCWAO"	
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4.0 NM IDLE THERMDOMU CAL REACTIONS
The write-up on thermochemical storage systems will be modest for the simple

reason that it is a new field and relatively little information is available.

This limited information pertains not only t. the systems as s whole but even

with regard to some of the chemical and thermal features of utilisation of

these reactions.

4.1 Ammoniated, Sa1U

The system utilizes a pair of reversible ammoniated salt reactions; one oper-

ates at ar• elevated temperature (170'F to 620'F) and the other operates at

a near-ambient (or below) temperature (331. The reactions are reversible and

the process reproducible. Because the system can operate close to equili-

brium and has no moving ports, it can possess an efficiency close to that of

a Carnot cycle. The two :sactions always operate at essentially the same

pressure in a range from 0.5 to 4 atmospheres. The system accepts thermal

energy at an elevated temperature, converts part of it to cheuiicn.l energy

and the remainder to near-ambiwat temperature thermal energy. In reverse,

the system absorbs near-ambient temperature thermal sner2Y, adds the stored

chemical energy and regenerates the original theivnal energy at close to the

original temperature. Because the system stores only temperature-independent

chemical energy and ambient-temperature thermal energy, losses to the envi-

ronment can be made negligibly small and the storage time can be infinitely

long.

Values for the heats of reaction and the reaction temperature at a pressure of

1 atmosphere for each of these seven re- si 9 are listed in Table 4-1. The

respective vapor pressure curves are a m	 Figure 4-1. As can be seen

from the figure and table, any s. rce temperature between 170 and 620°F can

be utilized by pairing one of th,	 six reactions in Table 4-1 with

the near-ambient temperature CaC1 2 _actio».

4.2 Liquid-Solid Reactions

Tables 4-2 and 4-3 give a listing of a num ,aer of other possible the:mochem-

cal reactions. What is of p. • inent interest here, is that the average heat

ra.....
Mawafteel
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TABLE 4-2•

r

t

Reaction
Cut^h+eraie

LMotheratc

Raaet&On Enthalohy
at 298 1 10	 (77•f)

Temperature ('K) at which

J/8 Stu/ib 908 Pormed 902 Dissociated

Cow • 31 2 (G) : C14 (C) + 4 2O(L) -,345 3,160 - -

CO(G) • 312 (G) : CH 4 4) + H2O(C) 61053 2,604 754 1,666

C 2 H 4 (G) • H2 (G) • C,H 6 (G) 41561 11962 141 1,205

,COO) • 21,(G)	 C;4
(G) • CO 2 (G) 4,111 1.772 775 1. 1.52

C0(C) • 2H2 (0)	 CH3OH(L) 3,996 11'18 ?65 +34

:;,(C1	 •	 3H,(G)	 INIt3	 L) 3,661 1,661 - -

!1 2 (C>	 •	 3H 2 (G I	2NII 3 (G) 2.695 11139 346 '':

VOW	 0 2 (G)	 %20.1L) 1.750 153 549 930

S0 2 (C) • Air	 : 50 3 (G) ++ 1,544 646 806 11270	 I

5o 2 (L)	 + 112 0 2 (0)	 5o3(L) 11517 632 792 1,235

50 2 (G)	 • 112 0 2 (G)	 503(C) 1,235 531 792 1,:35

40(G) • 1/2 0 2 (G)	 NO 2(G) 1,243 533 549 a3:

COW + C1 2 (L)	 COC12(L) 1,172 $04 628 881

40 2 (G)	 + 40 2 (0)	 N,O,,L) 932 401 288 381

50 3 (L) • H 2 0(L)	 H2SO4(L) 885 381 535 X23

SO,^G)	 Air	 :	 50 3 (G) 72, 313 906 1,.70

VO(G)	 1/2	 C1,(LI	 VOC:(L) 695 299 425 319

H,:(L) • H 2$0 4 ".)	 H2504.H20(L) 230 99 - -

For comparison;

H 2 (G)	 + 1/2	 O,tG)	 H2 0(G) 17,423 5,775 2,830 5,600

w Ref (23)
ww
lased on SC, weiSht only. Air open cycle.
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of reaction is of the order of 1,000 Btu/lb.	 Thus, any of these systems could

t be a candidate for vehicle environmental control. The weight required would

be of the order of 40 lb.	 The volume required for the gaseous phase would

force the exclusion of nearly all of the reactions given in Table 4-2. 	 In

Table 4-3, a number of reactions involve only the solid -liquid phases.	 From

among these, the potential candidates would have to be examined.	 As can be

seen, some of these reaction belong to the familiar ammonlat gd salt families, e.g.:

CAC1 2 (s) + 6NH 3 (R) :(CO(NH 3 ) 6 ) C1 2 (s)

However, this formula's reaction enthalpy is only 90 Btu, requiring a weight

of the order of 450 lb, which is forbidding.

4.3 Hydrides

4.3.1 Lanthanide Hydrides - Ni5LaHx

Intermetallic lanthanide compounds such as Ni 5La absorb large quantities of

hydrogen near room temperature and at a few atmospheres of pressure. A com-

pound Ni 5LaHx is formed where at fixed temperature the pressure is virtually

constant as x varies from 1 to 6. If the compound is in contact with hydrogen

at a pressure above the absorption value, hydrogen is absorbed when the h,^at

of absorption is removed until onl y the hydrogen-rich hydride is present.

If the pressure is reduced, hydrogen is liberated at constant pressure until

the system is almost exhausted, in a manner shown in Figure 4-2. At 4

atmospheres (and below about 110°F) such compounds store hydrogen at a density

which would only be obtained under 1000 atmospheres for gaseous storage.

4,3.2 Iron Titanium Hydrides - FeTiHx

Iron titanium hydride (FeTiHx) is a decomposable compound that can serve as

a hydrogen carrier at ordinary temperatures and moderate pressures. Table 4-4

shows the compound's properties. As shown in Figure 4-3, the value of x in

this intermetallic compound approaches two, under equilibrium coneitions,

using ultrahigh purity hydrogen ( 1 99.999%) at 1000 psia.

The manner in which the equilibrium pressure of hydrogen varies with hydride

composi.ti)-i is shown in Figure 4-3 for a system temperature of 104°F.
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TABLE 4-4

PRO"ERTIES OF HYDRIDES

Property FeTiH1.6 MSHx (10 wt% Ni)

Hydrogen content (wt%) 1.5 5.2	 (6.9 equilibrium)

Bulk density (lb/ft 3 ) 200 56

Heat of dissociation (Btu/lb H 2 ) 6,300 16,650

Heat capacity	 (Btu/hr-°F) 0.15a '.25a

Thermal conductivity	 (Btu/hr- O F-ft) 1.0b 0.3b

aEstimated

bGranular bolid in hydrogen at 1 atmosphere
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Separation of the upper curve for hydrogen reaction, and the lower curve for

hydrogen dissociation, describes a hysteresis effect characteristic of the

system. During hydriding, the supply pressure must exc osed the reaction

Pressure to provide a driving force for the reaction and similarly, during

dehydriding, the dissociation pressure must exce(A the pressure of the ex-

ternal system.

The low ther,),;,1 conductivity of the hydride is the restricting factor in the

overall heat transfer coefficient. Various other facets of FsTiH x behavior

com•,,licate its use as a storage medium for hydrogen. Impurities in the

hydrogen, such as oxygen or water vapor, can poison the bed and reduce its

storage capacity. Particle attrition occurs during hydride-dehydride cycling,

and volumetric expansion during hydriding offers additional complications.

4.3.3 Magnesium Nickel Hydride	 M&

The hydride of Mg (10 wt% Ni) alloy stores hydrogen reversibly and is a

potential hydrogen carrier. As shown in Table 4-4, its density is cons:.der

-ably lower than that of FsTiHx and its hydrogen content much higher (5.5% by

weight). MgHx operating temperature is close to 570'F, and its heat of

dissociation, approximately twice that of FsTiHx.

The best kni)wn alloys are MgCu and MgNi. Both require heating to 572°F to

function as rtorage media. The alloy recommended for practical use is MgNi

(10: Ni by weight). This alloy contains about 6.9% hydrogen by weight at

equilibrium, ani can probably store about 5.2% hydrogen under dynamic condi-

tions, The Mg alloy's heat of dissociation and other properties of interest

are listed in Table 4-4.

The alloy containing 10% copper by weight has similar properties and behavior;

two isotherms for its dissociation are shown in Figure 4-4. Both the nickel

and copper in these alloys act as catalysts in the formation of MgH 2 over the

composition range corresponding to the pressure plateau.

Iron titanium hydride is a relatively benign. material whereas magnesium-based

hydride requires materials capable of withstanding its pyrophoric tendency.

Hydrogen gas release from these materials is a potential hazard.

wnAMMIA
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Considering only the host of dissociation of these hydrides, their potential

storage capacity is as follows:

Amunt ►	 Hydrogen. Heat of
Volumes

3
H dlr rids lb^	 lb Dissociation. Btu ft

leTiHx 450	 6.75 42,500 2.25

MgHx 50	 2.60 42 ► 500 0.90

Thus, the magnesium hydride is one of the most attractive materials for

purposes of car heating or cooling, provided the previousl y mentioned com-

plications can be overcome.
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^.0 CONCLUSIONS 

S	 Over 10 schemes were studied to determine their suitability for providing

i	 heating and/or coolie& of electric vehicle passenger compartments. Pre-

liminary calculations indicate that more than 30 of these schemsa are capable

Cof being developed into practical scheme without undue penalties on vehicle

weight and propulsion energy usage, and hence, on vehicle range and perfor-

^	 mince.

More schemes appear to be available for heat than for cooling. However, few

heating schemes have been identified which will weigh less than 60 lb and

will be smaller than 0.5 ft  to provide adequate heating at ambient temper-

atures as low as -10'F. Some of the schemes are attractive enough to con-

sider installing one for cooling and one for heating while rftaining a

practical package. Six s..hemes are capable of providing both cooling and

heating, with essentially the same hardware, by only a change in mode of

operation.

On-board storage of petroleum fuel is required only in three cases. In most

of the other cases, energy is stored directly in the form of heat (or cold).

In some cases the energy is stored in chemical form.

The nature of these tasks in the study was only to identify and describe

various schemes. Hence, only preliminary calculation were performed to de-

termine their viability in gross terms such as approximate weight and volume.

In the next task, many of these schemes will be eliminated, and a few of the

more promising schemes will be pursues: to develop more detailed information.



I

f	 `	 REF8R1:Nt;ES

1. "functional Requirements Specification - Environmental Control for Elec-
tric Vehicles Study", MTI dOT145, Mechanical Technology Incorporated,
July 3, 1980.

2. "Electric and Hybrid Vehicles Environmental Control Subsystem Study",
Contract No. 955682, Jet Propulsion Laboratory.

3. "Electric and Hybrid Vehicle Program, Technical Background Information -
The General Electric Near-Term Electric Test Vehicle (ETV-1)", U. S.
Department of Energy, Information Bulletin No. 402, pg. 11, June 1979.

4. "Travel Scenario - Environmental Control for Electrical Vehicles Study",
MTI 80TR46, Mechanical Technology Incorporated, July 3, 1980.

5. Ruth, D. W., "Simulation Mode3ling of Automobile Comfort Cooling Require-
ments", ASHRAE Journal, May, 1975, pp. 53-55.

6. Conklu, 0., "Climate Control System Simulation Using a Digital Computer",
SAE Paper No. 700158, 1970, pp. 618-627.

7. Gould, Ira, (General Motors), personal communication.

S. Christian, J.E., "Unitary Air-to-Air Heat Pumps", Argonne National Labor-
atories, ANL/CES/TE 77-10, July 1977.

9. ASHRAE Handbook and Product Director, 1979 Equipment.

iv. ASHRAE Handbook and Product Directory, 1978 Applications.

11. ASHRAE Handbook and Product Directory, 1976 Systems.

12. Macintire, H. J. and Hutchinson, F. W., Refrigeration Engineering, 2nd
Edition, John Wiley and Sons, New York, 1963.

13. VanWylen, G. J. and Sonntag, R. E., Fundamentals of Classical Thermo-
dynamics, John Wiley and Sons, New York, 190.

14. York: York Service Manual, Automotive Air Conditioning Compressors,
572 Form 180.72-NM.

15. "Heat Pump Technology, A Survey of Technical Development Market Prospects",
Report No. HCP/M2121-01, prepared by Gordian Associates, Inc. for the
U. S. Department of Energy, Assistant Secretary for Conservation and
Solar Applications, Divisioa of Building and Community Systems, under
Contract No. EX-76-C-01-2121, June 1978.



4

F' 16. Ackermann, R. A. at &L. "Develepsa y of a Diaphrap Stirling Engine
Beat Activated Heat Pump", Paper No. $09365. Proceedings of the 15th
IECEC, Voluno 3. pp. 1797-1801. August 1980.

17. ASHRAE Handbook of Fundasentals, 1972.

18. Electrical Design News (EDN), May 20, 1980.

19. Parcupile, J. C. at al., ASHRAE Transactions, Vol.	 74, Part II,

i pp.	 53-69,	 1968.

20. Brown, G. V., "Magnetic Heat Pumping Near Room Temperature. Journal
of Applied Physics, Vol. 	 47, No.	 8. pp. 3673-80, August 1976.

21. ASME Steam Tablas, Fourth Edition, American Society of Mechanical
Engineers, New York, N. Y.,	 1979.

22. ASHRAE Handbook of Fundamentals, 1977.

23. "Advanced Heat Recovery Thermal Storage System for Industrial Appli-
cations", Technical Proposal, Math. Tech. Inc., Washington, D. C.,
1979.

24. "Thermal Energy Storage for the Stirling-Engine-Powered Automobile",
Final Report, No. ANL "-78-4135-1, under Contract No. W-31-109-ENG-38,
U. S. Department of Energ y , Division of Energy Storage Systems, March
1979.

