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Executive Summary

Effects of Glazing and Ventilation Options on
Automobile Air Conditioner Size and Performance

The Lawrence Berkeley Laboratory has performed a preliminary analysis of the effects of glazing
and ventilation on automobile cooling loads and air conditioner capacity limits. The study was
accomplished as part of the Environmental Protection Agency's efforts to reduce the release of
chlorofluorocarbons into the earth's atmosphere from automobile air conditioners. We investigated
the characteristics of standard and sports-model sedans using numerical simulations of the heat
transfer processes under static-soak conditions. In addition, an annotated bibliography was created
that documents other relevant research relevant to both static-soak and highway driving conditions.
These studies and our own results suggest that:

« (lazing is a major contributor to the cooling loads that dictate the size of automobile air
conditioners.

* The use of new glazing technology in conjunction with other design features, e.g.,
ventilative cooling when parked, provides a viable means of reducing cooling system size
in many parts of the country.

+ Continuing work is needed to perform additional analytical and experimental
investigations under highway driving conditions that will document the magnitude of the
cooling unit size reduction possibilities.

There are promising new glazing technology options that provide substantial reductions in solar
heat gain. Selective glazings are available today that substantially reduce cooling loads. Optical
switching films now under development will provide additional solar load control capability in the
future. This has important implications in the effort to reduce CFC emissions from the current
generation of automotive air conditioners. Improved glazings may lead to lower CFC emissions in
the following ways:

* Reduced solar heat gain and lower interior air temperature may lead fewer people to
select air conditioning as an option in some climatic regions in the U.S. This will reduce
the total number of CFC-charged systems and reduce emissions.

+ Smaller air conditioning systems could provide equivalent levels of comfort in cars with
improved glazings. Existing CFC-charged systems of smaller capacity could be used,
reducing total CFC volume per vehicle in use and ultimately reducing total CFC emissions
from leakage or when the cars are scrapped.

 There are few practical alternatives to air conditioning systems of current design as long
as the peak cooling capacity must remain high. If the peak cooling power and system size
can be reduced, alternative cooling system approaches that reduce or eliminate CFC
emissions may become possible. These include:

(a) hermetically sealed systems with internal electric drives

(b) lower-pressure systems with reduced leakage and loss

(c) systems based on different CFC refrigerants with lower ozone depletion
(d) other innovative cooling systems not based on CFC refrigerants



The selection of one or more of these alternatives will depend on many technical, market, and
economic factors. Each, however, depends on our ability to develop new glazing designs and
ventilation strategies with substantially reduced cooling loads. This report suggests that this is a
challenge that can be met by the automotive and glazing industries.



Effects of Glazing and Ventilation Options on
Automobile Air Conditioner Size and Performance

1. Introduction

Solar load control is an increasingly important problem to the auto and glass industry because
contemporary models are tending to use more highly sloped glazing and the total glass area has
been steadily increasing. These trends are a direct result of customer preference as well as the
industry's desire to reduce drag and improve fuel efficiency. Increasing slope and area results in
much greater solar heat gain, higher interior temperatures, reduced comfort and amenity, increased
degradation of interior surfaces, and the requirement of larger air conditioning units. At the same
time, engines are being downsized to reduce weight and improve fuel economy and are less able to
handle the power drain of the larger air conditioners that are required.

A recent concern to industry and government is the role played by automotive air conditioners as a
source of chlorofluorocarbon (CFC) release into the atmosphere. Increased cooling loads will lead
to even larger air conditioning units, which will exacerbate this problem. There is a need for
technologies and design solutions that substantially reduce air conditioner size so that cooling
system alternatives with greatly reduced CFC emissions can be utilized.

Auto and glazing manufacturers and others are actively looking for new glazing technologies to
help control solar heat gain, including selective glazings that transmit visible but reject near
infrared; angle-selective glazings that reject high-angle sun: switchable glazings that actively or
passively change transmittance properties; solar-cell systems that provide forced ventilative
cooling; and other techniques of altering glass and vehicle optical and thermal properties.

Air conditioner size is determined by the need to achieve comfort under several different
environmental operating conditions. Most obvious is the static-soak situation in which the car sits
in the hot summer sun for an extended period of time and the air conditioner is required to cool
down the interior. Surface temperatures within a closed vehicle can reach over 93°C (200°F) and
the entire thermal mass of the car interior is raised to a high temperature. Glazing can be
responsible for over 70% of this peak load condition. When the vehicle is moving, the solar heat
gain is still substantial but other thermal conditions change. The air flow over the car surface will
reduce the heat buildup, as will the ability to flush the solar load from the space with "cooler"
outside air. However, in some climates a large latent cooling load will be added in this air
conditioning (AC) mode and over 50% of the load can be due to outside air. Switching to
recirculating AC mode reduces the latent load but requires that the AC unit be capable of removing
the entire solar load. Thus one can see that control of solar heat gain is crucial to any strategy to
reduce cooling loads and air conditioner size.

Unitil recently there was little interest or effort to control cooling loads. One problem was that the
effectiveness of many real or hypothetical solar load reduction solutions has been difficult to
evaluate. Some manufacturers used simulation models, but most could not accurately model the
detailed transient thermal behavior of the passenger compartment of the car with nonstandard
glazings and predict surface temperatures. Field tests in cars with new glazing materials provided
some useful data but this testing process was time-consuming and costly, and could not cover all
models with all glazing configurations and all climatic conditions. Lack of accurate performance
predictions has impeded research on new glazing technology and has also slowed progress toward
good technical solutions for fuel-efficient, environmentally safe, comfortable cars. Automotive



engineers are unlikely to downsize air conditioners or switch to much smaller, novel cooling
systems without the assurance that new glazing technologies will perform as expected.

This report describes results of our work for the Environmental Protection Agency to clarify the
role of glazing relative to other automotive components as a contributor to sensible cooling and air
conditioner sizing and to determine the impacts of new glazings and related load control strategies
such as adding a ventilation option to AC controls. We first present and discuss results of new
numerical simulation studies of the static-soak condition, followed by a literature review of the
effects of glazing related to city and highway driving. We analyzed expected hours of operation at
peak capacity in several parts of the continental U.S. and then relate automotive air conditioning
requirements to population size. This latter work was performed to give insight into air conditioner
sizing needs relative to automobile density. We then discuss commercially available and emerging
glazing products that can provide the thermal control capabilities discussed in the analysis section.

2. Glazing and Ventilation Performance
a. Solar Spectrum Characteristics

Thermal radiation can be characterized by observing its spectrum, which shows the relationship

between energy flux or blackbody emissive power in W/m2-microns and the wavelength of
radiation expressed in microns. Figure 1 shows the spectra associated with solar radiation and
several blackbodies at varying temperatures. The thermal radiation spectra can be separated into
three distinct regions: (1) ultraviolet (.30-.40 microns); (2) visible (.40-.77); and (3) infrared
(.77-100). Near-infrared (.77-2.5 microns) and far-infrared (2.5-100) regions are sometimes
treated separately depending on the phenomena being discussed. As seen in Figure 1, solar
radiation effects occur almost entirely below 3 microns. In this region, glass is transparent to
incident radiation. At longer wavelengths, glass becomes opaque to incident radiation. This is
known as the greenhouse effect: short-wavelength solar radiation penetrates exterior glass surfaces
and heats interior surfaces that thermally radiate at longer wavelengths that cannot be transmitted
back through the glass.

