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Summary 

The Vail Pass solar heated rest area was completed in December. 1980. 

Temperature sensors and data recording equipment were installed in the solar 

heating system. Monitoring and collection of data commenced February 9, 1981. 

The data logging equipment was set to record one-hour averages of solar 

radiation and temperatures from eight sensors and to record the operating time 

of the backup electrical heating system. After a few months of solar system 

operation, maintenance forces indicated that the control system and some of 

the mechanical components were malfunctioning. Analysis of the collected data 

confirmed the fact that system operation was below expected performance. 

Various control components were replaced and fan motors were resized in an 

attempt to obtain satisfactory operation of the system. 

In April 1983, the Tunnel Maintenance Supervisor was assigned the task of 

investigating the malfunctioning solar heating system and correcting all 

problems to make the system perform properly. 

In October 1983, the system was returned to operation and the data recording 

instruments were reinstalled and collection of operating data resumed. 

Initial analysis of the collected data indicated that the system was operating 

satisfactorily and monitoring of the system continued until June 1984. At 

this time the data collection was terminated and the final evaluation and the 

writing of the final report was begun. 

The system has not performed efficiently to date. Analysis indicates that 
2 

although the collectors are producing the designed output (800 Btu/day-ft >, 
overall system performance is well below that necessary for cost-effective 

heating. 
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INTRODUCTION 

The Vail Pass rest area was constructed under project I70-2(62) and was 

completed in December 1980. The purpose of this study was to evaluate the 

effectiveness and efficiency of a solar heating system for highway facility 

use. The location of the rest area is in a moderately severe climatic area 

and the performance of the solar heating system would provide added 

information for design of future installations. The solar heating system 

supplies heat to the two restrooms and uses an electrical duct heater as a 

backup heating system. The restrooms have an area of approximately 384 

square feet and are below grade level. The main room has a centrally located 

fireplace and south facing windows which provide some passive solar heat input. 

Photograph 1 is an overall view of the rest area building. Figure 1 is a 

layout of the building showing the solar heated areas and the other rooms. 

The building is essentially all concrete construction which provides a large 

thermal mass for heat storage. 

The solar heating system uses air as the working medium and a rock bin for 

heat storage. The rest area is located at an elevation of 10,570 feet above 
o sea level and at a latitude of 39 3I'N. with the completion of I-70 over 

Vail Pass, the rest area has become a popular stopping place not only for 

travelers, but for general recreation use; snowmobilers, cross-country skiers 

in the winter and hikers and bicyclists in the summer. 

The rest area gets very high usage and the utilization of solar energy is to 

reduce the requirements for electrical energy by supplementing the space 

heating and hot water systems. 

BUILDING DESCRIPTION 

The rest area building is a reinforced concrete structure and has three 

sections. The main room has a poured concrete roof. a large centrally located 

masonry fireplace. and large glass windows on the south facing walls. The 

main room is not heated from the solar heating system. 
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The restroom portion of the rest area has a concrete girder flat roof and is 

located below grade. This is the only section heated by the installed system. 

The north section of the building contains the equipment room, the solar 

collector and rock storage room. The solar collector fo~s the roof of this 

section and the collector is oriented to the south at an elevation angle of 50 

degrees from horizontal. The lower level equipment room and the rock bin are 

below grade and the upper level equipment room is above grade. 

The architectural design of the structure makes the rest area blend into the 

mountain terrain. 

A building data sheet is contained in Appendix c . 

Photo 1 

View of Rest Area From Southeast 
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SOLAR HEATING COMPONENTS 

The solar heating system uses air as the heat transfer fluid and a rock bin 

for heat storage. A circulating fan moves heated air from the collector 

through the rock storage where the air transfers heat to the rocks, and is 

then recirculated back to the collector. The heating system fan circulates 

air from the restrooms to the rock storage where the air is heated by the rock 

and recirculated to the restrooms. An electrical auxiliary heater supplies 

heated air in the event the rock storage heat is depleted . 