25. Cohen, B. M. and Rice, R. E., "NaOH Based High Temperature Heat of
Fusion Thermal Energy Storage Device", IECEC Paper No. 789153, 1978.

26. Petri, R. J. et al., "Evaluation of Molten Carbonates as Latent Heat
Thermal EnerLy Storage Materials", IECEC Paper No. 799100, 1979.

27. Meakin, J. D. et al., "Coolness Storage in a Sodium Sulphate Decah-
drate Mixture", ASME Paper No. 78•-WA/HT-35, 1978.

28. Eisenberg, D. and Wyman C., "What's in Store for Phase Change.' Thermal
Storage Materials for Active and Passive Solos Applications", Solar
Age, Volume 5. No. 5, pg. 16, May, 1980.

29. Salyer, I. E. et al., "Form Stable Crystalline Polymer Pellets for
Thermal Energy Storage", Intersociety Energy Conversion Engineering

a	 Conference (IECEC) Paper No. 789154, 1978.

30. Schnurr, N. M. et al., "A Study of the Economic Feasibility of a
Thermal Energy Storage System for Solar Heating Application Using a
PCM", ASME Paper No. 76-WA/HT-63, 1976.

k	 31. Turner, R. H. and Awaya, H. I., "High Temperature Thermal Energy
Storage in Mowing Sand", IECEC Paper No. 789074, 1978.

OICK&A w
"°u°ts"M "COMOMM	 R- 2



"CHMM"

weoew..a. R-3

32. Lawn. I., "Storing Solar Btu", Air Conditioning and Refrigeration,
November, 1978.

33. Bowerton, M. T., "A Thermochemical Energy Storage System and Rest Pump",
IECEC Paper No. 789152, 1978.

34. Behrin, E. et al., "Energy Storage Systems for Automobile Propulsion",
Lawrence Livermore Laboratory, UCLA Report No. 52303, 1977.

P



{
1. General	 roach

The Environmental Control Systems (ECSs) for electric vehicles discussed in Appendix C
are to be ranked with respect to a number of criteria selected for their importance to
system selection and use. A scheme for determining relative, quantitative scores,
derived from the generalized formula set forth by JPL in its RFP for this work, is:

M	 M

	

Score (system)	 Wi S i /f' Wi , Where	 (1)

in 1	 1.1
W i

	

	 the weighting factor assigned to the "i"th crit• rion to
define its importance relative to the other criteria

S i

	

	actual score given to the ith criterion for this
system

The ranking scores are to be developed from this formula by the following process:

• Defining the criteria to be applied to the rankings.

• Assigning relative weig '^ting factors (W) to the criteria. For each

criterion a W is thus established thai describes the relative importance

of the criterion to the systems ' total score with respect to all other

criteria.

• Quantifying for each system, a set of values for the S i s (in 1, ....., M)
from the system evaluation data.

In order to apply equation (1) correctly it is necessary that scores S i be non-
dimensional quantities. This is achieved as follows:

• Select one particular, system as a reference system.

e Give a score of 1 for each of the criterion for this reference
system. Thus for this reference system:

S i n 1 (For 1• 1, 2.....M)

and	 -M

Score System	 n 	 1	 1

X Wi
i• 1

e For any other system obtain the score for "i" th criterion by comparing
the system under consideration with the reference system for that particu-

lar criterion. This comparison is made to determine how much "better" (or
more desired) a given system is from the consideration of "i" th criterion.

Thus, for the cost criterion, the lesser the cost the better; while for the

storage period criterion, larger values are considered more desirable. For

example, let us consider that we want to arrive at scores S i and S 2 for
criterion cost (criterion 1.) and volume (criterion 2) for system A. The

following table shows the values for system A and another system B whikin is,
selected to be the reference system.

wcwrer
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Sys_	 Costâ tore, oUod
F^

A	 $500	 2 days

S (Reference)	 $700	 S days

from this information the scores S 1 and SZ for system "A" are worked
out as follows:

S	 710	 talus for r—eference system
1	 500	 Value for system A

1.4

Value for system A
S2	

5	
Value for reference sys tem

0.4

Note: Both S 1 and S2 are non-dimensional quantities. For the
cost criterion, smaller costs are desirable. Hence in
working out the nondimensional score S , the cost of the
reference system is in the numerator. 1 Thus, systems with
smaller costs will receive scores greater than 1, indicating
that they are better; while the system with higher cost will
receive a score less than unity, indicating that it is a less
desirable system. The magnitude in either case is an indicator
of the degree of desirability.

In the case of the storage period, the reverse is true. Hence,
the value of the reference system is in the denominator. This
gives a system with higher storage period a score higher than
1, indicating that it is a more desirable system.

e For each syster:, establish a score from equation (1).

e Rank the systems according to their overall scores. The process
is structured such that the better scores will be associated with
the higher total values.

Technologies evaluated in this report are for the most part not sufficiently
developed to allow for immediate design, manufacture and incorporation into electric
or hybrid vehicles. There are thus two major groups of focus in judging the relative
value of the ECSs:	 the manufacturers (automobile, and ECS where different) that
would incorporate the systems into the vehicles; and the vehicle purchasers. The
purchasers are ulitmately the more important group, since they will make the purchase
decision. However, the choices and concerns of the manufacturer are important, since
this is the group that will select the system or systems that will be offered in the
vehicles. Over any given period, a small number of systems are likely to be developer
and offered in the commercial vehicle.

In addition to addressing the concerns of these two groups, the ranking must consider
the impact on national concerns (energy management, environmental quality, vehicle
safety, etc.) that the ECS options present. At this stage, the choice of technology,
may have the chance to affect energy mana(=,anent oattarns (ECS system efficiencies,
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fuel type used on - and off - board. etc.). Use of such a criterion as energy
efficiency is important for the ranking scheae for this standpoint, although the
energy efficiency of ECS alone sight not appreciably affect purchaser or manufacturer
choice preference. Other national concerns such as vehicle safety and environmental 4
quality oust also be considered: regulatory programs may place limits on aeceptabiltric
that must be met before a system can be futher considered; purchaser and manufactures
preference may have an additional impact on relative ECS ranking from these stand-
points.

The choice of ranking criteria and weighting factors (W ) is thus multi-dimensional.
Several viewpoints must be considered on their development. The newness of the

t•chnologies'of ECS and vehicle, also limits the ability to apply meanin gful ouantitr•
techniques without much more substantive data. In viewing this situation within
the limited scope of ranking tasks available at this time, MTI has chosen to use
an approach for quantifying the scores based on its experience gained during the
project.

In theory, the evaluation of a wide variety of ECS options as they offer potential
for effective use in the vehicles has afforded.the project team with sufficient
experience to structu;e a meaningful set of criteria, to weigh their relative
importance to the ECS a overall score, to develop quantified information on the
criteria, and to then rank the ECS's based on the overall scores from Equation W.
The strength of the results, however, depends mainly on whether the reader agrees
with the approach MTI has taken. It is possible to take another approach that
would provide an entirely different set of rankings.

2. Criteria Definition and Weighting

The ranking criteria and their weighting factors are shown in Table 1. They
are grouped into four major groups of criteria that identify separate types of
system characteristics:

e Capital Cost Characteristics, including first cost and system life.

e Use Characteristics, including storage period, range impact, energy
efficiency and maintenance cost.

e Environmental and Safety Characteristics, including consumer perception
of safety, noise, and other environmental impacts.

e Develo pent and Manufacturing Characteristics, including weight, ease
of packaging and volume, and development cycle through commercialization.

2.1 Capital Cost Characteristics

The first cost (W -25 ) is viewed as the most important single criterion. All
else being equal, i both the consumer and the manufacturer will select the least
cost alertnative. For at least the first years of hoavy electric or hybrid
vehicle use, the consumer will be presented with a relatively expensive vehicle
compared to ICE vehicles. The first cost of components will thus be important
to control. The v e hicle manufacturer will take a similar view with the intent

Wyknwiaw.
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of being competitive with the prAvicts of other vehicle-manufacturers. for a
1 technology t the s tage of develogy	 g	 ptivint of most ZCf options, the focus of the

manufacturer, vbo will have a large input into system selection, is very Important.
to addition, a number of the LCS alternatives require auxiliar7 equipment (e.g.,

'	 heaters or refrigerant equipment in the garage) that can add a significant
amount to first cost. Out of a total of 100 points for all weighting factors,
the first cost is given 25 points.

System life is also an important consideration for ECS options whose projected
useful life is significantly less than the useful life of the vehicle. Such a
discrepancy can add to the consumer ' s perception of capital cost. A good example
has been the short ( 2-3 years) projected life of currently commercial power
batteries for electric vehicles. This short life is a significant factor in
increased market penetration of these vehicles. The system life is given a
weighting factor of 5 points.

TABLE 1

CR:TER:A AND ASSOCIATE: .tESJH=;G ACTORS

Craar•on
	

Weitht'na Factor

^S

System .:fe
	

.5

use :haracter:scics:

:. Range Impact
Enemy Efficiency

5. Storage Period
6. Ma:ntainance Cost
7, Performance :mpact

Environmental and Safety Characteristics:

A, Consumer Perception of Safety

9. Systam Noise
10. Other Environmental Impacts

Development and `4anufactur:nB Characteristics:

Use ^f ?acea`in` and Volume

Development Cycle Throu`^ Commercial:zatior.

2.2 Use Characteristics

Five criteria are included in this group. They are:

Impact on Range

Energy Efficiency

Storage Period

Kaintainance Cost

Impact on Acceleration Performance
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2.2.1 ImaactiQg —U-

On the surface the range of electric vehicle appears to be considered as a
predominant harrier for successful introduction of electric vehicles. However the
statistics which we had cited in our report on "Travel Scenarios" WTI Report
Number MT1 80 TR46 July 3, 1980, shows that work related travel is of the order of
22 miles a day and shopping and other non-work related travel is of the order of
20 miles a day. Most electric vehicles under development now and in particular
D.O.E.'s ETV-1 has a range far exceeding these requirements.

The impact of ECS on reducing the range of electric vehicles comes from two
reasons:

1. Some ECS schemes would require using energy from on-board
batteries and hence less energy will be available for pro-
pulsion unless additional batteries are provided for taking
care of ECS needs. If in fact the additional batteries provided
for this purpose are compatible with those used for propulsion,
they will increase the range on most days as ECS energy require-
ment is only a fraction of the maximum on most days lit a year.

2. TI-e added weight requires more energy for propulsion per
mile. However, the reduction in range due to this is
relatively small unless the ECS weight is prohibitively
high.

It therefore appears, that adequate range wi,'a be available for routine needs of an
average family even though a slight reduction in available range occurs due to
installation of ECS.

However, from a consumer perception the reduced range might be a serious handicap.
Thus, the weighting factor of 10 is considered to represent the relative importance
of the impact of range reduction.

2.2.2 - Energy_ Efficiency

The number of hours of utilization of an electric vehicle or for that matter any family
automobile is very low. Our report on "Travel Scenarios" cited above in the Section
2.2.1 refers to a statistics slowing a weekly use of car in the order of 10 hours.
This amounts to only 500 hours a year. Combined with this is the fact that the full
capacity of ECS is used only on a rare occasion. Such a rare occasion being longest
driving time occuring at the worst weather conditions. This being so, annual energy
delivered by ECS for space conditions of the passenger compartment can be estimated to
be of the order of 1 to 1.5 million Btu a year.

If one assumes reasonable values for efficiencies, the yearly energy budget for pro-
viding space conditioning is in the order of 2 to 2.5 million Btu.

Additional energy consumption will result from carrying added weight around
all year. However, the effect of this is to be considered elsewhere.

wewwe"
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it is thus clear, the the energy efficiency of the BCS is a consideration of relatively
minor importance. The annual energy variation between 100 % efficient and SO%
efficient system being at the most equivalent to 10 gallons of gasoline. Rance, a
weighting factor of S is assigned to this criterion.

,2,1 2.3 Storage Period

(	 Some of the ECS schemes utilise thermal storage at higher than ambient temperatures
y	 for heating schemes and lower than ambient temperatures for cooling schemes. In
`

	

	 such schemes the stored heat is sl,wly lost from the thermal storage device. The
rate of such hest loss depends on the extent of thermal insulation provided. The

'

	

	 level of insulation that can be provided is limited for reasons of space and cost.
In such schemes, therefore, the period over which useful amount of energy can be
extracted is rather lim i ted. For normal use a period of 10 to 12 hours is all

^ J

	

	that is needed, the energy being recharged at night. However, for exceptional
uses a longer period of storage might be desirable. An example of such use is
parking the car at the airport when one is going on a business trip. It is
conceivable though,to be able to take care of such oddities,once an appropriate
infra-structure particularly suitable for electric vehicles is developed. Thus
the storage period is important only in the early phases of electric vehicle
commercialization. The relative importance of this criterion is considered to
be represented by assigning a weighting factor of 5.

,2. 2.4 Maintainance and O2eratinaCost_

A rational buying decision, in theory, requires looking at life cycle costs - in
which time value of money is appropriately considered. In such analyse the first cent
has higher weighting than the recurring costs during the lifetime of equipment.
A life cycle cost analysis can be performed with reasonable accuracy only in the case
of equipment which has a minor design modification from the equipment which has been
in service for an extensive period. For newly developed equipment, the accuracy

of life cycle cost is such as to not warrant detailed work as a large number of
quantities required for such analysis are uncertain. We can take into consideration
this effect equally well by assigning a weighting factor of 10.

2.2.5 Impact on Ac celeration Performance

The weight of ECS affec t s the vehicle in three ways:

s Added structural weight to support the ECS.

e Reduced range due to increased energy consumption.

e Reduced acceleration performance.

The first item will result in increased vehicle cost And will also affect the other
two. The impact of second item is considered a criterion in 2.2.1.