Reference 11 states "Federal law (American Standard Safety Code 261-1938) requires that all glass
in passenger automobiles must transmit 70% of the visible light weighted to illuminant 'A'.
Iluminant 'A' is a blackbody radiating at 1416°C (2581°F). This is approximately the relative
weighting of energy from automobile headlamps. Figure 1 shows the relative energy of the solar
spectrum and the weighting of illuminant 'A". Illuminant 'A' is weighted more heavily in the red
region of the spectrum where the solar energy starts dropping off. Therefore, glass with a high
transmission in the red and yellow regions of the spectrum and a low transmission in the infrared,
blue, and ultraviolet regions can satisfy the legal requirements and control a large part of the solar
energy. It is theoretically possible to transmit only 28% of the total solar radiation by this
method." The remaining portion of the solar spectrum can be absorbed and/or reflected. Glass
research being conducted by the automobile and glass manufacturing companies both in this
country and abroad has concentrated on the development of new products that can provide this type
of solar control.

b. Static-Soak Conditions

The start-up load on an automobile air conditioning system is determined by the solar load buildup
under static-soak conditions. Because of this fact, in a parked car, glazing is the most important
determinant of cooling loads. To show the effects of glazing, we performed numerical simulations
that document the interior air and dash/seat surface temperatures of a prototypical standard sedan



and a sports model sedan with a highly sloped large rear window. The simulations cover the
course of an entire day under soak conditions in Phoenix, Arizona. This analysis was
accomplished using a finite difference heat transfer computer simulation program called ESP (Ref.
14). ESP has been used for over 10 years to analyze convective, conductive, and radiative heat
flows in buildings. Its algorithms are well tested and have been experimentally verified in test cells
and buildings.

Figure 2 shows the two test automobiles. The standard sedan had 2.66 m2 (28.63 ft2) of window
area distributed in a typical configuration. Overall length, width, and height were 4.34 x 1.65 x
1.16 m (14.24 x 5.41 x 3.81 ft). The sports model sedan had 3.79 m2 (40.80 ft2) of glass area.
Its dimensions were 4.68 x 1.83 x 1.08 m (15.35 x 6.00 x 3.54 ft). We performed a parametric
variation of glazing properties including varying solar transmittance, reflectance, and absorptance.
In this way we were able to bound expected performance characteristics for a wide range of
glazings rather than concentrating on a few specific glazings. Thus our results are generalizable to
most future glazing products.

The simulations were conducted using weather data for a June day in Phoenix, Arizona. Outside
air temperature increased during the course of the day from 27°C (81°F) at 8 a.m. to a peak of
40°C (104°F) at 6 p.m. The incident solar radiation on a horizontal surface peaked at 3 p.m. at a
value of 1050 W/m2 (333 Btu/hr-ft2). The cars were facing due north so that the maximum solar
exposure occurred on the rear windows.

Figures 3 and 4 present the interior air temperature variations for the two models. Glazing results
are shown for four solar transmittances: 83%, 43%, 23,% and 3% for limiting reflectance and
absorptance values. The reflective glazings in our study have a very small absorptance, 5-10%,
while the absorptive glazings have a comparable level of reflectance. These glazings should be
considered hypothetical and do not represent actual products. A transmission of 83% is a clear
glass; a 43% value is indicative of a selective reflective or absorptive glass; 23% represents a
special reduced-transmission glazing; and in the case of the very low transmittance, 3%, we are
referring to a "privacy glass" that could permit vision out and be either almost totally reflective or
totally absorptive. Table 1 shows typical values of these parameters that are in use today in various
car models. An ideal glazing with a 70% visible transmittance could have a total solar
transmittance of only 28% and the reflectance and absorptance properties would vary within the
range of our simulations.

Both car models show the same relative difference for the glazing property variations. The peak
interior air temperature for the standard sedan is 62°C (144°F) and occurs at 3 p.m., whereas the
sports model peak occurs at both 11 a.m. and 3 p.m. at a value of 69°C (156°F). These values are
for the glazing transmittance level of 83%. Using reflective glazing provides a substantial
reduction in air temperature as the transmittance is decreased on both cars. In fact, the peak interior
temperature can be made the same as the outside air temperature by using an essentially opaque
surface. The same is not true, however, for the absorptive glazings. There is a lower limit of
effectiveness for such systems because a fraction of the absorbed energy is convected and
reradiated into the car. The peak temperature for the 3% transmittance glass with high absorptance
in the standard sedan is 51°C (124°F); for the sports model, the limit is 55°C (131°F). These
represent reductions of 11°C (20°F) and 14°C (25°F) or about half what can be achieved with the
reflective glazings.

Figure 5 presents a summary plot of results from figures 3 and 4 for 3 p.m., which in most
instances is the peak solar load condition. Interior air temperature is plotted against solar
transmittance for the two glazing extremes. Using such information, we were able to define
regions of expected performance for the two car models and obtain immediate insight into what
effects configuration changes will have on solar load buildup. The performance difference



between the two glazings increases as the solar transmittance decreases, since this accentuates the
difference between the effect of absorbed versus reflected radiation.

Figures 6 and 7 show the dash/seat surface temperature variations for the same conditions as
above. We use one curve to represent both surfaces since there was not much variation in the
calculated values of each surfaces' temperature. The standard sedan reaches a peak condition at
about 12 noon with a temperature of 82°C (180°F) when using the clear glass, while the sports
model approaches 110°C (230°F). These surface temperatures are significantly reduced with lower
solar transmittance. For the selective glazing, i.e., 43%, the standard sedan peak temperature is
reduced to 64°C (147°F). The sports sedan peak is reduced to 81°C (178°F). Unlike the interior
air temperature, which varies considerably depending on whether reflective or absorptive glazing is
used, the surface temperature variations are approximately the same regardless of glazing type.
This is expected since the absorbed component from the glazing is distributed among all surfaces
within the cars and thus does not directly affect the dash/seat as is the case with the directly
transmitted solar component.

Figures 8 and 9 are presented to give some indication of other auto configuration changes that
influence both interior and surface temperatures. We show variations due to interior and exterior
surface absorptivities, interior mass, and infiltration/ventilation quantities. The base models used
an absorptivity value of 0.4 (which represents a light color for both interior and exterior surfaces),
an interior mass value of 84 kg (185 1b), and an air infiltration level of O air changes per hour. We
parametrically varied these quantities individually using the 83% transmittance glazing
configurations. The absorptivities were increased to a value of 0.9; the mass was reduced to zero;
and an infiltration of 20 air changes, approximately 23 1/s (48 cfm) for the standard sedan and 28
1/s (60 cfm) for the sports model, was used to simulate either open windows or forced ventilation.