Collector The collector consists of eleven 14'x2' panels with a gross area of 

299 ft 2 , mounted at an angle of 50° from the horizontal. The units were 

manufactured by R-H Products, Denver, Colorado. 

Storage Bin The rock storage bin consists of approximately 527 cubic feet of 

2" to 6" washed rock, supported by a steel grating 12" from the floor. The 

12" spacing provides an air return duct to the return air pipe. The ceiling 

and walls of the storage bin were insulated with high density fiberglass 

board. There is a single loop of water supply piping at the top of the rock 

storage bin to preheat the hot water supply . 
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SYSTEM OPERATION 

The system is a straightforward temperature controlled system. There are 

three primary temperature sensors. Sl located in the air duct from the 

collector, S2 located in the air outlet from the rock storage bin and S3 

located in the return air duct going to the collector. A room ther.mostat is 

located in the restroom to control the heating system. 

A centrifugal fan circulates the air through the system using an electronic 

controller and temperature sensors located in the solar collector, rock 

storage bin and ducting leading to the heating system. A 12 kW electrical 

back-up heater is for use when solar heat is unavailable. Figure 2 i s a 

sketch of the layout. 

A Solar Air Circulating Fan 

B Heating Air Fan 

C Exhaust Fan 

F Air Filter 

H 

Rest Rooms 

F 

T Room Ther.mostat 

~T Solar Controller 

S Thermister Temperature Sensors 
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FIGURE 2 
HEATING SYSTEM SCHEMATIC 
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There are several no~al operating modes for the heating system depending on 

the conditions of available sun, rock storage, heat, and requirements for 

restroom heat. The several operating modes are described as follows and shown 

in the sketches. 

1. No solar heat available and no rest room heat required. This is an 

aquiescent condition and no air movement is involved. See Figure 2. 

2. Solar heat available but no heating requirement. In this condition the 

solar fan sends heated air to the rock storage bin. The rock 

temperature rises and the heat is stored in the rocks. See Figure 3. 

3. Solar heat available and rest room heating required. The solar fan 

sends heated air to the rock storage. The heating air fan circulates 

heated air from the rock storage to the rest rooms. See Figure 4. 

4. Solar heat available and rest room heat required, and stored heat is 

available from the rocks. The heating air fan circulates heated air 

from the rock storage to the rest rooms. See Figure 4 also. 

5. No solar heat available and no stored heat available and rest room heat 

required. The heating air fan circulates air through the auxilIary 

heater, bypassing the rock storage. See Figure 5. 

6. No solar heat available, heat is required in restroom and stored heat is 

available. In this condition, the heating fran circulates heated air 

from the rock storage to the restrooms. See Figure 6. 

7. Solar heat is available, but no heat is required in restrooms or in the 

rock storage. The solar fan circulates outside air through the 

collectors to prevent overheating. See Figure 7. 
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ALTERATIONS AND MODIFICATIONS 

From initial start-up, there were indications that some changes and 

corrections would be necessary to improve the operation and efficiency of the 

solar heating system. A complete rework of the system was required. This 

work was completed in 1983. The modifications include: 

1. Reconstruction of the rockbin storage, including the support grating, 

inSUlation of the ceiling and reinstallation of properly sized and 

cleaned rock. 

2 . Double inSUlation of the inside ductwork in the solar room. Sealing of 

airleaks in ducts and the collector mounting area. 

3. Replacement of motors and electronic controls for proper, efficient 

system operation. 

4. Alignment and adjustment of damper motors and vanes for proper airflow 

control. 

5. Relocation of temperature sensors and adjustment of controls to allow 

for unusual conditions. 

The electrical auxiliary heating unit was repaired and modified for more 

efficient operation. The restroom exhaust fan speed was reduced to save 

energy. The fresh air duct inlet was also restricted to reduce heat losses. 