As regards thethird item we observe that the electric vehicle acceleration performance
is already very poor. Addition of weight will directly reduce it further. This is
therefore an important consideration for selection between various alternatives for ECS
and is given a weighing factor of 10. The relative scores for this criterion can be
determined from the relative weights of on-board components of different ECS systems.
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2.3 Environmental sad Slaty Characteris_ ti_s

It is assumed that all feasible ICS's will Met minimum government environmental
`	 and safety standards.

Consumer perception of safety may affect acceptance of an SCS and is given a
weighting factor of S points. Io some cases regardless of the actual safety of
equipment, the Perception of safetv b y the consumer may affect ECS market penetration.
This particularly applies to technologies that have not, in their general form,
been used in on-the-road vehicles to date.

System noise is also a consideration. Focus is placed primarily on internal noise
levels, although external emissions will become a consideration for particularly
noisy ECS options. System noise is given a weighting factor of 10 points.

Other environmental impacts, such as air pollution and hazardous materials release
at ECS failure, are given a weighting factor of S points. Most such impacts will
be alleviated by meeting regulatory requirements. The criterion thus measures such
incremental environ-Dental impacts as air emissions below regulated levels.

2.4 Development and Manufacturing Characteristics

Ease of packaging and volume are treated in this group as considerations
applying to the development and manufacturing. The impact to the consumer of these
effects is included above in other criteria such as range impact. This criterion
thus measures the limits placed on development and production design by the ECS.
This criterion is given a weight of 5 points.

The volume of an ECS is important only if it is excessive. More important than
volume is the abilivY to distribute the volume throughout the vehicle in a manner
that can make use of available space within the vehicle envelope.

Each ranked ECS option is considered to be a commercial possit:iity within the
near term. The ECS options. however. would need different development periods
before commercialization would be possible. Thus, within the general limits of
acceptabil-cy, each ECS is given a ranking for this criterion. The criterion
is given a weighting factor of 5 points.

..7-
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1.0 INTRODUCTION

IA ranking scheme is developed in Appendix D. To follow that ranking scheme,

marks had to be assigned to different criteria for every system. These

marks for any given system were obtained ab follows.

A conceptual schematic was developed for the system reflecting all the func-

tions the system is required to perform. Very preliminary calculations

were performed to determine the sizes of various components of the system.

In such calculations, reasonable engineering judgment was employed, based

on previous experience with similar systems.

The weight and volume of the part of the system carried on the car was evalu-

ated from these preliminary calcula}'.ons. The weight information was used in

the formula for determining the reduction of acceleration and rnn;;e.

The costs were determined next. In some cases, costs were determined with

reasonable certainty due to the similarity with systems available in the

market today. In ore case, a detailed proprietary cost study of a similar

system in a different rating was available. This study was used to project

the cost of the system with projections And modifications based on system

characteristics, engineering judgment, and experience with similar systems'

manufacturing cost studies. In other cases, cost was determined by obtain-

ing information on materials cost from telephone inquiries, made with volume

production in mind. The total cost of materials was obtained by summing

the costs of materials for the individual components. The labor cost with

burden was assumed to be $1.50/lb of hardware material, which is typical of

si,nilar equipment. A profit of 201 was then added to obtain the retail

selling price 4;, terms of 1961 dollars.

Assigning marks to the other criteria was based on judgement, since deter-

mining them more accurately will require work which is beyond the scope

and nature of this study.

In the following para;raphs, calculations and the rationale used for each of

the systems retained for ranking are presented.

we"Afs"
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^ 	 I E.1 GASOLINE-ENGINE- DRIVEN.NEAT-ACTIVATEL HEAT P"

I
This system was chosen as the base line system for the Rankine study mainly

because accurate data were available for quantifying each of the rating

Iparameters.

E.1.1 First Cost

Cost was determined in the following fashion. First the heat exchanger re-

frigeration loop costs were determined and then the engine driver costs were

determined. Total costs were assumed to be the sum of these two. The cost

quotes for this and all other systems are at the uninstalled retail price

level. Refrigeration loop costs were established from conventional car

air-conditioning system prices.

The price of an after-market packaged air-conditioning system for the capa-

city size of interest is quoted from a local dealer at $425.00. This price

was increased to reflect the difference between refrigeration loop costs

for residential heat pump versus refrigeration loop costs for a residential

central air-conditioning system. The ratio is typically 1.5. This led to

a refrigeration loop cost of $650.00. Assuming a refrigeration loop COP of

3.0 in the cooling mode led to a required engine power of about 2.25-hp shaft

output power.

An air-cooled Onin gasoline engine model OJA1 was selected as a typical prime

mover for power requirement in this size range. The engine efficiency is

equal to 20.,and the engine weight, including fuel tank and control system.

is equal to 80 lb. A local dealer quote of $100.00 for this engine package

was established.

Therefore, the total cost for the gasoline-engine-driven, heat-activated heat

pump was set at $750.00. Botts the refrigeration loop and the engine are

rated for operation of greater than 3000 hours (typical of vehicle operating

life). Therefore, system life was assumed to be adequate and a rating of

1.0 was given.

1"C"~h
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9.1.2 Raps* impact

The impact of the RCS on vehicle range was established from two separate con-

siderations: additional weight and parasitic power required. Total weight

for this system was equal to 175 lb. The formula that was used to indicate

the reduction in range due to weight is given by: per unit range reduction

r
	

0.00026 X ECS weight. Total weight impact for this system is 4.6% re-

duction in range.

Parasitic& are assumed to run continuously during the operation of the ECS.

Under maximum utilization. the ECS would be operated for about 2 1/2 hours.

The impact on vehicle range due to the parasitics was determined by multi-

plying the parasitic power requirement by 2 1 1 2 hours. It was further assumed

that the parasitic power was supplied by the vehicle battery pack. There-

fore, the reduction in range was equal to total parasitic energy demand

divided by IS battery packs of 1 kilowatt -hour energy each.

Parasitic power to drive

by looking at typical po+

In the residential class

meets of about 243 watts

requirement, a parasitic

this system.

the evaporator and condensor fans was established

rer requirements for standard heat pump equipment.

equipment under 3 tons, parasitic power require-

per ton are typical. Based on nearly a 1 1/2-ton

power requirement of 365 watts was established for

Parasitic power consumed for this vehicle was based on a parasitic load of

365 watts yielding a range impact of 5%. The total range impact for the

gasoline engine heat pump was determined to be 9.6'..

E._1 .3 _ Ener v Efficiency

The correct evaluation for comparative purposes should be based on seasonal

performance factors ( SPF) using appropriate weather data, equipment effi-

ciency characteristics, and daily utilization periods. Such calculations

are considered beyond the scope of this study.

For the purpose of this study, an approximate equipment energy efficiency

value is obtained by taking the avco ra^+.a COP during heating and cooling seasons

Y COMM"
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at the equipment denign points and reflecting this value to the sourer of

energy. For electric energy, COP will refer to fossil fuel sources, utilising

33% conversion efficiency from fuel to vall-plug electricity. For the

gasoline-engine-driven heat pump system. the energy efficiency number is com-

puted under the following assumptions:

e Thermal efficiency of the engine • 0.2
e COP summer n 3.0

e COP winter a 2.0

Hence, the energy efficiency number

(3 + 2)
2 /l

x 0.2 n 7.5	 .

E.1.4 Storage

For the gasoline -engine -driven system, a storage period was considered to

be an indefinite period of greater than six months.

E.1.5 Maintenanc: Costs

M assumption was made that the gasoline engine would have to be maintained

at least once a year in terms of standard oil change and lubrication. The

assumed charge for this was $20.00 for a one-year checkup. It was further

assumed that the levelized maintenance costs for recharging the refrigera-

tion loop would be an additional $ 15.00 per year, totaling $ 35.00 per year

maintenanc, costs for this system.

E.1.6 Performance Impact

The acceleration performance is mainly affected by the added weight. The

reduction in the acceleration can be assumed to be directly proportional to

the ratio: original weight z (original weight + the weight of the ECS

system). Using a curb weight without the ECS for DOE's electric vehicle

ETV-1 of 3320 lb, the reduction in acceleration for this system is computed

as:

MCA►
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`	 acceleration reduction	
3320	

. 0.953320 + 175

t	 9.11 .7 Consumer Risk

The components involved in this system are commonly known and recognized by

most consumers. Therefore, the consumer-perceived safety risk was considered

to be low and a value of 2 was designated for this system.

E.1.8 Noise

Noise levels for small gasoline (single-cylinder engines) are notoriously

high. The noise level for this system was expected to be higher than any

of the others considered, and a value of 10 out of 10 was given.

E.1.9 Environmental Impact

Electric vehicles are thought of as being inherently clean and quiet. There-

fore, noxious exhaust fumes that would be given off by the gasoline engine

could have a negative and undesirable impact upon consumer opinion. There-

fore, a negatively high value of 10 out of 10 was given to this system.

E.1.10 Packaging Volume

Problems that :could be encountered in packaging this system would be differ-

ent that those encountered in standard automotive ai , -conditioning systems.

A score of 5 was given to this system.

E.1.11 Development Status

Development status was based on the six-point military development ranking:

6.1 is basic research, 6.2 is exploratory development, 6.3 is advanced de-

velopment, 6.4 is engineering development, 6.5 is field test, and 6.6 is

full procurement. It was expected that for this system development activity

would center around controls and system integration. Therefore, a 6.35 ad-

vanced development status was assigned to this system.
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E.2 STIRLING:-ENGINE-DRIVEN, HEAT ACTIVATED HEAT PUMP

19.2.1 First_ _Cost

The same refrigeration loop costs as for the gasoline -engine-driven system

were assumed here. Based on MTI ' s current development goals of the Stirling

engine, a cost of $170.00 was established for the prime mover in this size

range, yielding a total system cost of $820.00.

E.2.2 Svstem Life

Life for this system was assumed to be greater than 3000 hours. A ranking

equal to that of a gasoline -engine -driven system was given.

E.2.3 Range Impact

The T otal weight penalty of 200 lb led to a range impact of Sn. A parasitic

power requirement of 415 watts led to a range impact of 6%, yielding a total

impact of 11". (The power requirement for the combustor blower is assumed

to be 50 watts.)

E.2 44 Energy Efficient

The assumptions made concerning efficiency were as follows:

e Engine efficiency 0 0.4

e Average COP of refrigeration Loup - 2.5.

Hence,

energy efficiency number - 2.5 x 0.4 - 1.0

_Per.iod

The storage period for this system, like the gasoline engine system, would

involve storage of a liquiJ fuel, leading to an extremely long storage period.

E.2.6 Maintenance Cost

Another feature of the Stirling engine is the requirement for little or no

maintenance during thv short life required in thi s, application. Since the

r . WCMNACY=11M
^wcoMO^um

E.2.5 5tora &c

-6-



entire system is hers +etically sealed, the maintenance c

be $10/year.

i
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E.2.7 Performance Impact

Performance impact is computed by the formula given for the gasoline -engine-

driven heat pump system. For this Stirling engine system, the ratio - 3320/

(3320 + 200) - 0.945.

E.2.6 Noisn

Engine noise would be extremely low. However, some noise would be associated

with the combustion and evaporator air fans. The value of 5 out of 10 was

given.

E.2.9 Environment

Emissions from the Stirling engine, both chemical and noise, are known to be

relatively low. Therefore, a relative value of 5.0 was assigned.

E.2.10 Packafiin ĵ k and Volume

The packaging for this system would be typical of air-conditioning designs.

However, as the volume is expected to be larger than that of the gasoline-

engine-driven system, a relative score of 6 was given to this system.

E.2.11 Development Status

Stirling engine component development has to be established before this sys-

tem could be viable in a system sense. The status is similar to 6.2 explora-

tory development in a military ranking. A score of 6 was assigned to this

system, relative to the 2 assigned to the rei^-rencv system.



1	 E.3 AQUA-AISMIA SPLIT HUT PUMP SYSTEM

9.3.1 First Cost

Table E.1 is reproduced from an unpublished cost study of absorption systems

}	 for heat pumps. This study was performed in 1475 for an aqua-ammonia based,

(	 3-ton heat pump.

A split he&t pump system is different from the one used for the study in the

following respects:

e Some parts of the system are in the car, while the remaining

parts are in the garage.

e The rating of the parts on the car is 17,000 Btu/hr, while the

rating of the parts in the garage is 700 Btta/hr based on a

24-hour reprocessing period.

• Storage facilities have to be provided on the car as well as

in the garage.

In order to arrive at the cost, the following procedure is used.

1) List the components from Table E.1 which will be required

on the car.

2) For each of these parts, assess how much of the total material

cost is capacity dependent and how much is independent of

capacity.

3) Add up the capacity-dependent costs and multiply by 37,0006,000

to reflect the smaller size required on the car, compared

to the one used in the cost study of Table E.1.

4) Add the following material costs to the number arrived at in

Step 3.

e Capacity-independent costs of parts on the car from

Table E.I.

e Cost of storage tanks for ammonia and weak solution.

(Both tanks are assumed to be made up of steel.)

e Cost of Lharging ammonia.

W e"Mum
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TABLE E.1

COST ESTIMATE OF A 3-TON AQUA-AMMONIA ABSORPTION HEAT P"*

Material Cost
Component (1975 dollars)

Generator 25.0

Absorber and Absorber Heat Exchanger 18.0

Liquid Heat Exchanger 4.5

Condenser 15.0

Evaporator 24.0

Precooler 4.0

Solution Pump 52.0

Water Pumps 17.0

Motor, Pump 31.0

Outdoor Coil 85.0

ran, Motor and Mount 24.0

Burner System 9.0

Controls and Wiring 38.0

8-Way Valve and Motor 18.0

Valve&, Service and Relief 6.0

Sheet Metal	 and Grill 34.0

Charge,	 NH 3 ,	 H 2 O,	 etc. 1.5

Capillaries, Connecting Tubing 10.0

Insulation 9.0

Miscellaneous 10.0

Crating 8.0

Total	 Material 443.0

Labor 75.0

Burden 225' 169.0

Grand Total 687.0

*Production quantity of 30,000 to 50,000 per year.
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This procedure gives the material coats of the parts on the car. The cost

of material of the parts in the garage is worked out in identical steps,

except that the heat transfer rate of 700 Btu/hr is used for determining the 	 I

c:	 material cost of capacity-dependent parts.