Not surprisingly, infiltration/ventilation has the most pronounced effect on temperature reduction.
The base peak interior air temperature condition of 62°C (144°F) for the standard sedan is reduced
to 52°C (126°F) and the sports model changes from 69°C (156°F) to 56°C (133°F). These
reductions are equivalent, in the case of reflective glass, to those that occur with 43% transmittance
glazing, and in the case of absorptive glass, to those reductions that occur using the 3%
transmittance. This is true for both car models. Dash/seat surface temperature changes are of the
same order of magnitude as the air temperature effects. Even greater surface temperature
reductions would be apparent if the ventilated air were blown directly across the hot interior
surfaces. The simulations assume the relatively high exterior air temperature characteristic of
Phoenix. Lower outside air temperatures more typical of most other parts of the country would
improve the ventilation cooling effects.

Our simulations of the static-soak condition are summarized in Figure 10. We show interior air
and dash/seat surface temperatures for the sports model sedan using clear glazing with 83%
transmittance and no infiltration/ventilation and results using reflective glazing with 43%
transmittance with an infiltration rate of 20 air changes per hour. Peak air temperature is reduced
from 69°C (156°F) to 49°C (120°F) and peak surface temperature from 110°C (230°F) to 75°C
(167°F). These results indicate that a combined use of glazing properties and natural or forced
ventilation of exterior air will have the most pronounced effect on solar load reduction.

The benefits of ventilation are enhanced with the use of low-transmittance glazings. Without
glazing controls, the solar loads are so high that ventilation alone is not very effective. With
reduced glass transmittance, a given ventilation rate becomes a more effective method of lowering
interior air temperature. Previous work conducted by other investigators have also indicated that
such measures are desirable. For example, references 3, 5, 7, 10, and 11 detail studies where
varying glass properties were analyzed, and references 2 and 6 present results on the use of a
solar-powered ventilation device in a parked situation. Reference 4 considered varying windshield
angles as a way of reducing solar load buildup. We now present results from these studies.



c. Previous Studies of the Static Soak Condition

Reference 3 documents experimental tests on a sports model sedan in which production glass on all
surfaces was compared to rear and side glazings coated with special films. The solar
transmittances of the two special glazings were 55% and 66%, respectively; however, absorptance
properties were 54% and 38%. As a result there was not much interior air temperature difference
during either full-day or one-hour soak periods. The largest temperature difference, 14-17°C (25-
30°F) was associated with those interior surfaces exposed to direct sunlight. After a one-hour soak
with the exterior air temperature at an average value of 39°C (102°F) and solar radiation at a level
of 881 W/m?2 (280 Btu/hr-ft2), the interior air temperature reached approximately 66°C (150°F).

For a full-day soak with the ambient air varying from 31°C (88°F) at 8 a.m. to a peak of 40°C
(103°F) at 3 p.m. and the solar radiation peaking at noon at 867 W/m2 (273 Btu/hr-ft2), the
interior air temperature for the three configurations peaked at 77°C (170°F). This study also
presents an interesting comparison of average vehicle breath level temperatures after a one-hour
soak for eight different car models: compact, standard, luxury, and sports. Breath-level air
temperatures varied from a low of 61°C (142°F) to a high of 69°C (156°F). Ambient conditions
were similar to those reported above.

Reference 5 is an analytical study that investigated the size and solar transmittance characteristics of
sunroofs. Sunroofs are an increasingly popular option in many new cars. Although not directly
related to our work because of the emphasis on sunroof performance, the results do indicate the
importance of glass transmission. With an ambient exterior temperature varying from 15.5°C
(60°F) at 6 a.m. to a peak of 43.3°C (110°F) and a solar radiation peak of 977 W/m2 (310 Btu/hr-
ft2) at noon, the peak interior air temperature at 1 p.m. varied from 76°C (195°F) for the case
without a sunroof to 93°C (225°F) for a sunroof with an 80% solar transmittance. These are
extremely large values and, as discussed below (references 2 and 6), are cause for photovoltaic
sunroofs being implemented on some models to introduce forced ventilation.

Reference 7 is an experimental study completed in Japan. Conventional glazing with 49% solar
transmittance, 5% reflectance, and 46% absorptance was compared to a newly developed laminated
reflective glazing with 43% transmittance, 20% reflectance, and 37% absorptance. After a two-
hour soak at 35°C (95°F) ambient temperature at a solar radiation of 767 W/m2 (243 Btu/hr-ft2),
the car equipped with conventional glazing reached 62°C (144°F). The car using the new glazing
peaked at 58°C (136°F). Instrument panel and rear shelf surface temperatures were 5-11°C (9-
20°F) lower for the car with the new glazing.

Reference 10 is an analytical and experimental study that was also done in Japan. It documents the
performance of ordinary glass, infrared-absorptive glass, and infrared-reflective glass under both
static and dynamic conditions for a compact sedan. The characteristics of these glazings are shown
in Table 1 with the exception of the ordinary glass. In this study 90% visible transmittance and
84% solar transmittance were used rather than 80% and 76%, as shown in Table 1. After a 40-
minute soak at an exterior air temperature of 35°C (95°F) and solar radiation quantity of 807 W/m?2
(256 Btu/hr-fi2), the interior air temperature was 66°C (151°F) for the ordinary glass, 61°C
(142°F) for the absorptive glass, and 56°C (133°F) for the reflective glazing.

In reference 11, soak conditions were experimentally compared using two similar sports-model
sedans, one with standard green-tinted glass and the other using a new solar-control glazing that
maintains a 70% visible transmittance but has a solar transmittance of only 34%. The glass reflects
45% of the incident solar radiation. After a 60-minute soak at an exterior air temperature of 39°C
(102°F) and incident solar radiation of 1041 W/m?2 (330 Btu.hr-ft2), the interior air temperature of
the control car with standard heat-absorbing green-tinted glass was 60°C (140°F). The car with the



new glazing was 49°C (121°F). Cool-down and driving tests were also conducted and are
discussed in the next section of the report.

Reference 15 is a recently completed study that examined the feasibility of cardboard and radiant
barrier car shades in reducing interior temperatures under soak conditions. It was found that the air
temperature was reduced by 8.3°C (15°F) and the dashboard temperature by 22.°C (40°F) when
using a conventional cardboard shade. The radiant barrier system provided an additional 2.2°C
(4°F) and 4.4°C (8°F) reduction in air and dashboard temperature, respectively.

Reference 2 presents an analytical study that considered a sunroof containing photovoltaic devices
to provide ventilation while parked. Also considered was a selective-reflective glazing in the
sunroof to further reduce the solar-load buildup. Peak interior air and surface temperatures were
obtained during a day-long soak. The outside air temperature varied from 35°C (95°F) at 6 a.m. to
a peak of 46.2°C (115°F) at 3 p.m.. Although the amount of solar radiation was not given, it was
probably on the order of 860 W/m2 (273 Btu/hr-ft2). Without ventilation, a sunroof of .46 m2 (5
ft2) using standard glass resulted in an interior air temperature of 75°C (167°F) and an interior
mass temperature of 84.4°C (184°F). Ventilation at the rate of 48.6 1/s (103 cfm) reduces these
values to 53.3°C (128°F) and 72.7°C (163°F), respectively. Using selective glazing in the sunroof
results in a further reduction to 50°C (122°F) and 64.4°C (148°F). Reference 3 is another
analytical study that investigated the use of ventilative cooling using a solar-powered sunroof.
Peak ambient conditions were 46.2°C (115°F) outside air temperature and 977 W/m2 (310 Btu/hr-
ft2) incident solar radiation. Ventilation reduces the interior air temperature from 107°C (225°F) to
48.8°C (120°F).

