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ABSTRACY

The design of environmental control subsystems (ECS) for the passenger com-
partaent of el ctric and hybrid vehicles requirce new approaches. Conventional
as vell as unconventional techniques were ideatified for providing environ-
mental control suited for the unique characteristics of electric and hybrid
vehicles. These techniques included various types of heat pumps, thermal
encrgy 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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EXECUTIVE SUMMARY

This final report contains the results of a nine-month study contract awarded
to Mechanical Technology Incorporated (MTI) by the Jet Propr.lsion Laboratory,
Pasadena, California. The program ovjective was to select an environmental
control subsystem (ECS) suitable to the unique charactericstics of electric
and hybrid vehicles. The study, in addition to addressing the need for en-
vironmental control in .ane passenger compartments of these vehicles, also
examined various methods of obtaining the desired temperature control for

the battery pack.

Both conventicnal and innovative concepts were considered during the studv,
which began bv 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 produrt 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 studv 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 kev 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; time required to reach steady-state operation; relative
humidity; number of air exchanges; safety (defogging and defrosting); and

state-of-the-art surveys. The design point conditions for thce passeni

e —viii-
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compartment vere derived fros mathematical modelling of the physical, physio-
logical and psychological processes involved in the determination of thcrmal
comfort. The model, based on a therual comfort equation developed by

P.0. Fanger, accounted for:

Thermal exchange with environment
Change in stored heat
Physiological response triggerinp vasomotor wechanisms

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
T.. dry=bulb cemp. >68°F <75°F
T, wet-bulb temp. = <78°T
Air velocity 0.5 meter/sec <l1.5 meter/sec
at the passenger
Tmr' mean radiant temp. Limit Not Specified

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 10 of

the total car population.” The resulting design point specifications are:
Conditions For Heating Season For Cooling Season
7, -10°F 100°F
Ty - 74°F
Air Velocity 45 mph 45 mph
Solar Insolation - 326 Btu/hr/fu?
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Duration of environmental control was another important parameter in deter-
wining the ECS functional requirements. Trave) scenarios depicting typical
U.S. driving patterns vere constructed in order to establish the following

BCS desiy. load specification:

Continuous 17,000 Btu/hr (*5 kW)

2.5 hours of operation maximum (passenger compartment)
42,500 Btu (maximum)

10 hours of recharging

10 hours of unplugged operation for battery temperature controller.

o Battary Temperature Control

Key objectives in establishing the functional requirements for maintaining

temperature control within the battery compartment were to:

Ensure availability
Enhance power density
Enhance energy density

Inc-ease number of life cycles

Improve charge/discharge efficienty.

Specific configurations, which used insulation to trap the by-product heat
available from the batteries, were quantitatively examired. 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 materianls

were considered.

The requirement for rejection of heat from the batteries is straight forward.
In the calculations, the batteries are permitted to reach 130°F and it is
assumed that ccoling air at 100°F is usvailable. With that temperature dif-
ferential 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:r that
uses ambient air for cooling., Attention should be given to sccuring the
lowest available temperature, avoiding stagnant, under-hood heated air. An

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

) ﬁ&" Lo PN OBV - -
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battery pover when under way, may be useful for geographic areas with se-
verely cold conditions.

The 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.

ldentification and Ranking of ECS Elemente

Because an electric vehicle is designed to significantl, reduce the use of
petroleum-based fucl, the maintenance of the thermal environment within tne
passenger compartment should use littie or no fuc! of this type. With this
goal as a ‘ocus, over B0 elements for heating and/or coolinpg of electric
vehicle passenger compartments were studied. Key conasiderations included
component efficiencies, system COP, system capacity and system weight, Pre-
liminary calculations werec performed to determine each element's viabilitv
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.

3

For heating, a package weighing less than 60 lb and occupving less than 1 ft
was identified. This unit provides adequate heating at ambient temperaturer
as low as -10°F and requires no on-board storage of a petroleum-based fuel.
For combined heaving and cooling, a package weighing less than 200 1b and
occupving less than ¢ ft3 was identified. Such a unit also dves not require

on-board storage of pasoline or enerpy from electric batteries.

ECS elements were divided into the following categories:

e lleat pumps
e Thermal storage

@ Reversible thermochemical reactions.

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

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

Ot
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Thermal storage schemss under evalustion used either sensidble heat or
latent heat of phase change; 1.e., salts, oils, paraffins, sand, liquified
gases. Reversible thermochemical reactions were identified as having the
potential for heat storage .n 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)
Noise level (10)
Environmental impact (5)

Packaging and volume (5)

Development status (5).

Selection of Recommended ECS Elements

Brsed 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 1s the preferred configuration. Although this type of system offers

*Numbers in parentheses indicate weighting factor assigned to each criterion.
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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 ECS element requires no on-board use of petroleum 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 lavel and s short development period.

Preliminary calculations indicate than an ammonia-water split hcat pump
meets all functional requirements in a cost-effective manner; hence, its
selection as the "best" configuration for long-term development. This
system, which alsc 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. 1t offers low overall weight, as well as Jong storage perfods

that are comparablye to pasoline engines,

In the split heat pump system, the thermodynamic process rates can be
operated independently. 1t is thus possible to design the home=base
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 accomplished with a varietv of

energy sources, including electricity, oil, natural gas or even wood.
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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 concerned. 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. Mos: 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
and state laws for reasons of safety; for example, defogging and defrosting
of windshields.

A straightforward adaptation of the techniques used in vehicles equipped
with 1.C. engines is not possible due to the following differences in the

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

1) 1I.C. engines produce large quantities of heat as a by-product,
whereas electric vehicle motors generate relatively little
heat as & 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 1.2, 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.

— BECHANCAL
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Thus, nev approaches aie required to address the need for environmentsl
control of the passenger compartment of electric and hybrid vehicles. i

The environmental control subsystem elements will have some impact on the
performance of other subsystems. Any decrease in range or acceieration of
an electric vehicle caused by itsc 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 nrovide a basis for selection and

to select, for the purpose of potential yrototype development, those elements
comprising the Environmental Control Sutsystem (ECS) that arc 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 which are different from normally encountered ambient tem-
peratures. For some battery types, higher than ambient temperature is most
suitable; others, however, need lower temperatures. This study examined
various methods of obtaining the desired temperature control for the battery

pack.