OPERATION EVALUATION 

The analysis of the solar system at the Vail Pass rest area is complicated by 

several factors. One of these factors is the extreme variability in the heat 

required by the building. Another factor is the way solar heat is stored and 

distributed throughout the rest area. The performance of the system can best 

be analyzed by components. 
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AIR COOLED COLLECTORS 

The air cooled collectors have been performing adequately . The airflow in the 

collectors is counter to that normally found in air systems (i.e., cool air 

enters at the top and warm air is exhausted at the bottom of the collectors), 

but seems to function properly. 

Air velocity measurements were taken in October of 1985 using an Alnor Series 

6000 velometer. An eight-point. equal area traverse method was used across 

two perpendicular diameters of the solar collector supply duct. The average 

of two complete data sets was used to calculate the average air velocity in 

the duct. The average flow in the 14 inch duct was determined to be 34 X 103 

ft
3
/hr. The average power developed by the collectors was calculated by the 

relation 

where 

Q : q C P (tout - tin) 
p 

Q ; total power output of the collectors (Btu/hr.) 
q = volume flow rate through collectors (ft3 ./hr.) 
cp = specific heat of air ( 0.24 Btu/Ibm-F) 
p ; mass density of air ( 0.065 lbm/ft3) 
tout = hourly average of air temperature at collector outlet (F) 
tin = hourly average of air temperature at collector input (F) 

Based on the data gathered during 160 days of winter operation, the collectors 

have been generating an average of 190.000 Btu per day. If this energy could 

be efficiently stored and recirculated, the building would only require backup 

heat when the average daily temperature fell below 32 F. However. backup heat 

was necessary everyday during the test period even when the average daily 

temperature was over 50 F. 

ROCK STORAGE 

Most of the inefficiencies of the Vail Pass solar system can be attributed to 

problems within the rock storage bin. Because of the low heat capacity of an 

air medium, large quantities of air must move through the rock storage to 

result in a significant heat transfer to the rock storage. 
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The rock used in the solar storage is not well suited to this objective. The 

rock used leaves only small air voids because of its small size (2-6") and its 

angular shape. The input air to the collectors is apparently a mixture of air 

from the rest area and from the rock storage bin. (See Fig. 8). Consequent

ly, the air temperature at the input to the solar collectors is only slightly 

dependent on the rock temperature during solar system operation. 

FIGURE 8. 
TEMPERATURES RECORDED 
AT SEVERAL BUILDING 
LOCATIONS, NOV. 6, 1983 

From 
Coll ectors 

87 F 
To Rest Rooms 
~~.~~~~~~~--;t 

To 
Collectors 

The fact that no significant airflow passes through the rock bin causes the 

heat storage to become stratified, with relatively high temperatures at the 

top of the rock bin and unheated rock at the bottom. It appears that 

circulation through the rock is being bypassed. Air to the collector is 

normally taken off the bottom of the rock storage and returned to the top of 

the storage bin after heating. In this case, the air to the collectors is 

being supplied from the rest area because of the flow resistance through the 

rock storage. Heated air, returned to the top of the rock storage, flows into 

the rest area to replace the volume of air drawn by the collector inlet. This 

process uses all the heat during the day and fails to store any heat for the 

night and following morning. 

Based on the volume of rock in the solar storage bin, the heat capacity is 

approximately 14,000 Btu per degree Farenheit. Assuming an initial, uniform 
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storage temperature of 90 F, the solar storage would only provide the heating 

requirement of the rest area for 48 hours at an average outdoor temperature of 

50 F. In fact, the rock storage never eliminated the need for auxiliary heat 

for any 24 hour period during the winter. 