Reference 4 presents a study of front and rear windshield angles and their effect on solar load
control. This was an analytical study using tinted glass with a solar transmittance of 51%
(absorptance or reflectance was not given). Angles were varied from horizontal to vertical for full-
day soaks with ambient exterior temperature varying from 15.5°C (60°F) at 6 a.m. to a peak of
43.3°C (110°F). Solar radiation peak was 977 W/m2 (310 Btu/hr-ft2). Horizontal orientation
yielded the greatest interior air temperature, 88°C (190°F); a value of 72°C (161°F) was obtained
with vertical glazings. This study is important in that it documents the penalty of using more
highly sloped glass surfaces (penalty if one does not consider the fuel savings associated with
reduced aerodynamic drag), which is the current trend among automobile designers.

d. Cool-Down and Highway Driving Conditions

Automobile air conditioner performance is usually evaluated by considering several operating
regimes: cool-down after a soak period, city driving at various speeds, and highway driving at
high speed. Experimental and analytical investigations may be either continuous in the sense that
all the regimes above are experienced during one test, or the investigations can be discrete and each
regime evaluated independent of the others. In this section of the report, we document results from
each of these regimes. We begin with several of our own numerical simulations and then discuss
in detail results from studies published in references 9, 10, 7, 11, and 6.

These references and conversations with individuals in the auto industry indicate that peak air
conditioner cooling loads can be expected during a hot and humid day with the following ambient
weather conditions :

Air Temperature 43.3°C (110°F)
Relative Humidity 40 %
Wet Bulb temperature 30.4°C (86.8°F)
Solar Radiation 1000 W/m2 (317 Btu/ft2)



The amount of heat buildup during static soak under such conditions, particularly the component
due to solar radiation, precludes having an air conditioning system that can instantaneously cool
down the interior air and surface temperatures. Typically, cool-down takes on the order of ten
minutes to one-half hour or more, depending on car type, air conditioner size, and climate
conditions. On the open road, operating the air conditioner in the outside-air mode during these
weather conditions requires the air conditioner to be running at design or peak conditions
continuously. In the recirculation mode, off-peak operation occurs since the recirculated air tends
towards the comfort range that is eventually prevalent inside the car

The loads on an air conditioner are separated into distinct sensible (temperature) and latent
(humidity) components. A sensible load is defined as the heat extraction required to reduce air
temperature, while a latent load is the dehumidification required to reduce humidity. The ratio of
these two components varies significantly depending on geographic location. For example, in
Phoenix, Arizona, which is usually hot and dry in the summer, a large part of the cooling load is
sensible, i.e., temperature reduction. In Miami, Florida, which is usually hot and humid in the
summer, the major cooling component is latent, i.e., humidity removal. The air conditioning
system cools air from either outside the car (outside-air) or inside the car (recirculated-air), or a
combination of both. The relative proportion of sensible to latent varies as a function of the climate
and the use of outside- or recirculated-air. In a hot and humid climate, the more outside-air that is
used during air conditioner operation, the larger will be the latent component. The reverse is true
of recirculated-air. These concepts are important to understand because they influence the
magnitude of glazing component contribution to the cooling load.

Our simulated cool-down results are representative of an ideal air conditioning system. Our
analysis considers the sensible component of the total load adequate for locations such as Phoenix.
We selected a worst-case scenario and compared the cool-down characteristics of different air
conditioner capacities, 1.0-2.5 KW (3415-8538 Btu/hr), using the sports model sedan equipped
with two different solar transmittance glazings. The air conditioning system was turned on at the
soak condition prevalent at 11 a.m. when the interior air temperature was 69°C (156°F) for the
model with 83% transmittance and 55°C (131°F) for the model with 43% transmittance reflective
glazing. Figure 11 shows the results of our simulations.

We see that a capacity somewhat greater than 2.5 KW (8538 Btu/hr) is required to rapidly achieve
comfort conditions for the model with the high-transmission 83% glazing while the car with 43%
transmittance requires about 1.7 KW(5806 Btu/hr). The determining factor causing this difference
is the interior air temperature at the time of cool-down start, i.e., the lower the temperature, the
lower the capacity requirements. This is more fully shown in Figure 12, which shows the
relationships between sensible cooling capacity limits and interior temperatures 10 minutes after
AC start. The 0.0 KW curve represents the time-start temperature change due to the glazing
transmittance. The slopes of the curves indicate a 15°C (27°F) reduction in temperature for each
KW increase in capacity and about a 3.5°C (6.3°F) decrease in temperature for each 10% decrease
in transmittance.

Figure 12 presents the dash/seat surface temperatures during cool-down for the same conditions as
above. Changes are not as large as those associated with air temperature; i.e., after 10 minutes of
AC operation, the surface temperature is reduced by 10°C (18°F) for the clear glazing using a
2.5KW cooling capacity; after one hour, the temperature is reduced 21°C (38°F). Much larger
changes would occur with the AC blowers oriented towards the hot interior surfaces.

Overall, our results are dramatic; they suggest a significant potential reduction in air conditioning
requirements. However, neither latent loads nor cruise driving conditions were considered. The
ESP simulation program, although adequate for building energy analysis, would have required
extensive revision to exactly model auto air conditioning system performance. Fortunately other



researchers (Refs. 9, 10, 7, 11, 6) have performed such analysis and we now present a portion of
this related work. It should be noted that the air conditioner capacity values calculated by the ESP
program are usually lower than others published in the literature. This is because ESP simulates
ideal heat extraction. Individual AC components such as compressors, evaporators, etc., are not
treated by ESP's algorithms.

Data in Reference 9 is the most comprehensive in regard to analysis of car type, ambient weather,
and driving conditions. This was a Canadian study in which subcompact, compact, and standard
cars were simulated for ambient conditions of 32.2°C (90°F)-50% RH, 37.7°C (100°F)-20% RH,
and 43.3°C (110°F)-5% RH. Cool-down after an initial soak, city driving at 50 kmh (30 mph),
and highway driving at 100 kmh (60 mph) were investigated. During cool-down operation,
recirculated-air was used by the air conditioning system, whereas during city and highway driving,
100% outside-air was used. All configurations used glazings with an 85% solar transmission
value.

Table 2 is reproduced from Reference 9. The data shows the air conditioner capacities required for
the different configurations and operating conditions. Peak loads range from a low of 3.2 KW
(10960 Btu/hr) for the subcompact at 37.7°C (100°F)-20% RH city in driving to a high of 5.5 KW
(18950 Btu/hr) for city driving by the standard sedan under hot and dry conditions, 43.3°C
(110°F)-5% RH. For the subcompact sedan, there is not much variation in cooling required for the
different driving conditions nor for the changing ambient weather conditions. The smallest loads
for all models occur for 37.7°C (100°F)-20% RH, while the largest loads occur for the hot and dry
conditions, although the hot and humid capacities are almost equivalent. The largest changes in
capacities occur as a function of automobile size.