1.1 Report Organization

The work on this study was divided into wvarious subtasks. Detailed reports
were issued on these subtasks or groups of subtasks., This report summarizes
the work presented in those reports. However, for the sake of readv ref-

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

WECHANCAL
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2.0 FUNCTIONAL REQUIREMENTS SPECIFICATION

As nev 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 1 schematically shows the ECS function: to provide
desirable environmental conditions within the controlled space (passenger
compartment) when the ambiert 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. 1In 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 boedy, viz., reducing cracks between doors and bod)
to reduce unintentional air infiltration, using double thermopane glass for
glazing, photo-chromic glass to reduce radiation loads, and use of selective
coatings to expl: it 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 8000 to 25,000 Btu/hr for heating in the case of a compact size auto- i
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 reqirements, 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 mostlv
experimental and empirical. However, considerable analytical work has

been carricd out for the home and work environment. A thermal comfort
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equation, developed by P.0. Fanger, 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-
culstion rate, etc. The criteria for comfort are based on values of
measurable physiological varisbles 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-
wetric charts. One such chart is shown in Figure 2.

Two design conditions are identified for the environment within the
passenger compartment. These conditions 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
assumpticn 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 1% of the time for less tham 1% of the

total car population.”
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TABLE 1

DESIGN POINT SPECIFICATIONS

PASSENGER COMPARTMENT

Air Exchange > S cfm/person

Parameter During Heating Season During Coolinge Season
T'. dry-bulb temp. ~68°F <75°F
T, wet-bulb temp. - <75°F

Air velocity at the
passenger <0.5 meter/sec

<1.% meter/ser

T Limit Not Specified

mr
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Table 2 shows the parameters and their values for ‘design ambient conditions"”
for summer and winter. These values 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
winimize 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. 1In 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 ar¢ 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 Design Load Specifications

Tahle 4 shows the load specifications as determined from the above exercise.
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TABLE 2

DESIGN POINT SPECIPICATIONS

AMBIENT CONDITIONS

Conditions

For Heating Season

For Cooline Seuscn

T‘ (Dry Bullt Temp.)

Tw (Wet Bulb Temp.)
v (Wind Velocity)

Solar Insclation

-10°F

45 mph

100°F
14°F

45 mph

326 Btu/ hr-ft®
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IABLE D

ACTUAL DRIVING TINES FOR VARIOUS TRAVEL SCEMARJOS

Scenario Driving Time

(hours)

SAE J227a, D Cvele

Repeated 65 Tines 1.75

Work-Related

Travel 0.734

Shopping and Other

Non-work-related Travel 0.584
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3.0 IDENTIFIC:.'ON OF BCS ELEMENTS

3.1 Introduction

Environmental control of the passenger compartment of electric vehicles
requires both hesting and cooling subsystems. Because an electric vehicle
is designed to significantly reduce the ute of poetroleum-based fuel, the
maintenance of the thermal environment within .i.c passenger compartment
should use little or no fuel of this type. With this goal a5 a focus, a
variety of heating and air conditioning elements, which use & variety of
energy sourcer, 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 _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, hcat can be added or removed in two ways. The first method
ir addition/removal of heat in the form of heat itself. In this case, the
amount of energy required to be stored is equal to or greater than the quan-
tity of heat to be supplied/remnved. 1. the second method, total added/
removed heat 1s 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 work
component needs to be stored. Becavse 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 reduced energy storage requirement will be attenuated to a

certain extent.

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

and at low temperature for cooling) or some other form such a- chemical or

S 10 C AN A
TICneon 08" -12-
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potential. When energy is stored directly in the form of heat, no energy
converaion is required, and no conversion-associsted 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 dDetween the
storage and ambient temperatures, and on the level of insulation. When
energy is stored in some 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 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, the storage timc is unlimited.

3.3 Energy Source

The source of energy availahle precents 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 conceivatle. Furthermore, ice, dry ice (solid form

of C02) 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:

® Heat Pumps (2.0)*
e Thermal Storage (3.0)*
® Reversible Thermo-Chemical Reactions (3.0)*

*The numbers in parentheses show the section numbers of Appendix C in which
these categories arc discussed in acetail.

— NICRANCA
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3.4.1 BHeat Pumps

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

o Vapor-compression heat pumps driven by a gasoline engine
or electric motor (2.1)*

9 Thermal engine heat pumps (2.2)*

® Absorption-cycle heat pumps (2.3)%
o 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 {s 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. An 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 refrigecrant
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 parage. Thus, when the vehicle's propulsion
batteries xre 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 stovage. High-temperature thermal

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

B noeeer -15-
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storage systems act as heat sources from vhich heat can be extracted for
heating the vehicle. Low-temperature thermal storzge systems can be used
as heat sinks to which heat can be rejected from the hot envircament 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 absordbing 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.

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 reactiens, 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, the
same materials can be used over and over again many times.

L s mta
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TABLE §

ENERGY DENSITIES FOR VARIOUS BATTERIES

! | | |
[ Storaage | Gravimetric | Volumetric |
| Type I Energy Density | Energy Density |
| [ (Btu/1b) 1 (Btu/ft3) |
| 1 | |
| | | |
| | | i
| Lead-Acid Batteries | | i
| Present | 54 | 5,800 |
| | | |
| { | |
| Advanced | 77 | 8,700 |
| | | |
| | ] I
| Ni=Zn Batteries l | |
| Present | 108 | 11,100 ]
| ! | |
| | ! |
| Advanced | 130 | 14,500 |
l | | |
1 I . A | !
 ECwamtaL
< onroaaee -17-
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In the field of solar energy research, many reactions have been identified
that have energy densities of thousands of Btu/lb and, thus, may provide a
basis for compact electric vehicle ECS decigns. Hovever, this field of
study has received attention only recently and information presently availa-
ble in published literature is inadequate to make engineering decisions.
Section 4.0 of Appendix C deals with this topic in further detail.