E.3.1. 1 Labor Cost

The labor cost is worked out with the following assumptions:

e 50;; of the labor cost of the 3 -ton system of Table E.1 is

capacity independent.

I The rest of the labor cost is directly proportional to the

capacity

e The labor cost of the split system is 50% higher than a

single system.

e The total labor cost of the 3-ton system of Table E.1 is

divided in two part: the car system and the garage system.

The division of labor cost is assumed to be in the same

ratio as the material costs.

Now, it is shown later that the cost of materials of the 3-ton system can

be divided as follows:

Garage System = $297.50

Car System . $132.00

Hence,

Materia l Cos t for Car Sy s tem c 1 32 k 0.3
Total Material Cost	 443

and,

Mat er ial Cost _for Gara&e SXStem t 298	 U, i
Total Material Cost	 443

From Table E.1 the total labor cost with burden

• 75 + 169 - $244 .

wCHAMC, ►
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Nance, applying the above assumptions, the labor cost of the car system

(244 x 1.5) x (0.5 + 0.5 x 17 000 ) x 0.3

366 x (0.5 + 0.236) x 0.3	 $81

i	 and, the labor cost of the garage system
i

n (244 x 1.5) x (0.5 + 0.5 x 
367000) 

x 0.7

366 x 0.51 x 0.7 n $130 .

E.3.1.2 Ef fect on Inflation

The costs worked out under the above procedures are in terms of 1975 dollars.

These costs are converted to 1981 dollars by multiplying by 1.7.

E.3.1.3 _ Profits

A profit of 20" is added to arrive at the retail selling price.

E.3.1.4 Car Parts

E.3.1.4.1_ Ammonia Storage Tank. Required volume (from Appendix C) a 2.1 ft3.

Assume

• Maximum pressure - 200 psig

• Cylindrical tank length . 2.1 feet

• Sheet thickness - 0.05 inch

• Cost of material (steel) in 1975 dollar - $0.18/lb.

Hance, the following; can be determined:

• Diameter - 1.125 ft

e Surface area n 8.6 ft 

e Weight of the tank = 17.4 lb

• Cost of steel - $3.13.

The ammonia storage tank needs to be insulated to prevent excessive pressure

rise during hot days. The size of the insulation is determined under the

following assumptions:

MCM►MCY	
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e The pressure in the tank is not to exceed 200 psig. Thus.

the temperature of the stored ammonia is not to exceed 101•F.

e The ambient temperature surrounding the tank space will not

exceed 140'F.

e The starting temperature of stored ammonia is 55'F.

Thus, the average temperature of ammonia

101 + 55 . 78°F
2

The temperature difference between maximum ambient temperature and the aver-

age ammonia temperature

= r - 140 - 78 . 62°F

The amount of heat that ammonia can absorb before reaching 101°F

AQ
max a (Enthalpy at 101 O F - Enthalpy at 55 ° F) x weight of

liquid ammonia stored (from Appendix C) - (156.4 - 103.5)

x 81.5 - 52.9 x 81.5 - 4300 Btu.

Hence, the number of hours of 140°F ambient as a function of "R" value of

insulation is obtained from

Hrs	
" nax x R 	 4 300 ) 

R - 8.05 R.
x Area of Tank	 62 x 8.6

A 3-inch laver of urethane insulation will have an "R" value of 7 x 3 s 21.

This will insure prevention of excessive pressures even when the tank is

relatively empty.

The cost of insulation is ubtained from a retail price of $1/ft 2 (1981

dollars). Hence, in terms of 1975 dollars and assuming a difference of 20;,

between OEM and retail price, the cost of insulation for the ammonia

storage tank

Area x Cost/f t 2 (retail 1981 dollar..-)- . 8.6 x 1 .54,2
1.7 x 1.2 !	 1.7 x 1.2
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Thus, the total material cost for the ammonia storage tank is:1

Cost of steel	 • $3.13

Cost of insulation a 4.20

Total	 a $7.33

E.3.1.4.2 Weak-Solutior Storage Tank. Required volume (from Appendix C)

3.21 ft 3.

Assume

e Cylindrical tank length a 3.2 ft

e Sheet thickness n 0.05 inch

e Cost of sheet material (steel) in 1475 dollars - $0.18/lb.

Hence the following can be calculated:

e Diameter u 1.125 ft

e Surface area - 12 ft 

e Weight of the tank s 24.2 lb

e Cost of steel - $4.36.

E.3.1.4.3 Sum of Components. Table E.2 shows the cost of the components of

the 3-ton system of Table E.1 which ar y assignable to the car system. From

Tahlc• E.2 the cost of the materials for these car parts for a system of

17,000 Btu/hr is obtained as follows:

Cost - 125 x 17_,000 + 7 e $66
36,000

'i	Thus, the total cost of materials for the equipment on the car is:

a Ammonia storage tank	 a $ 7.5

a Weak-solution storage tank 	 a $ 4.5

'F	 a Parts from Table E.1 assignable to car equipment . 	 66.0
i

e Sheet metal and grill*	 W	 10.0

e Charge of ammonia*	 a	 10.0

Total material cost of equipment on the car	 SYs.0

*Estimate uy judgement.
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TABS

COST OF THE COMPONENTS Of THE 3-TON SYSTEM OF TABLE 2.1
ASSIGNABLE TO CAR EQUIPMENT

Item

Capacity-

Dependent
Cost

Capacity-

Independent
Cost

Absorber and Absorber Heat Exchanger 18

Evaporator 24

Outdoor Coil 	 (car part only) 42

Fan, Motor and Mount 24

Controls and wiring" 12 7

Valves,	 Servirr and Relief 3

Capillaries, Connecting tubing, etc. 3 2

Total of Parts on the car (mbtained

from Table - - 1 for a 3-ton system) 125 7

1 In the 3-ton system of Tnhle C.1, the outdoor coil is assumed to he designed for hest transfer from ab-
sorber And cnndenaer. in the split system, half the cnst fa naslitned to th n csr equipment, as onl y the

alh aorher is on the car	 The nthrr half is assiRned to the gnrntte equipment.

2 Tntsl coat of control. And wiring of the 3-ton system of Table F.2 Is assumed to he divided Int" two

halves:	 one hal t 1`1 ANN igtied to equipment on the car, and the other half to the RnraRC equipment.

The car portion l y further suhdIvided between capncily dependent and cnpncit y independent. The divt-

aton here is stth tk an engineering Judgemeul.

3 The total enst of these i—mpon^nt- on the 3-tun avatem of Table F.i is divided for the split system
into two part-. one part is nssit:neri to the equipment on the eat nod the other part is assi gned to

the equipment in the Ratagt. The division Jr. based on engineering }ndgom p m ,

N-W
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1.

The total coat of the car equipment in term of 1975 dollars is obtained

as followst

Direct material cost	 $ 98

Labor with burden 	 81r
Total	 $179

Hence, the retail price of the car equipment in terms of 1981 dollars

• 179 x 1.7 x 1.2 • $365  .

E-3.1.5 Garage Parts

i'he material cost of the ammonia tank (identical to the one on the car) is

$7.5. The material cost of the weak-solution storage tank (identical to

the one on the car) is $4.5.

Table E.3 shows the cost of the components of the 3-ton system of Table L.l

which are assignable to the garage equipment. From Table E.3, the cost of

materials for these parts for a system with a capacity of 700 Btu/hr is

worked out as follows.

Cost - 283.5 x 3
7000 + 14 

• $19.5.

Thus, the total cost of materials for the garage system is worked out as

follows:

e Ammonia iturage tank	 $ 7.5

e Weak-solution storage tank 	 4.5

e Parts from Table E.1 assignable to garage- equipment a 19.5

e Charge of ammonia	 a 10.0

e Couplings for connecting to the car equipment 	 s	 5.5

Total material cost	 $47.0

Hence, the cost of garage equipment

n material cost + labor cost with burden

47 + 130 . $177 (1975 dollars).
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TAIL E 9. 3

OF ':ABLE E.

Item

Capacity-
Dependent

Cost

Capacity -
independent

Cost

Generator 25

Liquid Heat Exchanger 4.5

Condenser 15

Precooler 4

Solution Pump 52

Water Pumps 17

Motor, Pump 31

Outdoor Coil l 43

Burner System 9

Controls and Wiring 2 9 10

8-Way Valve and Motor 18

Valves, Service and Relief 3 3

Sheet Metal and Grill 34

Capillaries,	 Connecting Tube 4 4

Insulation 9

Miscellaneous 6

Total 283.5 14

1
In Of 3-1• ,n a • atf l it of ln l •Ic I,. I. lir p rtutdonr rail to annumed to ht• r1t-IttnnA for hrnt trnn •,(er rrnm ih-

anrher mW	 nrl-'--	 in the •rlit Fvtttem, half the eoc t iF nAtx i pnpd to thr car equipment, na n0% tht

mlit.rrher !s not 	 rnr.	 The nt fie t half iF aN piIRrted to flit Ito raRr Pei it

1 .r trl crF'	 nntrnl- .m 	 wIr(nl: of the 1-inn >;^ tem of Table f..? IF nFr<umP4 to he dlvi.rA tntn two

IlalvPK,	 nnv hill r i+. I- true. , tr Nln:pment nn the rut, and thr ;,t her I ll lf to th o Farnt;e egnllrmr•nt.

The car portion 1• further •uhdI%- lArr hetwPer rnpncit drpendent and rapacit y independrnt. The dlvi-
•ion here is atrI t I v an ,ngIoncrinf; Juditempnt.

1
Tile tain t coat it  t lit c, rnmpnnrntF on the 3-ton r+vatetn of THhle E . 1 is dlvtdPd for the epllt asatem
Into twr- rnrtti.	 'lnr p-irt la n1mFiar,J to the eqr pmen! ou th e 	at and the rilhot part lit nFSignrd tr
thr equil+ment to the garncn. Ter dlvlctmr Jc hn%rtr. on en gi roetini judgement
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Us retail price of the Esrage equipment in torsos of 1991 dollars

'	 a 177 x 1.7 x 1.2 - $361 .

nenes, th* retail price of the entire split host pump system

• retail price of car system ♦ retail price of the garage system

- 365 ♦ 361 - $726

E.3.2 Range Impact

The total vehicle -based weight of the ECS system will vary depending on the

weather conditions. A greater quantity of water and ammonia will have to be

carried during weather extremes, i.e., high heat and humidity in summer and

low temperature in winter. For the purposes of calculatinE range impact

the average value of summer and winter weight is assumed.

7 rom Appendix C:

Weight of fluid for summer n 163 lb

Weight of fluid for winter - 216 lb

Average weight of fluid - 189 lb

Constant weight of the hardware - 100 lb

I

Hence, the totdl weight for range impact calculation: is 289 lb.

The parastic power requirements to run the air blower and the control system

iare considered to be identical to those in the gasoline-engine-driven heat

pump system.

Hence, parasitic power requirements are 365 watts. Thus, the range impact

Weight contribution	 n 289 x 0.00026 - 0.075

Parasitic power effect - 0.050

Total range reduction - 0.125

IHence, effective range - 87.5 of orig,it;al.

'^ wcwu-cn
-17-



f

^	 Z. 3.3 Lnerty Efiic,

The split host pump basically is an aqua-ammonia absorbtion system. Hance,

1	 in the cooling node a COP of 0.564 can be used. (This value is derived by

i detailed cycle analysis in the ASHRAE Handbook of Fundamentals,1972, pages

23-24.) In the hosting mods, the split heat pump cannot take advantage of

waste heat as it is removed during reprocessing of the fluid in the garage

equipment. However, some of the heat applied during reprocessing can be

used for home heating as it will be at a high enough temperature.

The actual heat to be allocated fL: ECS operation is worked out as follows:

Let

haw - unthalpy of water at 120 O F k'stu/lb of water)

h 
5 - enthalpy of liquid ammonia at 120°F (Stu/lb of ammonia)

h fs a enthalpy of solution being returned to the garage equipmenr

for reprocessing (Btu/lb of solution)

m	 n mass of water
w

m n mass of ammonia
a

Q s quantity of heat supplied by ECS to the passenger compartment

Q
in ` quantity of input heat for reprocessing to be allocated to

the ECS.

(The temperature of 120°F is selected for the starting point since

the rest of the heat of ammonia and water will not he useful for

home heating.)

Hence,

Q in u (mwhow + m
ahga ) - (m

w 
+ 

ma ) hfe

and

COP - Q
Qin.

^ MCuYN;Y
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r
Now, usin` 32 * F as a reference:

haw • 120 - 3:' a 88 btu/lb of water

hsa • 179 - 77.9* a 101.1 Btu/lb of NH 3.

From Appendix C, page 2-55, we have:

hfs • -133 Btu/lb of ammonia

m - 151
w

m n 64.5a

Q - 42,500.

He tic c ,

Q
in ` (151 x 88 + 64.5 x 101.1) - (151 + 64.5) x ( -133) m 48,470 Btu.

Hence,

COP	 s42,500	
0.88

48,470 

The average of summer and winter is:

COP	
(0.584 + 0.88) . 0,732

2

If the heat is obtained from gas or oil, the energy efficiency number** to

be used in the ranking study is 0.732. If, however, heat is obtained from

resiLtance heating the energy efficiency number to be used in the ranking,

study will be 0.732 x 0.31 - 0.242.

E.3._4 Store Period

Since no loss of fluids due to evaporation or otherwise occurs, the system

has a very large storage period. This period is considered to be indefinite,

greater than six months.