Reference 9 gives a breakdown of the cooling load components for the compact sedan under city
driving for the 37.7°C (100°F)-20% RH condition. The results indicate that 35% of the cooling is
due to solar radiation through glass and 42% is due to the use of outside-air by the AC system.
The remainder (23%) is split between conduction, passenger heat, and engine/instrument loads.
The study indicates that tinted glass with a 42% transmittance (reflectance and absorptance values
are not given) results in a 50% reduction in the solar component of the cooling load with total
cooling reduced by 18%. In addition, the author also states that an additional 32% reduction in
total cooling could be obtained by using 25% outside-air instead of 100% outside-air.

Reference 10 is an analytical and experimental study of the performance of infrared-reflective and -
absorptive glazings under various auto operating conditions. In the outside-air mode running at a
fixed speed with ambient conditions of 35°C (95°F), 60% relative humidity, and a peak solar
radiation of 950 W/m?2 (301 Btu/hr-ft2) and an interior temperature of 25°C (77°F) and 60% RH,
the cooling load component due to solar radiation including the reradiation from interior surfaces
was 25%. Ventilation accounted for about 50% of the total load. The total cooling load on the air
conditioning system was 4.6 KW (15710 Btu/hr). In the recirculation mode of operation, the solar
and reradiation components were 50% and ventilation was reduced to 10%. The total cooling load
was about 2.4 KW (8196 Btu/hr). Using infrared-reflective glazing with properties shown in
Table 1 results in a reduction of the air conditioning system capacity of .74 KW, which is about
10-20% of the capacity required for a subcompact sedan.

Reference 7 documents an experiment at 40 kmh (24 mph) for a car equipped with conventional
glazing and one with a new laminated reflective glass (see previous section on static-soak for
details). The authors state that the cooling load component due to auto glass can reach 72% of the
total. To arrive at such a large magnitude, we must assume that the conductive load through the
glass and possibly the reradiation from the interior mass was added to the solar load. The air
conditioner capacity required to achieve comfort using conventional glazing was about 2.3 KW
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(7854 Btu/hr); for the new glazing, 2.0 KW (6830 Btu/hr) was necessary. Percent outside- or
recirculated-air was not given in the report.

Reference 11 is an experimental study that investigated the performance of a new solar control film
that reflects 45% of the incident solar radiation. A control car with standard heat-absorbing green-
tinted glass was compared with a similar car fitted with the new glazing. Recirculated-air
accounted for 90% of the ventilation. Thirty-minute cool-down comparisons at 50 kmh (30 mph)
and 83 kmh (50 mph) indicated that the new glazing resulted in a fairly constant 3°C (7°F) interior
air temperature reduction. This value was less than the 11°C (19°F) difference experienced during
soak. Convective cooling of the glazing surfaces caused by the forward motion of the car is the
reason for the less dramatic effect. During stop-and-go city driving tests at 42 kmh (25 mph), the
car with the new glazing was cooler by 1-4°C (2-7°F) during 20-minute test periods.

Reference 6 investigated ventilative cooling with a photovoltaic sunroof as a means of reducing
solar load buildup. Although AC capacity limits were not specifically addressed, interior air
temperature response curves were given for cool-down from various start temperatures. After 10
minutes of air conditioner operation, for example, the auto without ventilation went from 107°C
(225°F) to 42°C (108°F); while the auto with ventilation cooled from 48.8°C (120°F) to a
condition near comfort at 26.6°C (80°F). Both sensible and latent cooling components were
considered; however, ambient humidity and percent outside-air used by the AC system were not
indicated.

In summary, our own studies and those reported in the literature indicate that decreasing the solar
transmittance of automobile glazing reduces the capacity requirements of the air conditioning
system. The relative differences between reflective and absorptive glazings, although large under
static-soak conditions, is reduced during motion because of increased surface convection. We can
conclude that in the outside-air mode of air conditioner operation, solar radiation accounts for about
25% of the total load and ventilation accounts for 50%. These figures would be reversed in the
recirculation mode of operation.

e. Expected Hours at Peak Conditions

We present data in this section of the report to give some idea of the expected number of hours
during a year when ambient weather conditions cause peak cooling loads to be prevalent.
Reference 8 was used to tabulate the data presented in tables 3 and 4. Test Reference Year (TRY)
Wet Bulb Temperatures and Dry Bulb Temperature Bins were compiled for five cities: Miami,
Houston, New York, Los Angeles, and Phoenix.

Table 3 shows the number of hours that a particular base wet bulb temperature is exceeded. This
number is useful for determining the significance of the humid ambient weather condition used in
the Reference 9 study, i.e., 32.2°C (90°F)-50% RH, where the wet bulb temperature was about
24.4°C (76°F). We see that this condition is exceeded during a large number of hours in both
Miami and Houston. New York and Los Angeles, for different reasons, do not experience many
hours with extreme wet bulb temperatures; however, in Phoenix, ambient weather conditions can
be hot and humid at certain times, resulting in the air conditioner operating at peak capacity.

Table 4 shows the number of hours within a particular dry bulb temperature range. This gives us
an estimate of conditions comparable to the higher ambient temperatures in Table 2, since
Reference 8 indicates that at such high temperatures, the mean coincident wet bulb temperatures are
generally low (i.e., low relative humidity). We must also assume that the solar radiation is at a
level comparable to that in Reference 8. We see that only in Phoenix is there a large number of
hours when extremely hot and dry weather is encountered that requires air conditioner operation at
peak capacity.

11



3. Relationship Between Population and Climate

We undertook a study to relate automobile cooling requirements to population density in order to
better understand the geographic implications of air conditioner performance in the U.S. Reference
1 presents the results of prior LBL work to define the effect of climate on building energy
performance by selection of climate regions that have the greatest relevance for the greatest number
of people in the U.S. Standard Consolidated Statistical Areas (SMSA) were identified for 125
locations. Each has a population greater than 250,000.

Both heating energy and cooling energy were examined. In the case of cooling load or energy,
three climate parameters were used: cooling-degree-days (temperature), latent enthalpy hours
(humidity), and the ratio of available sunshine at the earth's surface to the sunshine available on a
parallel plane above the earth's atmosphere (solar). Cooling-degree-days (CDD) were from a base
of 18.3°C (65°F). Latent enthalpy hours (LEH) were taken from a base of 16.1°C (61°F) dew
point temperature and 23.9°C (75°F) dry bulb temperature. The data were extracted from long-
term SOLMET averages based on 24-25 years of measured information.

Although Reference 1 is concerned with building energy performance, the same three parameters
are also relevant when analyzing automobile air conditioner cooling performance. Cooling,
whether in a building or a car, is a function of three primary climate variables: air temperature,
humidity, and solar radiation. Air temperature influences the sensible cooling load mainly through
conduction; humidity has a direct bearing on the latent load since it characterizes the amount of
moisture removal required; solar radiation affects the sensible load through the amount of
transmitted, absorbed, and reflected radiation and the resultant interior and exterior surface
temperature changes.