- CRAMCAL
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4.0 PROCESS OF SELECTION OF ECS

4.1 Elimination of Inappropriste ECS Elements

Many elements for providing heating and/or cooling are identified and
described in Appendix C. Many of these have been eliminsted from further
consideration as they are judged not to have potential :or development to
8 practical scheme. The reasons for eliminating any particular element are
some combinations of the following:

1) Too expensive (above $1000)

2) Too heavy (above 500 1b)

3) Too bulky (over 10 cubic ft)

4) Too complex

5) Unacceptably high safety hazard

6) Not enough information available to enable
determination of various 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 reiative importance

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

] [ R ~19-
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TABLE 6
ELIMINATION PROCESS

Pg. No. In Availsble Avatladle (dNumber Code
s T S0TRS) tor Hesting | for Cooling | Remark® | Prem Text)

Reat Py
Gesol iae-Ingine~Driven

Seat Pusp 2-20 } 1 [ ]
MII Nest-Activated

Heat Pump 223 X (LTD) R
Absorption Cycle Heat

Pump 2=26 x x 4 o3
Theraoelectric Hest 1,0 -

Pump =) x X E battery
Localized Thermoelectric 2=41} x x (LTD) R
Thermos.ectric/Scorage

Comdination =42 X x | 4 1
Magneti. leat Pump 242 x x £ 1.2
Water. LiBr 2= X R
ARDON{S water -5 X X R
Water J-1 X x L}
L10OH 3=7 x R
NaON 3?7 x R
LoF 1.7 X R
NnOH-N.NOJ 3=13 X R
IL:(:OJ-?h:(:OJ-I.l:CoJ 320,21 x R
1..1.,C03 )=21 x R
Sodi{um Sulfaete Decahve-

drate Glauber's Salt) 3=2] x 3 2
Polvethviene Pellers 323 X £ 2
Other Phase=-change

Salts, Table 3-9 3=28 x | 4 2
Liquifiec Cases =20 x £ 1,4,8
Paraffins 328 X E 32
Organic Otls, Table 3-10 3-30 X R
Sand 3=33 x E 2.1
Compressec AlT 3=)? X X 4 3
Aomoniatec Salts =] X £ [
Reversibie Thermo-

chemica. Reactions,

Table «<2 b= X £ 3
Reversibie Thermo-

chemical Reactions,

Table «-3 b=3 X E 3,0
leLlH‘ bob x X E
FQTLH! PRy x x E N
Hll-l‘ =10 X X (LTD) R

efeflisinated; ReRetained for Further Consideration: (LTD)ReRetained Due to Long-Term Development Potenzial

Londitions

-»

“amb ® -)10°F Hoat Rate » 17,00 Bru/hr
Vehicle Space Temp. ® 75°F Total Quantity of Hea: Added or Removec ® 2,500 Btu
-20- :



marks given to s system for any given criterion represent the degree of
"goodness" of that system for that particular criterion in comparison with
the system used as a baseline reference system. The baseline reference
systen is taken as a gasoline engine driven heat pump.

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 {.ctors 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 environmental
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 schenes,
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 size 1s 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.

] (e -21-
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TABLE 7

CRITERIA AND ASSOCIATED WEIGHTING FACTORS

Criterion Weighting Factor ‘W
Capital Cost Characteristics:
1. irst Cost 28
2. Svstem Life L)
Use Characteristics:
3. Range Impact 10
4. Energy Efficiency S
. Scorage Period 5
6. Maintainance Cost ig
7. Performance lmpact
Environmental and Safery Characteristics:
8. Consumer Perception of Safety 5
9. System Noise 10
10. Other Environmental Impacts 5
Oevelopment and Manufacturing Characteristics:
11. Ease of Packaging ané Volume 5
12, Development Cycle Through Commercialization 5
TOTAL 100

- WECRANCAL
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TABLE 8
SUMMARY OF SYSTEM CRITERIA RANKING PROCESS

Degree of Uncertainty of the
Criterion Marks For Each System

m
First Cost

System Life

Range Impact

Energy Efficiency

Storage Period

POl e et ] s} R s

Maintenance Cost

Performance Impact

L | —

Consumer-Perceived Risk
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 variauility due to personal preferences).

2 Engineering judgment based on engineerinpg characteristics.

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

AR Tecam, -23-
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Subjectivity is built into the entire ranking process. This comes at three
different levels:

1) Belecting the criteris
2) Assigning veighting factors to the criteris
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 conclusiong 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 arc 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-term development: Thermal storage

with water

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

pump .

. EECHAMEA
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TABLE 9
l SULTS OF RANKING SYSTEM

——

System Type System Score
Thermal Storage with
Water 2460
Aqua-Ammonia Split

Both Heat Pump System 195
Heating and
Cooling MT1 Heat-Activated
Heat Pump 136
Gasoline-Engine~Driven
Heat Pump 100
Thermal Storage with
Water 377
Thermal Storage with
- - »

K2C03 N32C03 Li?_CO3 208
Thermal Storage with

Heating Only Li,CO3 208
Thermal Storage with
Organic 0Oil 198
Thermal Storage with
LiOH 195
LiBr-Water Split Heat

Cooling Only Pump 213




5.0 DESCRIPTION OF RECOMMENDED SYSTEMS

5.1 Ammonis-Water Split Heast Pur:

Basically this 1is s conventional absorption-type hest pump. The major
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 home 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
rooling. Figure 5b shows the system in the cooling mode.

As the system is split in two subsystems, the rates of thermodynamic pro-
zesses in the two subsystems can be independent of each other. It is thus
possible to design the home base 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:

® On-board-the-vehicle equipment:
- Weight 316 1b
- Volume 6.8 cubic feet
- Heat transfer rate 17,000 Btu/hr
- Total quantity of heat transfer 42,500 Btu
- Cost §365
MRS =S -26-



Split Heat Pump System

Insulation

High-Pressure
Liquid Ammonia

Heat Exchanger in
f Passenger Compartment

Disconnect for

AN

Ataiamigturiing
gty wirgtasbsion

Expamion Valve

Disconnect for S,
Charging Ambient =
Temperature o

Heat Exchanger

Low-Pressure
Water

81392

Figure 4.
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¢ Home-base equipment:

- Maximum heat transfer rate 700 Btu/hr
- Cost $361

The salient points about the system are:
Benefits
e No moving parts on board the vehicle
® No on-board use of petroleum fuel

® Long storage periods of similar order of the

system with gasoline engine
e Very little noise
® Low overall weight on board the vehicle
e Applicable to both heating and cooling.
Drawbacks
® Longer development period

® Perceived safety aspect.

5.2 Thermal Storage With Water

In this system, thermal energy is rtored 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 ice during frozen state, purc water is on-
closed in many evlastomer balls. ‘These balls are then kept in a tank

poa W8 CRANPIAL
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containing vater with antifreeze like ethelyne glycol. The water with
antifreeze is used as & heéat transfer fluid and is circulated through the
fluid to air heat exchangers located in the passenger compartmsnt. Ap-
propriate containers are adequately insulated to limit heat loss to 5% 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:

e On-board-the-vehicle equipment:

- Weight (including water) 333 1b

- Volume 5 cubic ft
- Parasitic power 365 W

- Heat transfer rate 17,000 Btu/hr
- Maximum heat transferred 42,500 Btu

- Cost $300

e Garage Equipment

- Heat transfer rate (24-hr basis) 700 Btu/hr
- Cost $350

The pros and cons of this system are as follows:
Pros
® No on-board use of petroleum fuel
e Very little noise
o Applicable to both heating and cooling

® Simplicity and similarity with present

automobile heating systems

® Short development period.