*See footnote on page 2-55 of Appendix C.
**Refer to Section E.1.3 for definition of energy efficiency number.
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ti	 1.3.5 Maintenance Cost
t

Industry experience reveals aqua-ammonia absorption systems to be relatively

free of maintenance problems. Quality control in manufacturing and atten-

tion to details in design are major factors in alleviating maintenance costs.

A maintenance cost of $15.0 per year is assumed, considering the split na-

ture of the system.

E.3.6 Performance Impact

Performance impact is computed by the formula given for the gasoline-engine-

driven heat pump system. For this split system, the weight of the ECS is

considered as the average of summer and winter as explained in the subsection

on range impact (E.3.7). Hence, the performance impact number is computed

to be

t	 3320	 . 0.92.(3320 + 289)

E.3.7 Consumer-Perceived Risk

Ammonia is considered to be a dangerous material and the quantity of ammonia

that can be carried in homes is limited by law. However, on the vehicle,

the aqua-ammonia system is far safer than gasoline for the following reasons:

• Ammonia is less flammable.

• The pungent order associated with ammonia gives early

notice to the presence of a leak.

Nevertheless, consumer perception of such a system in the initial introduc-

tion period is bound to be that the system is more risky than the gasoline-

engine-driven heat pump system for two reasons:

• The system is unproven.

• Ammonia is considered a dangerous material.

Hence. a score of 4 on a scale of 10 was assigned to this system.

E.3.8 Noise

Very little or no noise is associated with the system. The only noise ex-

pected is that due to the evaporator blower fan. Hence, a rating of 2 on a

scale of 10 was assigned for this system.

we-Al 10%	 -20-VIC"N"C"t
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9„3.9 Environmental Ip2a,ct

The system is such cleaner; no hazardous fuses are emitted during operation.

Therefore, a score of 1 on a scale of 10 is assigned to this system.

E.3.10 Packninz and Volume

The volume of system is higher than for the gasoline-engine system. However,

the temperature of the system is not very high, and no provision needs to

be made for combustion-air intake and high-temperature exhaust. Thus, a

score of 6 on a scale of 10 was given to this system as compared to the

score of 5 for the gasoline-engine-driven heat pump system.

E.3.11 Development Status

The basic system is not new: only the splitting of the components in two

parts is new. Thus, the system can be built with well proven components.

A score of 5 was given to this system in comparison with 2.5 for the gasoline-

engine-driven heat pump system, indicating a greater development period

involved.

_21-ncwo►w.
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E.4 RATER THERMAL STORAGE FOR BOTH HEATING AND COOLING

System requirements were based upon both heating and cooling requirements

for the system. Heading mode considerations dictated that the design ap-

proach for a high -pressure system would result in the most favorable con-

(	 figuration. An operating pressure of 30 psi and a storage temperature of

250 • F was selected as the design point for the heating mode storage.

E.4.1 System Cost

On the car system, costs totalling $300 were established from the following

component costs. A Young brand hot water radiator for 17,000 Btu/hr was

quoted at about $150. The four valves involved in the system are ::stimated

at $40, the fluid pump at $25. the storage tank (consisting of a 4-ft long

by 1-ft diameter tank) was estimated to cost about $50. System antifreeze

was estimated to about $6, and the cold-water storage elastomer balls were

estimated to be about $30.

In any of the thermal storage concepts, stationary support equipment would

be required to provide the refrigeration or the heating effects at the garage

site. The cost of these elements was estimated to be $200 for a small re-

frigerator. This figure was estimated by comparing prices of small, home

bar refrigerator units, and was averaged to be about $200 for the size range

of interest. An immersion heating element was estimated to be about $50.

The requirement for stationary equipment for the storage systems implies

that an installation cost over and above that required for vehicle installa-

tion would be involved. Therefore, an installation cost estimate of $100

was included in this systen, cost. The total system cost was, therefore.

$650.

E.4.2 System Life

A water storage system is expected to have a life equivalent to. or Ewen

better than, any of the heat-activated heat pumps. A value of 1 was dvsig-

nrited for this system.

wcwwcu
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E.4.3 Ranee Impact

The impact due to the fluid weight of 183 lb and a hardware weight of

50 lb was calculated to be 8.7%. A parasitic power loss was estimated

to be accountable for an additional 5%, totalling 13.7% range impact. The

effective range is thus 86% with this system as compared to the range witi-

out the system.

E.4.4 Energy Efficiency

In the summer, the water has to be cooled to below 32°F. In this aspect,

the garage unit operates like an icemaker. A typical COP of heat pumped

to wall-plug electricity can be assumed to be between 1.5 to 2.0, depending

on the design and cost of the equipment. The thermal input at the power

plant has a summer COP of 0.5 to 0.67.

In the winter, the COP will be 0.85 or 0.33, depending; on whether heating

is accomplished using natural gas, oil, or wall-plug electricity.

If the use of cheaper first cost equipment is assumed, the summer COP is

0.5 and the winter COP is 0.33. Hence, the energy efficiency number for

this scheme is

(0.5 + 0.33) a 2 = 0.415	 .

E.4.5 Storage Period

During the winter the water in the storage tank will be at 250°F, while the

ambient design temperature is -10°F. Insulation will have to be provided

so that over a period of 10 hours, only 5% of stored heat will be lost. The

insulation thickness is determined as follows.

The area of the 4-foot-long, 1-foot-diameter tank is:

area - 4 r + 1.57 - 14.2 ft 

08 - temperature difference - 260°F.

W C^AN ..
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#	 Uance, the required "R" value of the insulation is:

R W 260 x 10 x 14.2 u 17.4
42,500 x 0.05

'	 Urethane insulation 2 1/2 inches thick will provide an "R" value of 20.
c	 ;

This thickness provides a reasonable level of insulation both in cost and

space. Thus, a storage period of 10 hours is assigned to this system.

E.4.6 Maintenance Costs

This system has no regular maintenance schedule other than replacement and

checking of antifreeze, which would be considered minimal. A maintenance

value of $5 per year is estimated for this system.

E.4.7 Performance Impact

The weight of this system is 333 lb. The reduction in acceleration is com-

puted following the same procedure as for the gasoline-engine-driven heat

pump system.

Acceleration reduction - 3320/0320 + 333) - 0.91

E.4.8 Consumer Fisk

For this systcm, the risk would be lowest on a technical basis, and in fact,

the perceived risk by consumers would probably be lower than for any of the

other systems. Therefore, a very low value of 2 was assigned in compari-

son to a value of 2 for the gasoline-engine-driven heat pump system.

E.4.9 Noise

This system would involve little, if any, noise except for the fdn operation.

The fan noise would be equivalent to that in heating systems used in con-

ventional automobile heating equipment. A value of 2 was given.

E.4.10 Environmental Impact

This s y stem would be one of the cleanest, both in terms of reel pollution

and accidental pollutiun due to breakage of the storage container. c-Lc.

Therefore, a value of 1 out of 10 was given.

^ wc^..^eu	 -24-
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E. 4.11 Packatint and Volume

'	 The volume and weight of the system are higher for this system than for the

reference system (gasoline-engine-driven heat pump system). However. neither

exhaust ducting nor very high temperatures are involved. Furthermore. rel-

atively large freedom exists to distribute and shape the system components

as compared to the reference system. A score of 6 is given to this system

in comparison to 5 for the reference system. (The higher number indicates

a greater degree of difficulty).

E.4. 12_ Development _Status

The design of the components in this system is not new. The only novelty is

•	 the use of neoprene balls to allow for expansion during freezing. Alternative

techniques art , easily available for ice making. In fact, ice making is a

very well-known and old art - with the first applications of man-made refri-

geration being applied to ice making. Thus, the development status of this

system is comparable to that of the reference system. A score of 3 is as-

signed to this system as compared to 2.5 for the reference system.
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iE.5 THERMAL STORAGE WITH K2CO
3,^

• Ha 2CO3 • Li2CO3

The following properties of this salt have been obtained from Appendix C.

e Melting temperature 	 1310'F

• Heat of fusion - 70 Btu/lb

• Specific heat - 1 Btu/lb-'F

• Thermal conductivity - 0.37 Btu/hr-°F-ft.

i

From page 3-21 of Appendix C, the following information is available about

the system for storing 42,500 Btu.

• Maximum temperature - 1310°F

• Minimum temperature - 200°F

• Volume of salt required - 0.22 ft 

e Cost of salt required - 53.6.

Consider a storage system consisting of a cylinder made up of stainless steel

with high-temperature insulation outside, and an air-to-salt heat exchanger

consisting of stainless steel tubv^-; inside, as shown in Figure E.I. The salt

is filled in the remaining space inside the cylinder. An electric heater in

the form of a coil of nichrome wire is also installed inside the cylinder to

facilitate heating of the salt overnight from wall-plug electricity.

The salt is heated to 1310°F at night. During the day when heat is needed

in the passenger compartment, air is blown through the stainless heat exchanger

and the outcoming air is diluted by adding low-temperature air before passing

it into the passenger compartment. The amount of low-temperature air added

varies depending on the temperature of the air coming out of the p ent ex-

changer. As more and more heat is extracted, the temperature of the storage

falls. Useful heat is assumed to be practically extractable as long as the

temperature of the storage is above 200°F.

E.5.1 Design Calculations for Heati Exchanger

Assumptions:

• Salt temperature • 200°F

• Air temperature in	 60'F

• Air tempt•rnture out

wc.nrtu
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Bone*,

of 1 • 200 - 60 • 140

At  - 200 - 100 • 100

of 
• 4t 1 - At  !	 40	 40 . 

116'F
M	 At 	 loge 1.4	 .346

loge At

Desired heat transfer rate - 17,000 Btu/hr.

Hence, 17,000 - 116 
x Area

R

Assume R - 0.1 for heat transfer at inside of tubes with air flowing, at

high velocity. Hence, the required tube area is given by:

Area - 17,000 
6
x 0.1 - 14.65 ft  - 14.65 x 144 in. 2 • 2.11 x 10 3 in. 2.

Assume pipes with 1-in. diameter and 1-foot long. Hence, the number of pipes

required

2.11 x 103
12 x

Cross sectional area of 56 pipes - 56 x 4 - 44 in. 2.

The volume required for salt storage - 0.25 ft  (allowing for 10t heat loss

during stored mode).

Thu total cross sectional area of the stainless steel teak

(44 x 1.44 + ^-1 5 x 144) x 1.1 - 110 in.2.

Where the stainless steel tubes are assumed to be 0 . 1 inch thick. The

diameter of the stainless steel tank

- (110 x 4`112 - 12 in.

r CRAWA&	
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The insulation thickness required is determined from the condition that

within 10 hours of storage, only 102 of stored heat will be lost. Hence.

Q - 42.500 x 0.1 a 4250 btu.

Surface area of the tank

(2 x 110) + (12 x 12 x w) - 673 in. 2 . 4.7 ft 2.

A6 - temperature difference between storage and Ambient

1310 - (-10) - 1320'F.

Hence.

R a 
1320 x 4.7 x 10	 14.6.

4250

High temperature insulation like Min-K 2000(made by the Johns-Manville Cor-

poration, Xen-Caryl Ranch, Denver, Colorado 80217)can be used. The "R"

value of this insulation material is 3 per inch of thickness. Hence, a

thickness of 5 inches will be adequate. The retail price of $167/ft 2 is

quoted by Johns-Manville for this material in a 5-inch thickness. For mass

production, the OEM price is estimated to be one-third of the retail price.

Hence, a price of $56/ft 2 will be assumed for this study.

The weight of stainless steel in the tank is worked out as follows. Assume:

ball thickness = 0.125 inch

Volume = 673 x 0.125 - 84 in.3

Weight . 84 x 0.28 - 23.6 1b.

The weight of the heat exchanger tubes is calculated as follows. Assume:

Wall thickness of 0.1 inch

Surface area of 12 inches long, 1-inch inside diameter coil

n x 12, - 37.7 in.2

Volume of stainless steel in one pipe

- 37.7 x 1.1 - 3.77 in.3

We"*""
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Volume of stainless steel in 56 pipes

- 56 x 3.77 - 211 in.3

Weight of heat exchanger tubes

- 211 x 0.28 - 59 lb.

E.5.2 First Cost

The total cost of the system is worked out as follows.

t	 i

Data:

• Cost of stainless steel - $1.80/lbm

• Cost of insulation ( R value 15) - $56/ft2

• Weight of stainless steel - 59 + 24 - 83 lb
• Insulation area - 5 ft 

• Cost of salt (from Appendix C) - $3.6.

Calculations:

•	 Cost of stainless steel	 - $150.0

•	 Cost of insulation	 - 280.0

•	 Cost of salt	 - 3.6

•	 Cost of miscellaneous material - 19.4

Total Material Cost	 - $453.0.

Labor cost is estimated to be $1.50 per lb of hardware. This is about the

rate of labor cost for products with equivalent technological levels.

The total weight of the system consists of the following:

• Weight of stainless steel	 - 83

• Weight of insulation (density 20 lb/ft 3 ) - 42

• Weight of salt (from Appendix C)	 - 33

• Miscellaneous	 - 32

The total system weight is 190 lb. However, the weight of the salt will

not enter into the labor cost calculations.

MCK&="	
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Hance,

Labor cost * 157 x 1.5 n $236.

i

Thus,

'	 Total root n 236 + 453 * $689.

Retail price with 20% profit n $827.

E.5.3 System Life

This system has no moving parts. However, the corrosive effects of the salt

at high temperatures are not known. It will always be possible to obtain

a container material where corrosion problems are eliminated. The cost of

such a systen, cannot be guessed at preftent. In view of this uncertainty,

system life is considered to be half that of the reference system. Thus,

the estimated life for the purpos: , of this study will be assumed to be 1500

hours.

E.5.4 Ramie lmpac`

The technique for calculating range impact is the same ns for the reference

system (gasolint-engine-driven heat pump system).

Data:

• Total system weight - 190 lb

a Parasitic power - 365 watts.