By making the assumption that the SMSA population density and distribution of the U.S.
approximates automobile density and distribution, we are able to use the results from Reference 1
directly. Figures 12, 13, and 14 present the SMSA population distribution of the U.S. using
CDD, LEH, and solar radiation (K) as distribution parameters respectively. Of primary concern
for auto air conditioners are the distributions due to humidity and solar radiation (Figs. 13 and 14).
The studies discussed above have shown that the cooling load component due to air temperature
effects (Fig. 12) can vary from about 5% to 15% of the total load, but the major portion of the
cooling load comes from humidity and solar radiation. In the outside-air mode in a humid climate,
moisture removal can require more than 50% of the air conditioner's capacity. In a hot and dry
climate, solar radiation effects have been shown to approach this level. These proportions should
be kept in mind as one observes figures 12 through 14.

Cooling-degree-days are distributed with more than 80% of the population located in areas with
less than 1200 CDD. The remaining population is located along the Gulf Coast, lower Southeast,
and desert Southwest. The latent enthalpy hours distribution (Fig. 13) shows that half the
population is in areas with less than 2000 LEH. Almost the whole population (on the order of
90%) is in climates with less than 10,000 LEH. The southeast and portions of Texas which have
LEHs greater than 10,000 account for the remainder. The distribution using solar radiation (Fig.
14) is more uniform than either CDD or LEH. Likewise, the range of Kt values is much lower
than the CDD and LEH values.

4. Technical Options for Energy Control Glazings

During the past few years the automobile and glass industries have increased their investments in
research and development of new types of glazings for automobiles. Although initially driven by
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consumer comfort, the industry is now also concerned with solar load reduction as a means of
improving air conditioner performance.

The primary thrust of new technology for window glazings over the last decade has focussed on
issues related to manufacturability and cost control (e.g., encapsulated glass parts), visibility (e.g.,
complex bends and higher slopes without optical distortion), safety (e.g., interior plastic surface
layers), occupant convenience, (e.g., heated windshields), and amenity (e.g., low-transmittance
privacy glass). Solar load control is just now emerging as a critical issue in auto glazing design.
This concern is motivated by the use of more glass for styling purposes and by changing glazing
geometries to accommodate aerodynamic designs to improve energy efficiency, by added concern
for occupant comfort, by space limitations under the hood to fit ever-larger air conditioners and
radiators, by UV degradation of polymeric materials used in auto interiors, and finally by concerns
for reducing CFC emissions from auto air conditioners.

Fortunately there have been significant developments in the area of energy control coatings for
glazings over the last decade, many of which have applicability to the automotive energy control
problem. The area of greatest development has been energy control coatings for glass and plastic
glazings for buildings. Since most of the major glass and plastic coatings companies are involved
in both building construction and automotive markets there is a direct transfer of relevant interest,
expertise, and in some cases, production capability.

Several important developments have occurred in coated glazings for buildings. The primary
activity between 1975 and 1985 was development and commercial introduction of high-
transmission, low-emissivity ("low-E") coatings, which are used to reduce heat loss. These
coatings transmit sunlight but reflect the long wave infrared energy that is a principal component in
heat transfer. The primary application was initially to reduce heat loss for buildings in cold
climates although, as discussed below, there are other variations for hot climates. There are two
major types of coatings that are produced by two different deposition methods. Multilayer metal-
dielectric coatings are produced primarily by magnetron sputtering. Typical coating designs use a
thin layer (100-150A) of silver as the metal and one of several metal oxides as a sandwich around
the silver to enhance transmittance, with a total coating thickness of about 500A. These coatings
are normally deposited "off-line" from the float glass production process. Because of the low
temperature of the deposition process the coatings can be deposited on thin plastic ("roll coating™)
and rigid plastic as well as glass. A second class of low-E coatings is based on the use of doped
semiconductors, such as tin-doped indium oxide. These are most commonly produced by a high-
temperature pyrolytic process as the glass emerges from the float line. Typical pyrolytic coatings
are single-layer coatings with a thickness of about 3000A.

Low-E coatings were first introduced to the buildings market in 1983 and have already captured
about 20% of the insulating glass market in the U.S. By the early 1990s this should increase to
over 50%. A detailed discussion of the technical and market evolution of these coatings is beyond
the scope of this paper but there have been significant developments in coating technology, some
of which are specifically targeted for automotive applications. The first spin-off from low-E
coatings for automobiles was the heated windshield. The same property that makes a low-E
coating a good long wave IR reflector makes it a good low-resistance electrical conductor. By
attaching busbars to the coating, electrical energy is pumped into the coating and converted into
heat which can melt a thin layer of ice in less time than it takes for a engine to heat up and produce
hot air for defrosting. Heated windshields for production models were first introduced by Ford in
the U.S.; the coatings were spin-offs of low-E technology from Ford and Airco. (Heated
windshields have been used in aircraft for years and in test cars.) Other coating developers and
auto manufacturers now offer these as well. (Ref. 12)

By changing the thickness and properties of the high solar transmittance coatings, the onset of high
reflectance can be shifted from the far infrared to the near infrared. These coatings will then
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transmit the shorter wavelength visible light but reflect the near IR solar heat. (See section 2a.)
Such coatings were offered in the architectural market to provide better sun control and reduce
cooling needs in houses in the sun belt and in commercial buildings throughout the country. The
value of these coatings in building applications is well established although they do not yet
represent a large fraction of sales. It is these "wavelength-selective"” coatings that provide the
technical basis for the first generation of sun control products for auto glazings. Typical products
now being offered commercially are described in references 11 and 12. Since these coatings are
silver based, they must be protected within a laminated glazing design, thus limiting their current
applicability to windshields. Durable, highly selective coatings for application to the interior
surface of monolithic glazings are the next major requirements for automobiles.

The light levels and solar heat gain in buildings varies tremendously over the seasons and over the
course of a day, so active coatings that dynamically control transmission properties have been
under study for some time. These optical-switching coatings should provide even greater control
of solar heat gain in cars and are now under active development by several companies. Some of
the options for these optical technologies are reviewed in Reference 13. In fact, some developers
believe automotive applications have replaced building applications as the preferred nearer-term
application for these coatings. Optical coatings can be passive in their response to environmental
stimuli, such as thermochromic (heat-sensitive), or photochromic (light-sensitive) coatings, or can
be actively controlled by electrical impulse. The latter class is preferred in auto applications.

Two types of electrically controlled coatings have received the most attention; electrochromic
coatings and liquid crystals. Both were originally developed for display purposes. Large-area
liquid crystal coatings have been fabricated as a multilayer plastic laminate for use in test vehicles.
In their low-transmittance state they are diffusing and thus obscure vision. This diffusion property
is advantageous in spreading the transmitted solar gain through the car and reducing hot spots from
direct sunlight. Current coatings have a limited range of light control between the switched and
unswitched state of about 2:1. The switching effect is instantaneous but since they require
continuous electrical power (40-80v) for the clear state, they have been used primarily for
rooflights and back sidelights which are non-critical vision glazings.