— MICRANCAL
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Thermal Storage System

AIR TO LIQUID WEAT EXCMANGEP
/ IN PASSENGER COMPARTMENTS

ve
SERVICE s Bt SERVICE
VALVE VALVE
SERV|CE WATER AND SERVICE
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INSULATION
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“ /| CONTAINING
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- MACRANCAL
TEOBL0 Y -'}]_

R

Mae i



Sons
® Limited storage period

¢ Capadble of providing heating or cooling only on
8 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. 1t 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:
o Weight 175 1b
e Cost $750
Benefits and disadvantages of this system are as follows:
Benefits
® 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
® Hazardous fumes

e Maintenance.

= MCRuNca
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Engine-Driven Heat Pump
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ABSTRACT

The specification for design point conditions for designing Environmental
Control System (ECS) elements has been derived t¢ minimize energy consuzy-
tion without sacrificing comfort.

The rationale for deriving values of various parameters defining conditions
in the passenger compartmunt is based on the use of mathematical modelling of
physical, physiological and psvchological 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 automcbiles, 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 fev
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 Tech=-
nology Incorporated (MTI) studied various means of reducing the heating and
cooling loads. The study focussed on the objectives of providing ECS equip-

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

e Driver operaticn of the vehicle with maximum efficiency for

accident avoidance

o Thermal comfort to occupants.
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INLE)
MT1 SURVEY RESULTS OF CURRENT BCS DESIGN PRACTICE FOR AUTOMOBILES*

o Ambient Conditions (a/c)

Drv-Ruld Temp. 100° @ 110°F
Wet=ult Temp. 70° e 75°F
Relative Yumidity (RH) 30 = 40X

o Inside Conditions (a/c)
Steady State

Dry-Rulb Temp. 75°F
RH Not specified
Air Rate (fresh air
and recirculated air) 100 == 200 cfm
Air Exchange Rate
(fresh air only) 10 «o=am 200 cfm
Cooldown
Ir.itial Temp. 140° esem 145°F
20 minutes 76° st 86°F
e Capacity (a/:c) 22,000 e» 26,000 Btu/hr
{(6.45 wmum 7 61 kW)
e C.O0.P. (a/c) 1.8
o Fuel Rate (a/c) 1 gal/hr
o Weight (a’c) 9C ewm 100 1b
e Heating

Ambient Conditions

Drv=Bull Temp. -10° ea——e= 2°F
Inside Condition 75°F
Capacity 8,000 ==e= 25,000 Btu/hr
(Steady State) (2.35 «wa= 7 3] kW)
(Quick Heat) up to 50,000 Btu/hr
(14.6 kW)
Time to Warm Up
4L0°F 10 minutes
75°F 25 minutes

*No mandatory standards exist for ECS design for present automobiles excuit
for windshield defogging, defrosting and glazinc transmission.
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TABLE 2

IMPLICATIONS OF INFORMATION* ON ELECTRIC VEHICLE APPLICATION

At Design Points

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

required per hour of operation

e For heating, about 1.8 batteries (Ni-Zn) of 60 1lb each

required per hour of operation

Supporting calculations needed.

*Taken from Table 1
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ENERGY CONSUMPTION FOR THERMAL COMPORT TRADE-OFF STUDY

Relatively little information is available in the published literature about
characterising thermal comfort causa~-effect relationship in the case of auto-
mobiles. Only two papers [1,2]* have been found which address this topic.
However, extensive research has been performed in this f£ield in the case of
buildings, and substantial information is availadble 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 activicy 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 specificaticns 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 i{s 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 ware made to maintain simpli( ity in
the concept of "temperature' as an indicator of thermal comfort or the lack
of {t. Various indices or "effective temperatures” wvere defined, which
combined the effects of the four environmental factors (dry=bulh teaperature,
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 ASHRAE Handbook of 1977 Fundamentals, Chapter 8, pp. 8.16-8.18.

The subject of thermal comfort recently has been studied from a ratioral
approach. In such an approach, a physically measurable definition of com~
fort i{s 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, psvchological and physiclogical perceptinns. 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 phvsioclogical 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 space from these value
points represents a degree of discomfort. The extent of discomfort can be
assigned a numerical value by the distance (a suitably defined metric)

of the point from 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 pnysiclogical processes involved in the thermoregulatory mechanisms of
the body.
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TABLE 3*
STATE=-OF-COMFORT VALUES FOR MOST INDIVIDUALS

PARAMETERS COMFORT

Mean Weighted Skin

Temp. (T)) 33.3 °C
% Wet Skin z 20%

- °
Tfinger :20%¢

- °
Ttoe : 18.5°C

Deep Body Temp.

- -]
(Tre) 37 £ 0.5 °C
Change of Body Heat Content (4S) 0 Kcal
% HZO LOSS 0%
WORK 100 kcal/hr
Heart PRate (HR) 60 - 80/min
where:
Tfinger = temperature of the tips of the fingers
T = temperature of the tips of the toes

toe

*Adapted from Goldman [3].
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MATHEMATICAL MODEL FOR EVALUATION OF PHYSIOLOGICAL RESPONSES

One mathematical model used by Azar et 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:

o 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
o Clothing insulation

e Physiclogical 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

- mean radiant temperature of the surroundings defined
in the ASIRAE 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, I'Lo’
.

which has dimensions of thermal resistance.
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The flow diagram of Figure 1 shows the schematic of the logic in the developn-
ment of the model. This model shows that the physiological responses are
the dependent variables, and are functions of six independent variables (Ta.
Tv. an' v, Iclo' and m). The variable m is the rate of heat generation
vithin 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(Pn) (D
Pn . Pn(Ta' Tw. Tmr' v, Iclo' m, t) (2)
where

-
Pn s vector of phvsiological response state variables

Cm = metric of comfore.

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

Lm - Cm\Ta. T, T . .,v, 1 . m,t). (3

w mr clo

EQUATION FOR COMFORT AND ITS TYPICAL SOLUTIONS

For condition of optimal comfort,

C_ =0,
m
Hence,
0= Lé(Ta' Tw' Tmr‘ v, Iclo‘ m, t) (=)

~epresents an equaticn of comfort.

In steady state,

« C(T T T v, 1 m). N
0 wttat W tmrt Y Cele! ) (

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

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

is xnown as .he Fanger Comfeort Equation. 1In the electric vehicle applica-

tion, the passenvers ran be considered as sedentary, and hence,
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Thus, Equation (5) is modified to

0= C‘;"(T.. T T » Vv, 1 ) (6)

w' ‘mr clo

with five independent variables.