Hence, the range reduction due to weight

0.002h x 190 - 0.0495 	 5%.

The range reduction due to parasitic power - 5%.

Hence, total effective range a 0.9.

W e-a"Kal
10".,." T 	 -31-



i

L.S.5 Energy Lffisieney

The system is prcvided with electric heating for recharytng the thermal

energy storage. Hence, the energy efficiency number tot this system is 0.33.

i 9.5.6 Storage Period

By design, the storage period is 10 hours.

E.5.7 Maintenance Cost

As this system has no moving parts, no regular maintenance is expected.

However, the high temperature of the system may result in some maintenance

requirement. Hence, a maintenance cost of 20% of the reference system is

assumed for this system. Thus, the maintenance cost for this system is

57/year.

E.5.8 Performance Im{pact

The performance impact is calculated as for the reference system.

Data:

e System weight - 190 lb.

Hence, the performance impact number -?3320
	

. 0.95.
33..0 + 190

E.5.9 Consumer-Perceived Risk

As the temperature of the stored material is high, it will pose some danger

in the event of an accident. This system is therefore considered to be

slight'., more risky than the reference system. Hence, a !:core of 3 is given

to this system in comparison with 2 for the reference system.

E.5.10 Noise

A score of 2 is assigned to this system. For the rationale used in assign-

ing this score. sec s Section E.4.9.
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2.5.11 Environmental Imact

A score of 1 is assigned to this system. For the rationale used in assign-

ing this sccre, see Section E.4.10.

I
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E.5.12 Packa2inQ and Volume

The total volume is 5.3 ft 3 . f urthermore, high-temperature requirements,

wlA ch dictate system shape. leave relatively few options for configuring
	 s 1

this system to fit into odd-shaped places. A rating of S is given to this

system in comparison to 5 for the reference system.

E.5.13 Development Status

The properties of the salt are not fully known, the temperatures: „i high.

However, basic heat exchanger design is well known. Hence, a rating of 5 is

given to this system in comparison to 2.5 for the reference system.
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9.6 THERMAL STORAGE WITH LION

E.6.1 Desian Calculations

The followin,ti information is rvailable from Appendix C, pate 3-2, and Table

3-3 on pate 3-9 of Appendix C.

e Maximum Temperature - 860'F

e Specific heat - 0.59 Btu/lb-'F

a Density - 91.1 lb/ft3

s Cost - $1.97/lb.

For storing 42,500 Btu, based on a 200°F minimum temperature for practical

heat extraction, the following is obtained:

Heat storage density - (860 - 200) x 0.59 a 390 Btu/lb.

Allowing a 10% loss of stored heat over a period of 10 hours, initially the

quantity of heat to be stored

• 42,500 x 1.1 - 46,750 Btu

where 42,500 Btu is the amount of useful energy required to be delivered to

the passenger compartment.

To store 4b,750 Btu:

Weight of salt required a 46,7
50
 s 120 lb

Volume of salt required = 9 1 20	 1.32 ft 3.

The structure i this system is similar to the one used for the K 2 CO 3 • Na2

CO3 ' Li 2 CO3 system described in Section E.5. Hence, 56 pipes with the

following specifications will be used for making the heat exchanger:

e Material - stainless steel

e Length - 12 inches

• Inside diameter - 1 inch

e Wall thickness - 0.1 inch

e Outside diameter - 1.2 inches.
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Hence. the are* occupied by the pipes
t

56 x 
4 

x (1.2) 2 n 63.4 in. 2.
I

The area occupied by salt

Volume Required	 1.32	 3	 2
n Length of the Container i n 1.32 ft	 190 in. .

Hence, the total area of the container

n 63.4 + 190 - 253.4 in.2.

Hence, the inside diameter of the container

( ?53.4 x 4 ) 1/2 - 18 inches.

The c y lindrical surface area of the container

n (188) x n x 1 n 4.7 ft`.

The area of the circular face

253.4 - 1.76 ft2.

The total surface area of the containerl allowing 1/2 in. for header space on

each side.

(4.7 x i3) + ( 2 x 1.76) - 5.1 + 3.52 - 8.62 ft`.

To calculate the weight of the stainless steel in the container, assume a

wall thickness of 0.12') inch.

Volume - 8.62 x 144 x 0.125 - 155 in.3

Weight - 155 x 0.28 - 43.4 lb.

Insulation requirem

e Period - 1C

e Heat lost -

e Area of the

e Temperature

ents are computed to meet the following requirements

hours

4250 Btu

container - 8.62 ft`

difference - 860 - (-10) - 870°F.

weM&MeAL
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Hence,

'	 R a 870 
6250

62 x 10 
a 17.7.

'

	

	 Suitable insulation will be Min-K 2000 made by the Johns -Manville Corpora-

tion, Denver, Colorado. This insulation has an R value of 3 per inch at

860 •F. Hence, a 6-inch thickness will meet the storage requirement.
Weight of the insulation

(8.62 x 12) x 20 - 86.2 lb.

Total weight of the system is worked out as follows:

Wright of stainless steel heat exchanger tubes - 59

Weight of stainless steel container	 s 43

Weight of the salt	 - 120

Weight of the insulation	 . 86

Miscellaneous	 • 22

Total	 - 330 lb.

C.6.2Sy stem Cost-^ ---
The cost of the s y stem is work out as follows.

Assumptions:

• Cost of stainless steel - $1.80/lb

• Cost of insulation (}t value of 18) - $68/ft2

• Cost of Salt - $1.97/lb

• Cost of labor - $1.50/lb of hardware

• ,'eight of stainless steel - 59 + 43 - 102 lb

• Area of insulation - 8.6 ft 

• Weigl,t of salt - 120 lb

• Weight of hardware - 210 lb

e"woecu
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Hence,

Cost of stainless steel	 w $ 184

Cost of insulation 	 a	 585
Ita	

Cost of salt	 a	 236

Miscellaneous	 a	 50

Total material cost	 • $1055

Cost of labor with burden -	 315

Total cost of manufacture - $1370

Adding a profit of 20%, the retail selling price is $1645.

E.6.3 Ran &!L lm{,act

Weight contribution - 0.00026 x 330 s 0.086

Parasitic power (same as for K 2 CO 3	Na2CO3 • Li 2 CO 3 system) - 0.05

Total effective range n 0.86.

E.6.4 Performance Impact

Performance impact - 3320/(3320 + 330) - 0.91.

This syst-m has identical scores with those for the K
2 
CO 3 • Na ) CO 3

 • Li CO

system for the following criteria because of similarities between the two

systems:

s Sy stem Life - 1500

a Energ y EffiLiency

a Maintenance Cost -

s Consumer-Perceived

a Noise -

a Environmental Impa

a Development Status

hours

- 0.33

$7/year

Risk - 3

ct - 1

- 5

E.6.5 Packaging and Volume

The volume is higher than the volume of the K 2 CO 3 • Na 2 CO 3 • Li 9 CO 3 svGtem.

Other features regarding t l if° itrr ir, identical. Hance, a score of 10 is

assigned to thin- -,v•,trn;.

^ wcwrrcw	 _37_



E.7 LiBr-WATER SPLIT HEAT PUMP SYSTEM

This system is available for cooling only. The system requires practically

no garage equipment. For recharging overnight. the solution of LiBr water is

heated until most of the water is driven off as water vapor and the water

tank is filled with water. For heating purposes. the absorber tank is pro-

vided with electric heaters.

In Appendix C. the following information is computed to provided cooling

capacity.

e Weight of water required - 42.5 lb

e Weight of LiAr required - 72.5 lb

Hence, the volume of the water storage tank

42. s 0.665 ft3.

The volume of the solution storage tank

42.5 + 72.5 = 1.8 ft 3.
64

The water storage tank is considered to be a 1 -foot long cylinder. Hence,

the area of the circular face 	 0.665 ft2.

:
The diameter	 (

0.665 : 4 
112

 r	
)	 ft	 12 inches.

Hence, the surface area of the tank

(r x 12 x 12) + 2 x ('r
x 12 x 12) 

in.	 4.7 ft

For a 0.030-inch-thick container, the weight will be 5.7 lb.

A solution storage tank with following specifications will satisfy the re-

quirements.

- 1' inches

31 inches

- J6-



• Wall thickness - 0.03 inch

• Surface area - 10 ft2

• Weight - 12.2 lb.

Thus, the total weight of the system is calculated as follows:

Weight of water storage tank	 -	 5.7

Weight of solution storage tank 	 - 12.2

Weight of evaporator, absorber, valves,etc. - 42.1

Weight of water	 - 42.5

Weight of LiBr	 - 72.5

Total
	

175.0 lb.

E.7.1 System Cost

The cost of this equipment can be assessed by assuming $3/1b of hardware.

Hence, the cost of the system

- 3 x 60 - $180.

F,. 7.2 _System Life

As there are no moving parts, the system life can be assumed to be 3000

hours.

E.7.3 Range Impact

The weight of the system with fluids is 175.0 lb. Parasitic power is the

same as for the gasoline-engine-driven heat pumps. Hence, the effective

range is 0.92.

E.7.4 Energ_Efficiencv

A summer COP of 0.78 is assumed or a LiBr-water absorption system. The

beat is provided ele(triLally to reprocess overnight. Hence, the encrz

efficiency number for this system is 0.78 x 0.33 = 0.26

^- WCNNIICN
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9.7.5 Storage Period

The absorber and the solution tank have to be maintained at a high vacuum

level. Hence, a storage period of 10 days is assumed.	
l]

Z.7.6 Maintenance Cost

The expansion valve will have to maintain a high vacuum. Hence, a mainten-

ance cost of $20 per year is assumed.

i

E.7. 7 Performance Impact

The weight of the system is the same as that for the gasoline -engine -driven

heat pump. Hence, a performance impact number of 0.95 is calculated for

this system.

E.7.8 Consumer - Perceived Risk

LiBr is a toxic substance. Thus, in case of an accident it will pose some

problem. Hence, a score of 3 is assigned to this system.

E.7_9 Noise

Very little or no noise is associated with this system. Hence, a score of

2 is assigned, which is the same as for the aqua-ammonia system.

E.7.10 Environmenta l Impact

During recharging, the solution is heated until the water from the solution

is driven off. Ideally, no LiBr should escape to ambient. However, with

the cheapest equipment, there may be a danger of minute quantities of LiBr

escaping along with the water vapor. This problem is an unknown at this

time. Hence, a high score of 20 is assigned, to indicate a potential for

problems in this area.

E.7.11 Packa&ink and Vo lume

Packaging and volumt are similar to that of the gasoline-engine-driven heat

pumps since some means will have to be provided to vent water vapor during

reprocessing in the garage. A score of 5 is assigned to this system.

MduOCM	 -" ^,-
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11.1.12 DevelopMnt States

The development status is the same as for the aqua-ammonia system. Hence,

a score of S is ass::11ned to this system.

Fo	 r. xCA.



E.8 THERMAL STORAGE WITH ORGANIC OILS

The following information is available from Appendix C, pages 3-26 through

3-31. For Therminol-66:

• Maximum useful temperature - 650'F

e Specific heat - 0.655 Stu/lb-•F

e Density - 46.8 lb/ft3.

Allowing a 101a heat loss during the 10-hour storage period, 46,750 Btu must

be stored to obtain a useful heat quantity bf 42,500 Btu. As the tempera-

ture is high, the storage structure will be considered to be similar to the

`	 one for thermal storage with K 2CO3 'Na 2CO 3 'L12CO3 . The weight of the

I

	

	 fluid required is calculated as follows. The minimum storage temperature

is 200°F. Hence,

G-^	 n 650 - 200 - 450

Heat storage density	 - 450 x 0.655 - 295 Btu/lb

Required fluid quantity - 4295 50
 ' 158 lb

Fluid volume	 - 1j8 - 3.38 ft3.
46.8

The heat exchanger tubes are assumed to be of the following specifications:

Outside diameter

Inside diameter

Wall thickness

Length

Number of tubes

Area occupied by pipes

Arva occupied by fluid

- 1.2 inches

- 1.0 inch

- 0.1 inch

- 24 inches

- 28

- 32 in.2

3.38 x_ 1728	 2_
2 x 12 .— - 243 in.

Total area of container's circular face - 32 + 243 - 275 in.2

Container diameter

Cy lindrical area of container

wewreAL
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- 18.8 inches

- 24 >; n x 18.8 - 1420
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s	 Total container wall area 	 9.55 x 25 + 2 x 
275 • 14.1 ft 2.

The wall thickness for the container is assumd to be 0.125 inch. Hence.

Container weight • 14.1 x 144 x 0.125 x 0.28 w 70 lb.

The total steel weight equals the weight of container plus the weight of the

heat exchanger tubes:

`	 Steel weight - 70 + 59 - 129 lb.

Insulation requirement:

l e	 a 650 - (-10) - 660°F

6Q	 • 4250 Btu

Hours a 10

Area a 14.1 ft 

R	 660 x 10 x 14.1 . 21.9 - 22
4250

A sandwich insulation with Mink-2000 will be used near the walls of the con-

tainer, along with an outer layer of urethane foam with an R valvj of 7 per

inch. As the maximum temperature the urethane can withstand is 200°F, the

thickness of the Mink-2000 insulation is determined as follows.

Let R I he the thermal resistance of Mink-2000 insulation and R 2 be the ther-

mal resistance of urethane. Hence,

R2	 210
R1 + RI)	 660

Hence

y,
R2 = (66= ̂ x 22 = 7

and

R1 W 15.

wCM..n^
	 -43-
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Mink -2000 has an average R value of 0. 22 between 600'F and 200 0F. None*,

Mink-2000 thickness a 15 x 0.22 - 3.3 inches.

Thus, the insulation sandwich is made up of 14.1 ft  of 3.3-inch thick

Mink-2000 insulation and 1.0-inch thick urethane.