High rock temperatures cannot be maintained. Dimensions taken from the 

construction plans were used to calculate "Rtt values for the surfaces of the 

rock storage room. Since this room is below grade, it is assumed that the 

floor and walls would conduct heat to a constant temperature ground mass. The 

ceiling of the rock storage room transfers heat to the solar equipment room 

which is unheated but always warmer than the ambient air. Assuming that the 

solar equipment room is at the same temperature as the mean ground temperature 

( 45 F), and the rock temperature is 100 F, the conduction heat loss is 

(90 Btu/hr - F) * (100 F - 45 F) = 4950 Btu/hr. 

It also appears that significant amounts of heat are escaping to the 

collector. The collector inlet temperature sensor (located above the rock 

storage) is often 30 F above the ambient air temperature at night. 

(See Fig. 9) The heat loss at temperatures above 100 F prohibits the 

possibility of any high temperature storage and therefore any extended periods 

without relying on auxiliary heat. 

FIGURE 9. 
TEMPERATURES RECORDED 
AT MIDNIGHT JANUARY 2, 1984 
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HEATED AREA 

The heated portion of the Vail Pass rest area is all below grade. This offers 

the advantage of damping the building's reaction to the large variations in 

ambient temperature found at this elevation. The large thermal mass of the 

structure also helps to damp temperature swings within the building. Both of 

these characteristics are beneficial from an energy viewpoint, but complicate 

the thermal analysis of the building. 

Because the building is below grade, the heat loss is not necessarily 

proportional to the ambient air temperature. Rather, there is a background 

conduction loss to the ground which is relatively constant. Heat loss through 

the ceiling of the structure is more dependent on the ambient air temperature, 

but complicated by snowcover which can range up to 4 feet . 

During periods of cold weather, heat stored in the building's masonry 

components is slowly depleted. Expected increases in energy use are not 

usually realized until several days into the cold spell. Conversely, once the 

weather has turned warmer, larger than expected amounts of heat are required 

to replace this heat. 

OVERALL SYSTEM PERFORMANCE 

There are several unknowns concerning the heat loss from the rest area. These 

include : unknown air infiltration due to public use, unknown temperatures of 

unheated spaces within the rest area, unknown earth temperatures at various 

depths below grade, and variations in snow cover which affect the heat loss. 

In view of these uncertainties, a simplified approach to the heat loss 

calculations seems justified. 

Standard calculations were used to determine the overall "R" values of the 

walls, ceiling, and floor. An equation approximating the building heat loss 

was developed based on the indoor design temperature, the expected air change 

rate, the average ambient temperature, and the estimated ground temperature. 

Unit resistances for the exterior concrete walls were calculated to be 3.1 

ft 2-hr-F/Btu including an inside air film and 1/2" of rigid insulation. 
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Unit resistance for the floor was taken as 34 ft 2-hr-F/Btu for a slab 8 feet 

below grade (Reference 3). The overall unit resistance for the ceiling 

(including skylights) was calculated to be 8.4 ft
2
-hr-F/Btu. one complete 

ai~ change of the heated volume was estimated based on air velocity 

measurements of the exhaust duct and expected air infiltration through the 

restroom doors. The equation which incorporates the above assumptions was 

determined to be 

where 
Q ; 330 (60 - tg) + 100 (60 - tamb) 

Q = total heat loss from the heated area (Btu/hr) 
tg ; estimated ground temperature (F) 
tamb = daily average temperature (F) 

The above equation agrees well with the data collected on cloudy days when the 

solar system was not operating. During these days. the amount of time the 

backup heater operated was known and could be considered the sole heat source 

(once the rock storage had been depleted). See Figure 10. 

Whenever sufficient solar incidence occurred to start the solar system. heat 

input to the rest area exceeded predicted heat loss by up to three times. 

These losses can only be due to losses in the solar storage and redistribution 

system. As an example. day 145 (May 25. 1984) had an average ambient 

temperature of 56 F. The expected heat loss for this day was approximately 

128.000 Btu. It was assumed that the solar system provided the difference 

between the expected heat loss and the actual auxiliary heat use. 