The solution of Equavion (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:

- ' PR
Tw Tw(Ta' Tmr' Vs 1:lo” (

Further constraints are introduced:

T =T
a mr

IClo = 0.5 clo.

Thus, Equation (7) reduces to

T =T (T, v). (8)
w w a

v is now assigned a specific value, as:

v = 1.5 meters’sec.

Hence, Equation (8) reduces to

T = T ““(T). ("
W w a

Thus, the line shown on the map of Tw. Ta in Figure 2 for v = 1.5 meter sec
is a plot of Equation (9). Similar lines are drawn for different values for

the velocity,

Following the line for v = 1.5 meter/sec, the effect of relative humiditv on
thermal comfort is shown. With 0% relative humiditv, a condition of thermal

confort exists at Ta = 85,5°F. Whereas, when relative humidity increases tc
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100Z, the value of T. needs to be reduced to B2°F. A similar effect of high
relative humidity in reducing T. for thermal comfort can be seen at other
air velocities.

The effect of air velocity can be seen by following the line of 100% relative
humidity. At essentially standstill air, the Ta needs co be reduced to 76°F,
although it can be as high as 82°F when air velocityv 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 Ta can be as

high as 76°F for the same levels of air velocity and relative humiditv,

Figure & shows the effect of mean radiant temperature, Following the line
of standstill air shows that Ta needs to be reduced 5°F for every 10°F

rise ia T
mr

Figures 2, 3 and 4 are called 'Generalized Comfort Charts of Fanger” and are
reproduced from the ASHRAE Handbook of 1977 Fundamentals, pp 8.23 and 8.26.

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

comparison is made between extreme conditions of wearing a business suit

(1
clo
clothing (Icl~ = 0.3), air velocity of 1.5 meter/sec and 100% RH with a

= 1), standstill air, 100% RH with a Ta of 71°F.and wearing light

Ta of 82°F. The total temperature difference is l1°F. 1If outside air is
assumed to be at 95°F, 60% RH, the reduction in cooling load required to

cool fresh air is seen from the following table:

° . Enthalny Cooling Required
Ta( F) RH (%) {(Btu’lb of drv air) (Btu/lb of dry air)
95 60 47.121 0
8. 100 45.90 1.221
71 100 34.95 12.171
g SECHAMCAL
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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 rarelv the case. Also, the radiatiocn 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 cf 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 insignificant 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 trins
of short duraticn (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 steadv=-state comfort equation Iis

of limited value in the studv of electric vehicles.

A modification of the comfort equation to incorporate the time effect can be
based on a model from Azer et al.[«]. However, various authorities have
pointed out 4 lack of correlation in the predictions of comfort with experi-
mental data during transient conditions lasting less than 10-20 minutes.

Since only the steadv-state modelling results can be relied on for informacion
at tne present time, more research is -ejuired to incorporate the effect of

time.
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AIR EXCHANGE CONSIDERATIONS

In the current automobile ECS practice, more than 4C% of the thermal load is
presented by the infiltration of outside air either coming in through cracks
and lesks or intentionally introduced by blowers. A significant reduction
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 C02 concentration to a safe, low level bv removing
exhaled CO,

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 [6] 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 bv 10 feer 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 dicxide 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.
Bv taking 1 hr as the time interval, the above balance gives

{+ T COZ]

Volume in + volume produced = volume discharged"
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Now, under standard atmospheric conditions, the following facts are noted:

Amount of CO2 in fresh air is 0.0003 cu ft per cu ft of
fresh air.

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

Breathing becomes difficult when the amount of CO2 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 CO2 buildup, let:
bin s rate of volume of fresh air in (cu ft/hr)
. . ¢
vin co,, rate of volume of CO2 coming in with the fresh
- air (cu ft/hr)
v = rate of volume of CO, produced by the occupants
p CO, 2
- (cu ft/hr)
v = rate of volume of CO, discharged (cu ft/hr)
d CO2 2
N = number of occupants.

Using these facts,

b, o, ” 0.0003 bin
bp co, « 0.6 N

and
v, co, £ 0:02 &in

-

(neglecting small changes in the volume of discharge air due

to the generation of CO,)

Hence, in steady state

Vin co, ¥
-

¥ ~ ! ¢ ] .V
0.0003 ¥, + 2.6 N ¢ 0.02

¥p co, = a co,

-

in
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Hence,

\ 0.6 N
Vin 2 0,02 - 0,000)

(i.e., 61n > 30.4 cu ft/person-hr).
Thus, an air exchange of 0.5 ftalninutc/pcrlon is all cthat {s required to
satisfy the 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 compar:iment either by making the compartment
gas-tight or by ventilation,

Odor removal can be accomplished by dilution, masking. adsorption, or
absorpticn. No mandatory requirements exist for automob.le air exchange.
The ASHRAE standard 62-73 for Natural and Mechanical Ventilation for volume
of air intake will be used as follows:

o For electric vehicles utilizing ECS elements which will not
result in any hazardous fumes or gases - 5 f:3/min/person

o For electric vehicles utilizing ECS elements which may
result in the generation of hazardous fumes or gases -

15 ft3fmin/person

o For hybrid vehicles - 15 ft3/min/perlon.

AMBIENT CONDITION DESIGN POINT SPECIFICATION

The size and weight of the ECS is determined by the difference in conditions
it has to produce between the ambient and the controlled space. The desir-
able conditions in the controlled space are relctively constant. However,

the ambient conlitions vary over a wide limit.

DETERMINATION OF DESIGN DRY-BULB TEMPERATURE

In the case of ECS design for buildings, the design-point, drv=-bulb tempera-
ture and coincident wet-bulb temperature are selected in such a wav that
— WACRAMEA -17-
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the resultant heating and cooling loads will be exceeded less than a certain
nusber of hours in winter and summer, respectively. For example, the ASHRAE
Hendbook of 1977 Fundamentals, Chapter 23, has this temperature information
on more than 1000 locations in the U.S.A. for three different numbers of
hours: 5%, 2.5%, and 1% of total hours in winter and susmer. Since the
location is fixed in a building application, only local veather data statis-
tics need to be considered. In an automobile application, different size
units for different 1l( ~ations could be considered to better match the thermal
loads with equipment . .pacity. However, for the purposes of this study,
only one ECS is considered applicable all over the U.5.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 = population of cars in location i

ﬁx " dry-buld temperature which will be exceeded for x%
of the hours in a given season at location i

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

p ™ _...P-c-!—-
i N P

L cid

is]

where

N = number of locations in the data.