Cost of Mink-2000 insulation
(3.3-inch thick)	 n $37/ft 2

Cost of urethane 0-inch thick) n $0.31/ft2

Cost of insulation sandwich

Total cost of insulation

Weight cif Mink-2000

Weight of urethane

Total insulation weight

- $37.31/ft2

- 37.31 x 14.1 - $526

14,1 x 3.3 x 20 - 77.5 lb
12

14.1 x 1 x 1.9 
n 2.23 lb

- 77.5 + 2.23 - 80 lb.

Hence. the total w,

Weight of the

Weight of the

Weight of the

Miscellaneous

Total

eight of the system is:

steel	 - 12Y lh

insulation - Q" lb

fluid	 - 158 lb

n 33 lb

- 400 1b

Overall s y stem dimensions are:

Length	 - 36 inches (3 ft)

Diameter - 2E inches (2 1/3 ft)

The total cost is:

Cost of steel at S0.30/lb	 - $ 38.7

Cost of insulation	 - 526.0

Cost of fluid at $13/gallon - 336.0

Miscellaneous	 -	 29.3

Total Material Comet	 r $910.0

^ wew^r
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Cost of labor with burden at
S1.50/lb of hardware	 $ 360

Grand total coat 	 $1290

Allowing a profit of 20%, the retail price • 1.2 x 1290 n $1550.

2.5.1 Range Impact

Weight contribution • 0.00026 x 400 m 0.104

Parasitic power	 a 365 watts

Hence, effective range a 0.85.

E.8.2_ Performance, Impact

Performancelmpact • 	 3320	 0.894.
3320 + 400

Scores for the other criteria are given in Table E.4 of Section E.10.

F



9.9 WATER THERMAL STORAGE FOR HEATING ONLY

If water is to be used only for heating, a heater will be installed in the

Ovate- Atorage tank on the Gar and no garage equipment will be required. The

heater .	 -rned on at night by using wall-plug electricity in the garage.

The system p...ameters are easily derived from Section E.4. Water Thermal

Storage for Both Heating and Cooling. The results are:

a First Coat - $300

e Weight of the system on car - 333 lb

a Range impact - 0.86

e Energy efficiency - 0.33

a Storage period - 10 hours

a Performance impact - 0.91.

The values of the other parameters are given in Table E.4 of Sectit E.10.

wc«..e.► 	
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E.10 SUMMARY OF RESULTS OF RANKING CALCULATIONS

The outcome of the calculations given in this appendix is presented in

Table E.4, Marks Assigned to Different Systems for the Various Criteria.

Table E.5 presents the same data normalized with respect to the reference

system, the gasoline-engine-driven heat pump. Table E.6 presents the data

modified by multiplying the marks with weighting factors for the different

criteria. These weighting factors are discussed in appendix D. Table 1.

Table E.7 shows t h- total score of the systems.
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TABLE E.7

RESULTS OF RANKING SYSTEM

System Type System Score

Thermal Storage with
Water 240

Aqua-Ammonia Split

Both Heat Pump System 195
Heating and

Cooling MTI Heat-Activated
Heat Pump 136

Gasoline-EnSino-Driven
Heat Pump 100

Thermal Storage with
Water 377

Thermal Storage with
K 2 CO 3-Na 2 CO3 Li 2CO 3 2(M)

Thermal Storage with
Heating Only

Li 2CO 3 208

Thermal Storage with

Organic Oil 198

Thermal Storage with

UGH 195

Cooling Only
LiBr-Water Split Heat

Pump 213

^ weti...eu	 ^ 1 —
•^e.00.00.
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I. Contract Requirement and Zxecutionr

(A) Since excessive electrolyte temperature may reduce cycle life of

the battery pack, estimate the relative vehicle driving range

penalty ( 0 R/Ro) if the ECS were required to provide a cooling

capability to prevent battery electrolyte temperature from exceed-

t
i	 ing 100 OF when the ambient temperature is a constant 1209F.

(B) Describe the required ECS modifications and/or additions needed

to implement the cooling capability alluded to in paragraph

(a)(8)(A) above.

In the execution of this task it was deemed desirable to study battery heating

together with battery cooling. The study encompassed meeting the battery

t
temperature control algorithm:

a) At the end of a charging cycle, the battery pack is 120 0F.

b) The battery temperature controller maintains the battery

}	 pack at 120°F + 10°F except during periods of non-use

exceeding 3 days.

The requirement for controlling battery electrolyte temperature to 100°F and

less with a constant 120 O F ambient temperature was given less attention.

Perusal of a climatic atlas of the U.S. indicates that a 120°F ambient is rare

indeed and that constant (continous) 120 O F ambient is non-existent. It is

recognized that precautions are necessary to realize the true ambient as a heat

sinks actual temperatures in a parked car can be significantly higher than

ambient unless suitable precautions are taken.

w eHAMIU
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11. Technical Approach

The means for temperature conditioning of the battery were categorised. The

categories of active and passive were selected as encompassing all possible

weans applicable to off%cting a change of battery temperature.

Categories:

A.	 Passive

Storing or rejection of heat during charge and/or

during operation.

Active

1. The use of on-boarl energy dedicated to heat or

cool the batteries.

2. The use of off-vehicle energy to heat or cool

the batteries.

In review of these categories and consideration of various configurations in a

qualitative assessment it became apparent that:

a) It was desirable to keep the batteries at the highest

possible safe temperature to achieve the benefit of

the greatest possible capacity (Refer to Figure 1).

b) Useful quantities of heat were available, as a "by-product",

from the charging process and some heat was also available

from discharge.

Therefore, specific configuration were quantitatively examined that used insu-

lation to trap the "t.y-product" heat available from the batteries. The various

o we.uMUu
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configurations  were selected to seek an optimum for volume devoted to insula-

tion versus heat loss. Only well established, state of the art materials were

considered.

The requirement for rejection of heat from the batteries appears to be straight-

forward. in the calculations the batteries are permitted to reach 130 0F and

it is assumed that cooling air at 100 •F is available. with that temperature

differential available the dissipation from lead acid batteries is within the

capability of a small capacity blower.

-4-
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IIi. Assessment of specific Concepts

Four different configurations were considered and competitive worst

case results were determined.

A.	 Insulated Configuration

1. Schematic Diagram:

SEMON A-A

A	 A	

1
Fes — INSM ATION (thickness)

-	 —	 — VENTUATION SPACE
BATTERY

Son

2. Considerations:

a) with a starting point of 120 • F ; 10 •F after battery

charging (130°F was elected for these calculations),

what is the trade-off in battery capacity with

insulation thicknessi

b) in a practical vehicle the battery compartment size

limits the acceptable insulation thickness, two

inches was used for this analysis.

c) the insulation of choice for these calculations was

polyurethane foam at "R" a 7 per inch of thickness.

- I)-
•' use; 4. .
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,. The results are described in ►iqure 2 and the following fable.

TAMS

tffect of Insulating Thickness ( 0 R • 7 per inch)
on Vehicle Range (R) and on Final Electrolyte
Temperature (Tb-final)

with ambient temperature 20OF

Tbat« ery ' 130'F 0 time 0

I
(Elapsed

I
I No

I
insulation	 I	 1-1/2 inch

I(	 2 inch
I	 I
I	 2-1/2 inch

I Time JAR I	 insulation I	 insulation I	 insulation

-^	 --

I	 R

T -final	 R̂	 Rb	
(	 R	 Tb-filial	

4R	 Tb- fin.Il'AR

0.7

Th-f anal

10 0 h-	 7	 I	 100 I	 0.7 I	 107 I	 0.8
I

1	 1 1 1	 I
I	 Ii

I	 12
I
I	 0

I	 I	 !
i-	 12	 I	 0.7	 I	 95

I
I	 0.8

I
I	 103

I
I	 0.8

I
i	 108	 I

I	 II
I	 24

I
I	 0

i	 i	 I
I	 -	 20	 I	 0.7	 I	 68

I(	 0.8
I

I	 80
I

I	 0.9
I

I	 88	 I
I	 II

I	 36
i
I	 0

I	 I	 I
I-	 20	 I	 0.6	 I	 48 I	 0.7 I	 62 I	 U.8

I
I	 72

I	 II
I	 48

I
I

I
I	 0

I
(

I	 I	 I
I-	 20	 i	 095	 I	 32

I	 I	 I
I	 I	 I

I
I	 0.6

I
I

I(	 47
i
I

I	 0.7

I
I

I	 58

i	 I
I	 I

Example:

The temperature dropped from 130 0C to 62 0F in 36 hours with insulation

of R-14 and to -20 •F with no insulation. The battery capacity at the

time averaged temperature for the interval was used to calculate

(A R/R), the range effect due to the insulation.

We"A"
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BATT

E^

S. Insulation with "Thermal Inertia" confiauscation

1. Schematic Diagram

SECTION B-b

-i--Fi L INSULATION (thickness)

PHASE CHANGE MATERIAL

VENTILATION SPACE

$1525

2. Considerationst

With a starting point of 130 0 F what is the trade-off

in battery capacity with insulation thickness, phase

change material properties and thickness to obtain

the best 10 hour performance with minimum thickness.

3. Cursory analysis indicated that an insulation/phase

change material sandwich provided optimal results.

This was evaluated as Configuration C.

MCNAM r
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C

BATTERY

1
r

Co Insulation with Thermal Inertia ich_ Contipirat on

1. Schematic Diagram

R.

SECTION C-C

INSULATION.

PILASE CIW4Ck Kip' H i k;;

INSULATION. INNER

VENTILATION SPACE

115:5

2. Considerationsi

The placement of the phase change material, within the

insulation, results in a thinner total layer around the

battery with the same 10 hour effectiveness. This con-

struction was optimized for two phase change fluids

applied within 2 inches of R - 7 per inch insulation.

The use of water and also Eicosane was considered as

the "thermal inertia material".
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J. Results

a) Optimized Placement and "thermal inertia material"

t
applied within 2 inches of R - 7 per inch insulation.

Material and Quantity of 125 lb. 6 lb.
"thermal inertia material" Water Eicosane

Inside Insulation 1.0 inch 1.7 inch

Outside Insulation 1.0 inch 0.3 inch

Total Thickness 2.3 inches 2.1 inches

b) Effect on vehicle range ( R) and final battery temperature

after 10 hours when starting with battery electrolyte at

130*F, ambient of -20*F and no heat dissipation from the

battery during the 10 hour period.

Material	 Water	 Eicosane	 None	 None

Insulation	 2 inches	 2 inches	 2 inches	 None

^.R*	 + 0.76	 +0.84	 +0.76	 0

R

Final Tbattery	 119°F	 124*F	 107OF	 - 70F

	

*considers weight	 effect, which is small, i.e. 	 0.1

i



D

r	 D. Insulated and electrically tie_ stal configurationi	 10 Schematic Diagram

i
SECTION D-D

-0- t
ELECTRIC HEATING ELEMENT

INSULATION

-^I	 VENTILATION SPACE

BA17 ERY

f

•1516

2. Considerations

What are the trade-offs when adding heat derived from electric

battery power to keep the b,'tery temperature at a pre-

determined set value?

The variables considered include:

Insulation
Ambient Temperature
Temperature Set Point
Time for Initiation
State of Charge, at Initiation

'^ wewu^ert
nc^waN.
xeeo.►ow^w
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3. Initial Assessment ( Refer to Table below)

With 2 inches total insulation of R - 7 perinch

Tambient of -20•F

At time - 0, battery is fully charged, electrotype is at 130•F

I
I	 Condition

I
I	 With Toot

I
I	 With Toot

I
I	 With Tset

I	 I
I	 With Tset

I I 110 •F I	 100 OF (	 90 OF I	 80 OF
I J I I I	 I

i Initial I OR 0.74 ILK	 0.79 I^R	 0.80 AR - 0.80
period

I I 1 I	 1I forI 8 hours for	 13 hoursI I	 for	 19 hours far 24 hourI	 sl
I
(Loss per Hour

I
I

I
I

I
I

I	 I
I	 I

(After Initial ( 185 W I	 171	 W I	 157	 W I	 143W
IPeriod

!
I
I

I
I

i I	 I

I
(Range Effect

I
I

I
I

i
I

I	 I
I	 I

(After Initial I I I I	 I
IPeriod with I I I I

I
I	 a) Heater On
I	 hour

I
i x1 R
1	 R ` 0.0096

I
I
I	 0.0097

I
I
I	 0.010

I	 I
I	 I
I	 0.012per

I i I i 1	 I
I
I	 b)	 Heater Off

I
I

I
I

I
i

I	 I
i

I	 to 36 hours: I

R

_
- 0.0001

_
I	 0.0001

_
1	 0.005 I	 0.007	 I

I	 Avg. per hour
I

I
I_

I
I

I
I	 _ 

I	 I
I	 I
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M

IV. Conclusion	
i9

j

A. Calculation Methodology

Assessing the range benefit of different concepts for battery

temperature conditioning implies that probabilistic effects be

considered. These effects include -

periods of non-use

state of charge at non-use.

To avoid complex computations that simulate these effects, the

following simplifications have been made in all of the initial

assessments.

1. Electrolyte temperature at the initiation of the non-use

period is 1300F.

2. State of charge during non-use is 'fully charged'.

3. optimization is done on an average temperature basis for

the time interval analyzed.

4. Initial Assessment

With Tambient of -20°F

Tbattery equal to 130 •F at time - 0

,6R for the average temperature over the period
R	 evaluated.

B.	 Re commendation

The preferred method is to use simple insulation with a small

thermostatically operated blower using ambient air for cooling.

Attention will be nea p -d co secure the lowest available tempera-

ture, avoidin sr orrai l l, under hood heated air.

no.w^s•
	 -13-maw



'^	 1

Rn option of heating the batteries, using garage power when

available and battery power when under way may be useful for the

geographic areas of most severe cold.

The benefits of this approach appear significant. The trade-off

to providing additional volume to accomodating the insulation has

important implication to vehicle design and battery maintenance.

No significant improvement was found on this simple configuration.