Data collected on this day shows that 307.000 Btu was collected by the solar 

panels. Of this amount of heat, 46,000 Btu was put into the rock storage and 

approximately 106,000 Btu was used to heat the rest area. A total of 152,000 

Btu (106,000 + 46,000) was useful to the rest area. The remaining 155,000 Btu 

(307,000 Btu generated - 152,000 Btu used) should have been absorbed by the 

roek storage, but was apparently lost to the system. 

In fact, the rock storage system was never sufficiently charged to eliminate 

the use of backup heat from November 5. 1983 to June 26, 1984. During the 

same period, the solar system collected an average of 190,000 Btu per day but 

delivered less than 75,000 Btu per day of useful energy to the rest area. 

Passive solar input to the rest area was neglected because of its relatively 
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small contribution to total building heating demand. Energy savings from the 

single loop of water supply preheat was also neglected. Some losses are 

expected in the many heat transfers which occur between the collector output 

and the air distribution system. However, losses of up to 200% were recorded 

during the period monitored. Losses of this magnitude are clearly excessive. 

CONCLUSIONS 

The solar system of the Vail Pass rest area is operable but inefficient in its 

present configuration. 

The average amount of heat the solar system delivered to the rest area per day 

was 75,000 Btu or 22 kWh. Public Service Company of Colorado's electricity 

charges were computed (in 1984) by multiplying the highest demand factor by 

$11.45 and adding $0.03 per kilowatt-hour thereafter. Because the solar fan 

operates during the middle of the day, its effect on the peak demand is 

negligible (peak demand occurs at night with lights and resistance heat both 

operating). Therefore, the 75,000 Btu of solar heat delivered saves 

approximately $0.65 per day from which $0.15 - $0.20 should be subtracted to 

account for the solar fan energy. At most, the system saves $20.00 per month 

during the winter months. Considering the original investment of over 

$30,000.00 and the added maintenance costs required because of the solar 

equipment, the system will never be cost effective. The system maintenance 

cost alone probably exceeds $20.00 per month. 

IMPLEMENTATION 

In view of the cost to benefit ratio of the system, the available options are 

that the solar system be either shut down or that a very low level of effort 

program be started to make small modifications when time and money permit. 

possible modifications to be made to the rock storage bin should include 

increasing the inSUlation of the walls and ceiling, and further isolating the 

rock bin to prevent air flow to the collectors. Consideration should also be 

given to an inexpensive phase-change storage medium when these become 

available. This would increase the heat capacity of the rock bin and decrease 

the heat loss from the bin because the heat could be stored at a lower 

temperature. 
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Future uses of solar heating at highway facilities should be carefully 

considered. Well designed installations of solar heating equipment are 

generally cost effective when compared with conventional systems. However, 

because they are mechanically more complex and do not have the benefit of 

decades of refinement, extreme care must be used in the design, installation, 

and operation of a solar heating system. Professionals with experience in 

solar heating installations can provide valuable services in the initial 

stages of a proposed solar system. 

Consideration should also be given to passive solar features in highway 

facilities. Passive systems are simple in concept, have few mechanical 

components, and require little or no maintenance. The initial cost of passive 

solar components is minimal when compared to active solar systems. However, 

passive solar concepts must be included in each step of a building's design, 

making retrofit systems impractical. 

The use of a renewable energy source is preferable to the use of non-renewable 

sources, but ultimately, the economic benefits will decide which form of 

energy is most feasible. 
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APPENDIX A 

RECORDED DATA AND SYSTEM PEFORMANCE 

Data Collection. 

A Campbell Scientific CR 21 Micrologger was the primary device for collecting 

the required information for the study. Six channels were set for recording 

temperatures, and one channel was set to record the millivolt output of the 

pyranometer. Another channel output was the fractional time that the 

auxilIary heater was operating. The CR21 output tables were recorded on 

magnetic tape and the data was processed through an Apple 11+ microcomputer. 