The car population percentage below certain temperature conditions is ob-

tained by cumulative sums, as follows:

a vz

£.P.
i1

Q (&) =
X 1

i
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vhere

61 ® 0 when 8 < @
x -

61 ® ] whe. ° > A

4
and

Qx ® total percentage of cars which will experience tempera-
tures higher than € for x% of hours in summer.

Weather data (7] 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 [8)

by city are not directly available, it is assumed in the calculations that
per capita car registration for any city is not significantly different from
per capita registrations for that entire state. Pci' the population of cars
in location i from page 18, 1is calculated for the 25 largest standard metro-
politan statistical areas (SMSA's) in the U.S. us follows:

cars registered in state(s)
Pey ™ population of (SMSA), x (~ population of state(s)

In the case of three SMSA's, more than one state was used to calculate per
capita registration (portion cf formula enclosed by parentheses). The “al

population of all 25 SMSA's considered is 347 othhe total U.S. population;

the total of all calculated car registrations (isl Pci) is ° © all regis~-

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

DESIGN POINT SELECTION FOR AIR VELOCITY AND SOLAR RADIATION

The ambient conditions of importance {cor heat load calculations are:

-3
]

drv=bulb temperature

~3
'

wet bulb temperature

<
[

air velocity

L)
t

solar radiation (direct, diffuse and reflected).
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In the case of sutomobiles, the air velocity of importance i{s the relative
velocity created by the car's own motion. Hence, the design value for this
factor is taken as 45 mph (SAE J277 - D cycle top speed).

As the electric vehicle i{s considered to be operable at all timeés of the
year and any time during the day, .he selected design value of solar radia-
tion should present a maximum load on the ECS. Thus, during the heating
season, the benefit from solar radiarion will be assumed tc 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
drv-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 V' 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 passengzr com-
partment.

Air Exchange > 5 cfm/person

Parameter

During Heating Season

During Cooling Season

Ta' dry-bulb temp.
TV. wet=bulb temp.

Air velocity
at the passenger

>68°F

“0.5 meter/sec

<75°F
<75°T

<1.5 meter sec

Limit llot Specified
mr

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.
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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

T, -10°F 100°F

T - 74 °F

v 45 mph 45 mph
Solar Insolation - 326 Btu/hr/ful
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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 meet the practical requirements for computa-
tional simplicity.

METHODOLOGY

References [1] and [2) have been identified at the end of this repore.
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.

e B8.9 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,

orgar.izational, social leisure

e Work-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 lst SEGMENT
work associated travel 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

or more miles.
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A requirement set by the contract for this study is that one of the scenarios
vill be 65 repetitions of the SAE 227a - D driving cycla. This 65-cycle
scenario demands total travel time of 1l3] minutes, maximum speeds of 72 lm/hr
(45 mph) and acceleration from 0 to 72 km/hr in 28 seconds. This scensrio
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 227a - 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 must strongly by the time

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

WORK-ASSOCTIATED TRAVEL SCENARIC

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, multisezgmented trips at moderate speeds. The elapsed time

reasonably models the references. See Table 2.
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Time=-Seconds

15
1,035
1,050
1,290
1,320

parked
20,880
20,910
21,930
22,170
22,200

end

WAL
RO 88V
WCORSORATED

TABLE 1

WORK-ASSOCIATED TRAVEL SCENARIO

Vehicle Speed - hl[hr

40
40
88
88

40
40
88
88

(aph)

(0
(25)
(25)
(55)
(55)
( 0)

(0
(25)
(25)
(55)
(53)
( 0



Drive

Stop

Drive

M nandd
WCORFONATED

Time~-Seconds Vehicle Speed - Km/hr
0O 0
18 56
160 56
176 0
180 *repeat five more times O
1,080
{: 2,520
2,538 56
2,680 56
2,696 0
2,700 *repeat five more times O
3,600
end

TARLE 2

SHOPPING- AND OTHBR-THAN;HDIK-ASSOCIATZD TRAVEL SCENARIO

-l

(mph)

(0)
(35)
(35)
(0
(0

( 0)
(0
(35)
(35)
(0
(o



SUMMARY

The travel scenarios used for the analysis in this study have the following
characteristics:

SAE 227a ~ Workrelated Shopping and
SCENARIO D Cycle travel other non=work
repeated 65 times related travel
Maximum Speed - km/hr (mph) 72 (45) 88 (55) 56 (35)
Acceleration
from 0 to -=-- lm/hr (mph) 72 (45) 88 (55) 56 (35)
in --- seconds 28 40 12
Distance per trip segment-
ke (miles) 1.5 (0.9) 18 (11) 2.5 (l.6)
Number of Segments 65 2 12
Total Distance km (miles) 97 (60) 36 (22) 30 (19
Total Driving Time - minutes 105 44 35
Parking Tine - 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 et al., An Analysis of Time Budgets of U.S. Households: Trans-

portation Energy Conservation Implications, University of Pittsburgh,
1979. (funded by DOE Contract ANL-Sub=-31-109-38-5041-2)
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ABSTRAC

The report contained herein provides s description of the work completed
for Tasks 3 and 4 of the Electric Hybrid Vehicles Environmental 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 subsvstems for electric vehicle passenger
compartments. Over 40 different heating and cooling schemes are presented
including preliminary calculations used to determine their feasibility.

The discussion contains descriptions of subsystem characteristics, oper-
ating procedures, material stcrage methods, and sources of energy. The
maior parameters in the preliminary calculavions 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-bcard storage of a petrcleum-based
fuel. Combined heating and cooling can be provided by a package as small
as 200 1b and 6 ft3. again requiring no gasoline or energy from electric
batteries on board the vehicle. Determination of the most suitable sub-

‘systems will be established in furure tasks.
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1.0 INTRODUCTION

Environmental control of the passenger compsrtment of electric vehicles re-
qQuires both heating and cooling subsystems. DPecause 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 cf
this type. With this goal as a focus, this report has identified ana described
a variety of heating and air conditioning 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 & 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 feasibilicty
of each syctem. The calculations indicate that some of the svstems are
promising, while others are clearly impractical. Because no attempt has
been made to arrive at a specific configuration, 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,

wm

2]
L%

1.7 System §i

RO —

The considered systems must be sized to a given set of performance specifi-
cations in order tc assess their relative merits. Some of the parameters and
their values for performance specifications, which are reproduced in Table 1-1,
were derivec in an earlier report [1])*. In addition to these parameters, two
others have %o be specified: duration of environmental control and thermal

load.

n e o e i e i e ————— © e e e et

*Numbers in brackeis indicate Refereuces found at the end of this report.
— WICHAMCAL
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TABLE 1-1

DESIGN POINT SPECIFICATIONS

PASSENGER COMPARTMENT

Air Exchange > 5 cfm/person

Parameter

During Heating Season

During Cooling Season

T.. dry-bulb temp.
Tw’ wet-bulb temp.