Electrochromic coatings show the greatest longer-term potential. They require low voltage (usually
1-3 volts) and low power only when they are being switched, and then remain in the same optical
state for hours with no power consumption until the next switching control is applied. The
switching effect can occur in a time range of seconds to minutes over a wide dynamic range. The
coatings are multilayer designs (typically five layers) and may be all solid-state or include solid or
gel-like polymeric layers. Many material system designs are now under development and some
large-area prototypes have been demonstrated for sun roofs. Both absorptive and reflective types
are being investigated, with reflective the preferred type for most auto applications. The first
commercial application for an absorptive coating is for rear-view mirrors, where the coating is
placed in front of a silvered mirror and provides day/night control. Electrochromic coatings can be
made by several commercially available deposition processes. These coatings with a highly
reflective state would be particularly useful in a parked vehicle to greatly reduce the static-soak
temperature buildup, as shown by our modeling in earlier sections of this report.

A final glazing option is an angle selective material with high transmittance and good optical clarity
in some directions while having a high attenuation (absorption or reflection) in others. These
coatings would provide the functional equivalent of the metal or plastic louvers often used with the
rear windsields of sports cars. Such properties could be produced using several different coating
technologies, e.g. holography.

This survey of available and emerging optical technology for auto glazings suggests that large

reductions in cooling loads due to glazings can be achieved. First-generation static selective
coatings are reducing total solar heat gain through the windshield while maintaining high visible
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transmittance. Currently available coatings must be protected in laminated glazings, which limits
their use but it is likely that more durable coatings for monolithic glazings can be developed also.
The next generation of coatings will provide dynamic control to help reduce the most severe
temperature extremes experienced under static-soak conditions. Smart electronics in the vehicle
can sense solar position and intensity, and dynamically adjust transmittance accordingly. These
coatings will modestly increase the cost of cars, but they will also provide important benefits
beyond reductions in air conditioner size and resultant CFC use, such as improved comfort,
reduced interior temperatures and longer lifetimes for the plastic interiors, better privacy and
security, and greater overall amenity and responsiveness to the needs of occupants. If the technical
development for these advanced coatings can be successfully completed it appears likely that the
coatings can be cost justified in many automotive applications.

5. Conclusions: Opportunities for Downsizing Automobile Air Conditioners

The Lawrence Berkeley Laboratory has performed a preliminary analysis of the effects of glazing
and ventilation on automobile cooling loads and air conditioner capacity limits. We conclude that it
is possible to substantially reduce automotive air conditioner size in many parts of the country.
However, further analysis is required to study the effects of glazing performance under city and
highway driving conditions in hot and humid geographic locations. Nevertheless, our results have
important implications in the effort to reduce CFC emissions from the current generation of
automotive air conditioners. There are few practical alternatives to air conditioning systems of
current design as long as the peak cooling capacity must remain high. If the peak cooling power
and system size can be reduced, alternative cooling system approaches that reduce or eliminate
CFC emissions may become possible. The following conclusions have resulted from our analysis:

a. The performance of reflective and absorptive glazings under soak conditions becomes very
different as the transmittance property is reduced. This is because a portion of the heat absorbed
by a glazing is eventually conducted and reradiated into the car's interior. With a transmittance
value close to zero, the interior air temperature for a totally reflective glazing will approach the
exterior air temperature during static soak. For the car models simulated in our study at peak
environmental conditions, totally absorptive glazings resulted in interior temperatures that were
approximately 12-17°C (22-31°F) higher than the reflective glazings with the same transmittance.
Dash/seat surface temperatures under static-soak conditions with absorptive glazings are only
slightly higher than the temperatures associated with reflective glazings. This is because the
absorbed heat that is conducted into the car tends to be distributed to all the interior surfaces.

b. Natural or forced ventilation of exterior air into the car while parked substantially reduces
the interior air temperature buildup. In a sports model sedan with a large amount of glazing we
showed a 20°C (36°F) decrease in interior air temperature and a 35°C (63°F) decrease in dash/seat
temperature with a 43% reflective glazing and a ventilation rate of 20 air changes per hour.
ventilation is most effective when used in conjunction with selective glazings.

¢. Our simulations of sensible component cool-down for the sports model sedan using an
ideal air conditioner indicate that approximately a 33% cooling capacity reduction is feasible by
reducing the glazing transmittance from 83% to 43% using reflective glass. There isa 15°C (27°F)
reduction in interior air temperature for each KW increase in air conditioning capacity and about a
3.5°C (6.3°F) decrease in temperature for each 10% decrease in transmittance. These values are
prevalent 10 minutes after air conditioning start.

d. Other studies indicate that in a hot and humid location, 50% of the load on the air

conditioning system is due to ventilation when operating in the outside-air mode. About 25% is
due to solar radiation through the glass surfaces. This includes the reradiation from internal
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surfaces. In the recirculated mode of AC operation, the solar component can reach 50% of the
total.

e. The differences between clear, reflective, and absorptive glazings is mitigated during city
and highway driving because of the increased convection at the outer glass surfaces. One recent
study showed that an interior air temperature difference of 11°C (19°F) between heat-absorbing
and reflective glazings experienced during soak was reduced to 3°C (7°F) during city driving at 42
kmbh (25 mph).

f. We recommend that additional analytical and experimental investigations be conducted to
document the effects of glazing during cool-down and during city and highway driving,
particularly in those locations that are characterized by high humidity. Our studies were limited to
analyzing the static soak and the sensible component during cool-down. The effect of glazing on
air conditioner size would vary as a function of climate and driving condition.
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Table 1

Typical Glazing Characteristics

Glass Type Visible Solar Solar Solar
Trans Trans Refl Abs
Conventional 80 76 ] 16
Reflective 70 34 45 21
IR Reflective 73 52 37 11
IR Absorptive 76 53 6 41
Table 2

Predicted Automotive Cooling Requirements (Ref. 9)

Car Type and City Driving City Highway

Test Condition (Cool-Down) Driving Driving

50 kmh 100kmh

(30mph) (60mph)

No Outside-Air 100% 100%
Outside-Air Outside-Air
KW (Btu/hr) KW(Btu/hr) KW(Btu/hr)
Sub-Compact
90F(32.2C)DBT 50%RH 3.59(12250) 3.49(11910) 3.76(12850)
100F(37.7C)DBT 20%RH 3.46(11830) 3.20(10930) 3.41(11640)
110F(43.3C)DBT 5%RH 3.86(13170) 3.79(12950) 4.08(13940)
Compact

90F(32.2C)DBT 50%RH

4.14(14140)

4.16(14220)

4.13(14120)

100F(37.7C)DBT 20%RH 4,01(13680) 3.76(12840) 3.73(12730)
110F(43.3C)DBT 5%RH 4.42(15100) 4.50(153800 4.47(15280)
Standard
90F(32.2C)DBT 50%RH 5.06(17270) 5.16(17620) 5.13(17520)
100F(37.7C)DBT 20%RH 4.91(16770) 4.64(15830) 4.61(15730)

110F(43.3C)DBT  5%RH

5.36(18320)
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Table 3

Annual Hours Wet Bulb Temperature
Above a Base Temperature (Ref. 8)