'^f• . ACAS	
-14-



Figure G-1

-1-
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G.1 Development Effort

The effort to develop EHV Environmental Co

for three configurations:

• Engine Driven Heat Pump

• Thermal Storage

Split Heat Pump

The development effort has been estimated to establish the absolute level of

effort and also to provide a comparison between the requirements of the three

configurations that were studied. In each configuration the estimate comprises

one iteration of design through the laboratory evaluation using available

components to the greatest possible extent without jeopardizing function and

performance. Similar schedules were considered iT1 the three estimates of level

of effort. This typical Development Schedule is shown in Figure G-1.

Typical Development Schedule

Months
2 4 6 8 10 12 14 16 18 20

Preliminary Design

Component Select/Develop

Prototype Design, Build

Prototype Test

Report LLLU- I

81.451



C.2 Scope of Tasks

`	 The scope of work to be performed in the development was defined for each cf

the three configurations. The task breakdown was:

a) Preliminary Design which includest

1. listing and definition of design parameters

2. layout of heating and cooling system

3. layout of charging system (if applicable)

4. definition of control strategy

5. design considerations for safety

6. definition of test procedures and data requirements

b) Component Select/Develop which includes:

1. optimize components for vehicle unit

2. optimize components for recharge unit(s), (if applicable)

3. select Hest cummercially available components

c) Prototype De.-:,^i&n and Build which includes:

1. iterate the preliminary design to make use of commercially

available components

2. integrate EC:S resign with a generalized vehicle.

3. design the test equipment

4. complete prototype design, including controls, safet;

considerations and vehicle integration

5. review design and interaction of test equipment and

vehicle

6 detail design prototype parts

7. obtain quotations of vendor parts.. conduct vendor discussions

3. order all materials, fabricate parts

d) Prototype Test which includes:

1. assemble prototype

2. provide data acquisition equipment

3. debug prototype, test equipment and data acquisition

4. perform ter.'; in a<,_nrd with c lhe '.::t procedure

5. collect and log data

wC#WAW^

04po"T.
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%,

e) Report which includest

I. analyzF data

2. review results

3. document all work

4. deliver draft report

S. deliver final report

MAT
III

ICNNMeo.M	 IMCOMK^Aro

—3—

81349

The evaluation for any of tht candidate ECS's requires a laboratory test

capability that can perform as a Psychrometric Test Chamber. The principle

features of such a chamber are identified, refer to Figure G-2.

Psychrometric Chamber Test System
IVAPOIIATOR OA
COND[NSI11 If US[D

111ATING UNIT



G.3 Configurations

The selection of the three configurations recommended for furhter cons

is described in Appendix E of this report. The three configurations

identified again here, as representative of the stinting point for the

ment effort estimate.

a) Engine-Driven Heat Pump
Figure G-3

b) Thermal Storage System
Figure G-4

c) Split Heat Pump System
Figure G-5

Engine-Driven Head Pump

r-- Ate IINT IRA? EYCHANGIN, CONDENSER
FOR [DOLING PWIDE, EVAPORATOR FOR
)RATING MOOS,

REMOTE	
r ^1//^\/—A\/A\—Arj

1	 1
— {Ill{ ^. =j^J..!"1/ V r r 11 V 

1J	 I

I
MWE

TO	
VALVE

ANlItN1	
.. -r//	

RECEIVER	
vALVtc

MODt
VALVE	 S LVIt[

cVALVE

1

— OA{OI.IHE
[WINE

COMPRESSOR
MODE	 tY►ANSIOM
VALVE	 VALV[

NOD[
VALV!	 1

1

R[MOIq
{UlD

[C	 — COMPARTMENT "[At EXCHANGER,

COMPARTMENT	
EVAPORATOR FOR COOLING,

CONTROL	 SLOWER	
CONDENSER FOR HEATING,

MODULE	 A

{AITIRT

POWERED

Figure G-3
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Figure G-4

Split Heat Pu : gyp System

Cooling Mode	 Heating Mode	 81352

Figure G-5
G.4 Level of Effort

The effort in terms of manhours and material cost is descT • ;bed by ta"c for

each of the three configurations ill Figure G-6.
MICMAC"

—5nl}MLM.
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EHV Environmental Control System Development

Ensine-Driven
Heat Pump Thermal Storage Split Heat Pump

Manhours Materials Man1mrs Materials Manhours Materials
Task SK SK $K

Preliminary Design 840 1 8S0 1 1,150 2

Component Select/
Develop 920 4 1,490 6 1,360 86

Prototype Design	 ;
and build 3,180 63 4,660 65 5,160 35

Prototype Test 3,210 3S 3,620 36 3,680 36

Report 680 2 780 2 780 2

Total 81800 108 11,400 110 12,100 161

81370-1

Figure G-6

G.5 Risk Assessment

SSS . State of the Art

RR . Technology exists but may require
modification for vehicular application

D	 . Extensive development is required

ngine-Driven Heat Pump using a gasoline engine:

1. Heat Pump Technology - SSS

Z. System Efficiency - RR

3. Gasoline Engine Performance - SSS

G. Engine Waste Heat Utilization - RR

5. Heat Exchanger Technology - SSS

6. Passenger Compartment - SSS
Heat Exchange Equipment

WC*ANW"

now wcwMO►N.
..co^ro^►n^

An evaluation was made of the confidence in the availability of applicable technology

for ecch of the configurations. From this assessment, the risk incurred in achieving

a successful development within the estimated budget and schedule can be made. Please

that the code used is:

-6-



7. Unit Packaging - RR

8. Compartment Ducting - SSS

9. Compartment Lossess - SSS

10. Equipment Reliability - $SS

11. Control Strategy - RR

12. Test. Equipment - SSS

b) Thermal Storage System using ethelyne glycol as the working fluid:

1. Ethylene Glycol Storage - SSS

2. System Efficiency - RR

3. Storage Vessels - RR

4. Liquid Storzige Vessels - RR

5. Passenger Compartment
Heat Exchange Equipment - SSS

6: Unit Packaging = D

7. Compartment Losses - SSS

8. Compartment Ducting - SSS

9. Equipment Reliability - D

10. Control Strategy - RR

11. Recharge Equipment
Technology - SSS
Packaging - RR

12. Test Equipment - SSS

c) Split Heat Pump System

1. Absorbtion Technology - RR

2. System Efficiency - RR

3. Liquid Ammonia Storage - D

4. Evaporator - RR

5. Absorber/Heat Exchanger - D

6. Passenger Compartment - RR
Heat Exchange Equipment

7. Unit Packaging - RR

8. Compartment Cucting - RR

9. C mpartment Losses - SSS

10. '.quipment Reliability - 1)

.	 ,	 .
-7-7-

w.
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11. Control Strategy - D

12. Recharge Equipment
Technology - RR
Packaging - D

13. Test Equipment
Vehicle Unit - SSS
Recharge Unit - RR


	0036A02.pdf
	0036A03.pdf
	0036A04.pdf
	0036A05.pdf
	0036A06.pdf
	0036A07.pdf
	0036A08.pdf
	0036A09.pdf
	0036A10.pdf
	0036A11.pdf
	0036A12.pdf
	0036A13.pdf
	0036A14.pdf
	0036B01.pdf
	0036B02.pdf
	0036B03.pdf
	0036B04.pdf
	0036B05.pdf
	0036B06.pdf
	0036B07.pdf
	0036B08.pdf
	0036B09.pdf
	0036B10.pdf
	0036B11.pdf
	0036B12.pdf
	0036B13.pdf
	0036B14.pdf
	0036C01.pdf
	0036C02.pdf
	0036C03.pdf
	0036C04.pdf
	0036C05.pdf
	0036C06.pdf
	0036C07.pdf
	0036C08.pdf
	0036C09.pdf
	0036C10.pdf
	0036C11.pdf
	0036C12.pdf
	0036C13.pdf
	0036C14.pdf
	0036D01.pdf
	0036D02.pdf
	0036D03.pdf
	0036D04.pdf
	0036D05.pdf
	0036D06.pdf
	0036D07.pdf
	0036D08.pdf
	0036D09.pdf
	0036D10.pdf
	0036D11.pdf
	0036D12.pdf
	0036D13.pdf
	0036D14.pdf
	0036E01.pdf
	0036E02.pdf
	0036E03.pdf
	0036E04.pdf
	0036E05.pdf
	0036E06.pdf
	0036E07.pdf
	0036E08.pdf
	0036E09.pdf
	0036E10.pdf
	0036E11.pdf
	0036E12.pdf
	0036E13.pdf
	0036E14.pdf
	0036F01.pdf
	0036F02.pdf
	0036F03.pdf
	0036F04.pdf
	0036F05.pdf
	0036F06.pdf
	0036F07.pdf
	0036F08.pdf
	0036F09.pdf
	0036F10.pdf
	0036F11.pdf
	0036F12.pdf
	0036F13.pdf
	0036F14.pdf
	0036G01.pdf
	0036G02.pdf
	0036G03.pdf
	0036G04.pdf
	0036G05.pdf
	0036G06.pdf
	0036G07.pdf
	0036G08.pdf
	0036G09.pdf
	0036G10.pdf
	0036G11.pdf
	0036G12.pdf
	0036G13.pdf
	0036G14.pdf
	0037A01.pdf
	0037A02.pdf
	0037A03.pdf
	0037A04.pdf
	0037A05.pdf
	0037A06.pdf
	0037A07.pdf
	0037A08.pdf
	0037A09.pdf
	0037A10.pdf
	0037A11.pdf
	0037A12.pdf
	0037A13.pdf
	0037B01.pdf
	0037B02.pdf
	0037B03.pdf
	0037B04.pdf
	0037B05.pdf
	0037B06.pdf
	0037B07.pdf
	0037B08.pdf
	0037B09.pdf
	0037B10.pdf
	0037B11.pdf
	0037B12.pdf
	0037B13.pdf
	0037B14.pdf
	0037C01.pdf
	0037C02.pdf
	0037C03.pdf
	0037C04.pdf
	0037C05.pdf
	0037C06.pdf
	0037C07.pdf
	0037C08.pdf
	0037C09.pdf
	0037C10.pdf
	0037C11.pdf
	0037C12.pdf
	0037C13.pdf
	0037C14.pdf
	0037D01.pdf
	0037D02.pdf
	0037D03.pdf
	0037D04.pdf
	0037D05.pdf
	0037D06.pdf
	0037D07.pdf
	0037D08.pdf
	0037D09.pdf
	0037D10.pdf
	0037D11.pdf
	0037D12.pdf
	0037D13.pdf
	0037D14.pdf
	0037E01.pdf
	0037E02.pdf
	0037E03.pdf
	0037E04.pdf
	0037E05.pdf
	0037E06.pdf
	0037E07.pdf
	0037E08.pdf
	0037E09.pdf
	0037E10.pdf
	0037E11.pdf
	0037E12.pdf
	0037E13.pdf
	0037E14.pdf
	0037F01.pdf
	0037F02.pdf
	0037F03.pdf
	0037F04.pdf
	0037F05.pdf
	0037F06.pdf
	0037F07.pdf
	0037F08.pdf
	0037F09.pdf
	0037F10.pdf
	0037F11.pdf
	0037F12.pdf
	0037F13.pdf
	0037F14.pdf
	0037G01.pdf
	0037G02.pdf
	0037G03.pdf
	0037G04.pdf
	0037G05.pdf
	0037G06.pdf
	0037G07.pdf
	0037G08.pdf
	0037G09.pdf
	0037G10.pdf
	0037G11.pdf
	0037G12.pdf
	0037G13.pdf
	0037G14.pdf
	0038A02.pdf
	0038A03.pdf
	0038A04.pdf
	0038A05.pdf
	0038A06.pdf
	0038A07.pdf
	0038A08.pdf
	0038A09.pdf
	0038A10.pdf
	0038A11.pdf
	0038A12.pdf
	0038A13.pdf
	0038A14.pdf
	0038B01.pdf
	0038B02.pdf
	0038B03.pdf
	0038B04.pdf
	0038B05.pdf
	0038B06.pdf
	0038B07.pdf
	0038B08.pdf
	0038B09.pdf
	0038B10.pdf
	0038B11.pdf
	0038B12.pdf
	0038B13.pdf
	0038B14.pdf
	0038C01.pdf
	0038C02.pdf
	0038C03.pdf
	0038C04.pdf
	0038C05.pdf
	0038C06.pdf
	0038C07.pdf
	0038C08.pdf
	0038C09.pdf
	0038C10.pdf
	0038C11.pdf
	0038C12.pdf
	0038C13.pdf
	0038C14.pdf
	0038D01.pdf
	0038D02.pdf
	0038D03.pdf
	0038D04.pdf
	0038D05.pdf
	0038D06.pdf
	0038D07.pdf
	0038D08.pdf
	0038D09.pdf
	0038D10.pdf
	0038D11.pdf
	0038D12.pdf
	0038D13.pdf
	0038D14.pdf
	0038E01.pdf
	0038E02.pdf
	0038E03.pdf
	0038E04.pdf
	0038E05.pdf
	0038E06.pdf
	0038E07.pdf
	0038E08.pdf
	0038E09.pdf
	0038E10.pdf
	0038E11.pdf
	0038E12.pdf
	0038E13.pdf
	0038E14.pdf
	0038F01.pdf
	0038F02.pdf
	0038F03.pdf
	0038F04.pdf
	0038F05.pdf
	0038F06.pdf
	0038F07.pdf
	0038F08.pdf
	0038F09.pdf
	0038F10.pdf
	0038F11.pdf
	0038F12.pdf
	0038F13.pdf
	0038F14.pdf
	0038G01.pdf
	0038G02.pdf
	0038G03.pdf
	0038G04.pdf
	0038G05.pdf
	0038G06.pdf
	0038G07.pdf
	0038G08.pdf
	0038G09.pdf
	0038G10.pdf
	0038G11.pdf
	0038G12.pdf
	0038G13.pdf