Alr velocity at the

SHR°F

<75°F

<75°F

passenger <0.5 meter/sec <1.5 meter/sec
Tmr Limit Not Specified
AMBIENT CONDITIONS
Ccnditions For Heating Season For Cooling Seascon

T -10°F 100°F

a

T - 74°F

W

\ 45 mph 45 moh
Solar Insolation - 326 Btu/ hr-ftz

—— B CHAMEAL
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3.1.1 Duration of Environmental Control

Attachment A of the study contract [2) specifies that the vehicle is provided
wvith 18 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 uded in this study.
Table 1-2 shows the data on the range 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 specifiad on page 2 of Attachment B, "Functional Requirements"
of the contract [2) for 65 repeats of the Jet Propulsion Laborasory (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 J227z 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 unnecessary, as the ECS can be recharged during the same period the propul-
sion batteries are being techarged. 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 the other for a 2.35~hour duration.

1.1.2 Thermal Load

Thermal load is defined as 8 function of the design point specifications
given in Table i1-1 and of the structural design of the vehicle. Ruth [5]
has shown that significant reductions, up to 504, are possible in cooling

loads in summer through minor design changes. Various sources (5, &, 7]

— WiCwameaL ,
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TABLE 1-2
ACTUAL DRIVING PERIODS UNDER VARIOUS DRIVING CONDITIONS

FOR GENERAL ELECTRIC VEHICLE ETV-1

Cvecle

Two Occupants
300 1b Payload

Four Occupants
600 1b Payload

35 mph constant
speed

45 mph constant
speed

SAE J227a Schedule
D Driving Cvcle

Driving Driving

Range Period Range Period

(miles) (hours) (miles) (hours)
122 3.5 117 3.35
102 2.27 97 2.16
75 2.6 69 2.39

o AN &
FE] [ R
nCOMORS 8D
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TABLE }-
ACTUAL DRIVING TIMES FOR VARIOUS TRAVEL SCENARIOS

Scenario Driving Time
(hours)

SAE J227a, D Cvcle
Repeated 65 Times 1.75

Work-Related
Travel 0,734

Shopping and Other
Non-vork-related Travel 0.584

=1 [ 1-6
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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 summer, the cooling load consists ¢ solar, conductive, convective,
human, and instrument loads. The relative values of these factors have

been estimated by Ruth (5] and are reproduced in Table 1-4. During winter,
the solar load is negative, but toc allow for night conditions, this load

is considered to be zero. The human load is also negative. The conduc-

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 17,000 Btu/hr (5 kW)
both in winter and in summer. Thus, the total quantity of heat that needs

to be removed or added is given as:

s For one hour - 17,000 Btu
o For 2.5 hours - 42,500 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 twe iy! The first method
is addition./removal of heat in the form of heat itsulf, In this case, the
amount of energy required to be stored is eq ©  or greater than the
quantity of heat that needs to be supplied/.¢ .- 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 2 source/sink of heat,

only the werk component needs to be stored. Ber-use most of the energy

== E



TABLE 1-¢
BREAKDOWN OF COOLING LOAD

Load Value Percent of

(Btu/hr) 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
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is obtainsd from the atmosphere, the work component represents only a frac-
tion of ths total energy requirement. However, unless the work can be stored
in the form of potential energy, significant losses are dbound to occur in
converting auny other form of energy, such as chemical or hest, to work. Thus,
the advantage of a reduced energy storage requirement will be attenuated

to a certain axtant,

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 is 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
energy is stored in some other form, it has to be converted to either heat
and/or work. This conversion requires equipment and results ip an energy
loss which can be utilized only in the heating mode to a small degree. 1In
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 orde-
of only a few hours, unlesc 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 appropr.ate scheme for the electric vehicle ECS. Energy could be
obtained from private residences in the form of electricity, natural gas,
heating 0il or waste heat, and from service stations in the foim of gasoline,
propane, etc. Delivery of liquid hydrogen, nitrogen, oxygen or air from a
suitable source is also conceivable. Futhermore, ice, dry ice (sclid form

of COZ) or iiquid ammonia could constitute suitable sources of energy.

MICWaCA 1-9
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An ove.riding factor in the selection of a suitable energy source is related
to the end product after the utilization of the energy on board the vehicle.
The end 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
rust be kept in perspective.

1.4 Categories of ECS Elements

The various ECS elements considered can be divided into three general
categ'ries. These categories and their respective report section numbers

are as follows:

e Heat Pumps - Section 2.0
o Thermal Storage - Section 3.0

e Reversible Thermochemical Reactions = Section 4.0

Within these categories, specific ECS elements are defined and described.

1 (o 1-10



2.0 HEAT 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:

o Vapor-compression heat pumps driven by a gasoline engine or
electric motor - 2.1

o Thermal engine heat pumps - 2.2

e Absorption-cycle heat pumps - 2.3
o 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 {3 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. An 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. 1In the split heat
pump system, this equipment is not carried on board the vehicle but is kept,
for instanuce, in a garage. Thus, when the vehicle's propulsion batteries
are being recharged, the used refrigerant in state 2 is delivered tec 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 svstems. By blowing the conditioning air over either the con-

denser or the evaporator, the l.ecating effect or the cooling eifect is derived.
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Cycle calculations are carried out for various ambient temperatures. Com-
pressor mass flov capacity dependence on pressure ratio aud ambient tempera-
ture is determined. Craphs are drawn for the system performance parameters:
capacity and COP. A brief estimatior ~ costs and weights is presented.

2.1.1 Basic Heat Pump (ycle

The systen comprises a compressor, a8 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 «nters 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 cvcle 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 {s 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 653°F in
winter and from 75°F .o 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’ion

Figure 2~4 shows a typical ill .,stration of an operating cycle in the heating
mode. For this example, an ambiert temperatu.e of O°F 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 ambiunt temperature and the AT decide the evaporator temperature.

- NeCnuecal
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Fig., 2=1 Schematic Diagram of a Heat Pump
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Por the chosen working substance, this temperature fixes an evaporator
pressure (i.e., the saturation pressure corresponding to the evaporator
temperaturs).