Wet Bulb
Temperature Miami Houston  New York Los Angeles Phoenix
Base, °C (°F)
26.6 (80) 21 46 0 0 4
25.0 (77) 1264 801 3 0 47
23.3 (74) 3367 2054 160 0 507
21.6 (71) 5045 3181 533 3 1064
Table 4
Annual Hours Within Dry Bulb
Temperature Range (Ref, 8)
Dry Bulb
Temperature Miami Houston  New York Los Angeles Phoenix
Range, °C (°F)
43.3-45.5 0 0 0 0 16
(110-114)
40.5-42.7 0 0 0 0 140
(105-109)
37.7-40.0 0 0 0 8 357
(100-104)
35.0-37.2 0 50 3 8 495
(95-99)
32.2-34.4 70 284 20 9 511
(90-94)
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Figure 1. Spectrum of solar radiation shown with four blackbody spectral
distributions. Superimposed is the idealized selective reflectance of a spectrally
sensitive surface.
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Standard Model Sedan
434%1.65%1.16 m
{(14.24x5.41x3.81 ft)

Sports Model Sedan
4.68%1.83%1.08m
(15.35x6.01x3.54ft)

Glazing

Front: 0.94mZ { 10.13ft2) e 370
Rear: 0.78 mgf 8.371t2) @ 43°
"Side: 0.94m® (10.13t2) @ 5470

Glazing

Front: 1.15m2 { 12.341t2) & 31°
Rear: 1.86m§(20.00ft21 @ 190
Side: 0.78m< ( 8.42ft2) @ 570

Figure 2. Perspective views of the standard and sports-model sedans used in the

LBL heat transfer simulations.

21




Temperature

degC
8o

70

degF
_ 176

Reflective Glazing

Solar

| Configuration Trans

A
60 140 B
C
D

83
43
23

3

oo

40, 104

Exterior
Air

30L

F 1
3 6 Q 12 15 18 21 24
Hours Time

Tempersture

degC degF
280176 Absorptive Glazing
YL

681 140

SoL

40 104

Exterior
Air

Hours Time

Figure 3. Interior air temperature for the standard sedan during a full-day soak in
Phoenix, Arizona. Values are given as a function of transmittance for both
reflective and absorptive glass.
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Figure 4. Interior air temperature for the sports sedan during a full-day soak in
Phoenix, Arizona. Values are given as a function of transmittance for reflective and

absorptive glazings.
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Figure 5. Peak interior air temperatures for the standard and sport sedans as a
function of solar transmittance. Values occur at 3 p.m. and are shown for reflective
and absorptive glazings.
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Figure 6. Dash/seat surface temperature for the standard sedan during a full-day
soak in Phoenix, Arizona. Values are given as a function of transmittance for
reflective and absorptive glazings.
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and absorptive glazings.
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Figure 8. Interior air temperature for the standard and sports sedans during a full-
day soak in Phoenix, Arizona. Values are given as a function of varying
configuration properties for the models with 83% solar transmittance glazings.
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Figure 9. Dash/seat surface temperature for the standard and sports sedans during a
full-day soak in Phoenix, Arizona. Values are given as a function of varying
configuration properties for the models with 83% solar transmittance glazings.
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Figure 10. Interior air and dash/seat surface temperatures for the sports sedan
during a full-day soak in Phoenix, Arizona. Values are given for an 83%
transmittance glazing with no infiltration/ventilation and for a reflective glazing with
43% transmittance with an infiltration of 20 air changes per hour.
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Figure 11. Interior air temperature during cool-down for the sports sedan after an
initial soak. Cool-down begins at 11a.m. Results are shown for an 83%
transmittance glazing and reflective glazing with 43% transmittance for varying
sensible cooling capacities.
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sports model sedan. Results are shown as a function of glazing transmittance and
sensible cooling capacity.
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Figure 13. Dash/seat surface temperatures during cool-down for the sports sedan
after an initial soak. Cool-down begins at 11a.m. Results are shown for an 83%
transmittance glazing and reflective glazing with 43% transmittance for varying
sensible cooling capacities.
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Figure 14. Population distribution of the continental United States using cooling
degree days as a distribution parameter. Cooling degree days are measured from a
base of 18.3°C (65°F). (Source: Ref. 1)
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Figure 15. Population distribution of the continental United States using latent
enthalpy hours as a distribution parameter. Latent enthalpy hours are measured
from a base of 16.10C (610F) dew point temperature and 23.9°C (75°F) dry bulb
temperature. (Source: Ref. 1)
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Ref. 1)
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Appendix A
Interior Surface Temperature Mapping Using Infrared Imaging Technology

We documented the temperatures of the dashboard, steering wheel, and front seat surfaces during a
static soak with an infrared imaging system. This experiment was conducted at the Lawrence
Berkeley Laboratory using a 1984 Chevrolet Citation which is shown in Figure A.1. The ambient
air temperature varied from 18°C (64°F) in the early morning to 28°C (82°F) at 2 p.m.. Solar
radiation peaked at about 1 p.m. at a value of 810 W/m2 (257 Btu/hr-ft2). We oriented the car
facing north with the IR camera (Figure A.2) positioned either in the rear of the car or outside the
left front window. An AGA Thermovision 780 infrared imaging system was used for the purpose
of gaining insight into surface temperature distributions under the above conditions. The tests
were not planned to be comprehensive, but were made to determine the feasibility of performing
more extensive experiments in the future. Also, although we measured actual dash and seat
surface temperatures, these were not correlated to the infrared images. The presented photographs
are included in this report so that readers can better understand the nature and capabilities of
infrared imaging technology as applied to the overall objectives of this study.

The AGA system uses a "thermal range" and a "thermal level” to indicate the relative temperature
differences between the color contours. The "thermal range" represents the range in degrees
centigrade of the color spectrum that is presented along the left side of the display as seen on the
attached photographs. The specific range is shown at the top of the display. The "thermal level" is
the temperature value of the isotherm zero point. For our tests, the thermal level was about 32°C.
Surface temperatures can be estimated by adding the thermal level to the thermal range value
associated with a particular color.

Figure A.3 shows a photograph of the dashboard that corresponds to the infrared images shown in
figures A.4 and A.5. These figures represent the same image using two different thermal ranges,
as shown by the numbers "50" and "20" at the top of the figures. Notice that as the thermal range
gets smaller, a greater variety of colors appear on the image, indicating a greater sensitivity to the
actual temperature values. The hot spots are those exposed to direct sunlight: steering wheel, gear
shift lever, and the top of the dashboard. Other hot spots are seen in figures A.6 through A.8,
which show the steering wheel and seat cushions as viewed from the left front window.

The Thermovision 780 system had neither a real-time video capability nor a computer interface for
data reduction. The system is about eight years old. Today IR technology has advanced so that
the newer systems have both these items, a fact that enables more rigorous analysis. We believe
that with proper calibration and further development studies, infrared imaging systems could be a
very powerful tool for validation of simulation models and also help provide a more detailed
quantitative and qualitative understanding of solar heat gain and cooling loads in automobiles. We
plan to refine and use these techniques in future studies.
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