Compressor suction presdure is slightly lower than the evaporator pressure
due to pressure losses in the connecting lines and the suction valves. The
vapor is compressed and is delivered to the condenser, which is placed in
the condit;.ned space (compartment). The required condenser pressure and
the pressure losses in the lines and delivery valve determine the compressor
ischarge pressure. The vapor is condensed and heat iz transferred to the
compartment. Once again, the heat transfer rate is a function of AT 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 {llustrative
of a typical arrangement.

2.1.4 Compressor Operation

Inspection of the cooling and heating operations described above shows that
th? 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

i{n Figure 2-6b for an understanding 6f 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 corpressor, the mass of gas in the clearance volume expands

(process 3-4) and the volume of gas sucked is given by vl-vé. Thus, the
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volumetric efficiency of the compressor is & function of the pressure ~-atio
and the cisrance volume. Thus, in the heating wode, wvhen the ambient tamper-
sture 1s very lov (such as -10°F), the compressor voiumetric capacity falls
off consideradly. Moreover, the density of the gas is lov at lov temperatures
resulting in very poor mass flows through the ccapressor.

2.1.5 Performance

Heat pump performance is measured by the amount of heat transferred and the
coefficient of performance (COP).

In the heating mode, thase two parameters are the heat transferred from the
condenser to the conditioned space and ths heating COP. The haeating COP
(COPH) is defined as the heat added divided by the total work irput te the
heat pump system.

In the cooling mode, the correspording parameters are the heat transferred
from the conditioned space to the evaporator and the cooling COP. The
cooling COP (COPC) is defined as the heat removed divided by the total work
input to the h.at pump system,

The following relationshipe define these parameters:

COPC - (h3-hl)/(h2-h1)
For definitions, sce 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 variation

with ambient temperature.

Argonne National Leboretories (ANL) conducted a study (8] which included
heat pump performance variation with temperature and presented polvnomial
equations. The results incorporating the ANL study are also shown in

Figures 2-7 and 2-8 and reasonable agreement is apparent.

Nonate 2-10
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TABLE 2-]

ILLUSTRATION OF CALCULATIONS OF THE COP.
VARIATION WITH AMBIENT TEMPERATURE

T Ambient, °F

AT Evaporator, °F

T Evaporator, °F

P Evaporator, psia

AP Suction, psia

P Suction, psia

T Conditioned Space, °F

AT Condenser, °F

T Condenser, °F

P Condenser, psia

AP Delivery, psia

P Delivery, psia

r compressor

¢ (clearance), %

Capacity/Displacement

VG. (Specific Volume at Compressor Inlet), ft3/lbm
Hs (Enthalpy at Compressor Suctiom), Btu/lbm
HD (Enthalpy at Compressor Delivery), Btu/lbm
nc (Adiabatic Efficiency of Compressor)

wc, Compressor Input, Btu/lbm

AR, Enthalpy Drop in Condenser, Btu/lbm

COPH

m'v- 2«11

10
78
96.07
5.0
101.07
7.62
3.0

0.84
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Fig. 2-7 Effect of Ambient Temperature on the COP of a
Heat Pump (Heating Mode)
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Fig. 2-8 Effect of Ambient Temperature on the COP of
a8 Heat Pump (Cooling Mode)
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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,
end the specific volume at the compressor suction. Hence, the heat pump
capacity is a function of the ambient temperature. In this lnllYlia. 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 values given
are for residential units. For the 1-1/2-ton capacity unit, the cost may
be obtained from the following equation:

Equipment Cost = 1400 (Cap/3)0*88

Where CAP = capacity in tons
The resulting costs are $736 for the S5-kwt*unit, and $184 for the l-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 fo result in the automotive units costing only
25 to 50% of the corresponding residential units. Thus, the costs are
estimated to be $200 for the 5-kwt unit and $90 for the l-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 be 30 to 50 1b per kwt.

*kwt stands for thermal kilowatt.

- CRANICAL
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Fig. 2-9 Effect of Ambient Temperature on the Heating
Capacity of a Heat Pump
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120 Results per Correlations by ANL
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2.1.8 Example of a Commercial Unit

Data on compressor specifications are available for York (14) unite, and are
shown in Table 2-2. Performance calculstions are carried out and the capacitcy
of the models is shown in the sama table. The COPs of some commercial units
are shown in Figure 2-11 which is adapted from Reference 15.

2.1.9 Limitacions 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, dc drives
are used, the speed can be so chosen that the capacity is augmented to com-

pengate 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.

o e 2-17



TABLE 2-2
i YORK_AUTOMOTIVE AIR CONDITIONING COMPRESSORS

DATA AND PERFORMANCE CALCULATION (EXAMPLE)

! Data
Model Number 206 209 210
No. Cylinder 2 2 2
Bore, in. 1.875 1.875 1.875
Stroke, in. 1.105 1.573 1.866
Disp., in.>/Rev. 6.11 8.7 10.3
rpm - Maximum 6000 6000 6000
Refrigerant 12 12 12
Initial 01l Chg., oz2. 10 10 10
Weight, 1b 16.6 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, £t3/1b 0.518 0.518 0.518
Maximum Mass Flow, lb/m 4l 58 69
Volumetric Efficiency 0.84 0.84 0.84
Mass Flow at Maximum rpm, lb/m 3.4 48.7 SR.0
LH Evaporator, Btu/lbm 54.0 54.0 S4.
Refrigeration Effect, Tons at
Max. rpmw 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

=

— MECHANCAL
TEOEN 00"
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Based on information given for characteristics of gasoline engines and dc
motors available in the marketplace today, approximate numbers for total
systen wveight 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
cvcle 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 wacte heat re-
jected in coolant or exhaust gas can be used to supplement the refrigeration
cvcle output in the heating mode, thus substantially increasing the overall
on-site system COP, On the other hand, the extra heat produced becomes a
liability in the cooling mode in that it has to be rejected without 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 cvcle tvpe;

in some cases, a cvcle operating entirelv in the gas phase is trirate:l.

J.2.1 Aspects of Design and Operation

Some generally applicable considerations in the design and operating char-
acteristics of thermal engine ' :2at 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 (1975).
Wurm et al. (1976), Colosimo (1976) and an AGA research project report

edited by Wurm (1974).

*Myuch of the material in this section has been adopted from Reference 15.
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TABLE 2-3

HEAT PUMP SYSTEM WEIGHTS AND COST

Drive Type Weights Gasoline Engine dc Motor
Heat Pump Syoctem 150 1b 150 1b
Drive 30 1b 60 1b
Energy Storage 20 1b 470 1b*
Total System 190 1b 680 1b

m

Costs
Heat Pump System §200 $200
Drive 10v 200
Energy Storage 10 400
Total First Cost $310 SEN0

* Ni-Zn batteries.
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