Two temperature sensors measured the air temperature entering the collector 

and leaving the collector which was used to calculate the efficiency of the 

collector. One temperature sensor measured the temperature in the rock 

storage bin and two temperature sensors measured the air temperature in the 

circulating ducts to the restrooms. A sensor measured the outside air 

temperature. The silicon cell pyranometer was mounted on a mast adjacent to 

the building to measure the solar radiation at the site. 

The micrologger recorded the digital data on a cassette tape recorder and the 

tape was transcribed and processed thru an Apple I1+ microcomputer. A data 

printout of a portion of the collected data is given in this appendix. 

Figure Al is a schematic of the air circulating system showing the location of 

the temperature sensors for data monitoring. 
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Data Output Tables 

Table Al is a sample printout of the output table. The data is formatted as 

follows, the Julian date heads each 24-hour period. 

Columns 

A-The ending hour of a 60-minute average of readings. 

B-Temperature of air exiting the solar collector. 

C-Temperature of air entering the solar collector. 

D-Temperature of the air in the rock storage bin. 

E-Temperature of the air in the return air duct upstream of the 

AuxilIary heater. 

F-Temperature of the air downstream of the auxilIary heater. 

G-outside air temp. 

H-Millivolt output from the pyranometer. 

I-Fractional time that the auxilIary heater is operating. 

A B C D E F G H I 

312. 
01. 36.56 53.88 089.5 78.41 78.30 36.12 -.002 
02. 38.59 53.51 087.3 76.58 76.81 37.23 -.002 
03. 42.56 51.05 082.1 080.4 080.3 36.90 -.003 
04. 44.65 50.66 78.25 71.10 17 .33 35.69 -.004 
05. 44.45 50.62 76.23 72.44 092.9 33.55 -.004 0.100 
06. 40.19 53.10 77.06 64.60 74.29 33.25 -.004 
07. 39.28 52.85 71.07 64.35 098.9 33.23 0.020 0.150 
08. 42.54 53.71 76.97 63.21 081.7 35.13 0.286 0.150 
09. 74.12 56.04 17 .19 65.49 088.4 43.21 2.159 
10. 085.0 59.60 71.13 69.91 086.6 38.64 0.641 0.133 
11. 61.26 55.08 76.99 64.13 080.4 33.35 0.852 
12. 52.74 53.52 76.85 63.31 098.1 32.53 1.135 0.150 
13. 51.87 54.41 76.63 62.74 093.4 33.96 1.581 0.150 
14. 53.54 54.10 76.42 62.61 085.6 34.64 2.091 0.150 
15. 54.60 55.12 76.20 62.75 090.8 34.25 1.513 
16. 53.51 55.03 75.91 62.70 099.9 32.43 0.404 0.133 
17. 46.38 53.10 75.63 62.01 096.1 28.25 0.091 0.166 
18. 40.40 51.19 75.39 61.34 086.1 26.06 -.033 0.150 
19. 37.04 51.12 75.14 61.41 086.3 22.61 -.004 0.100 
20. 34.83 50.04 74.87 61.32 094.3 19.97 -.003 0.050 
21. 32.50 49.03 14.59 60.88 097.1 18.16 - .003 0.166 
22. 30.10 48.61 14.40 60.61 093.1 18.21 -.004 0.166 
23. 29.86 48.40 14.11 60.43 084.5 11.51 -.005 0.166 
24. 28.91 41.80 73.83 60.42 087.2 11.41 -.004 0.016 

Table Al 
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Solar Collector: 

Rock storage: 

Rest Area Building: 

APPENDIX B 

BUILDING DATA SHEET 

2 
11 Panels 2' x 14' for 308 ft gross area. 

2 
299 ft of collector surface. 

269 ft2 of effective collector surface. 

50
0 

mounting angle. 

612 ft
3 

room volume. 

530 ft
3 

rock occupied volume. (Rocks are stream 

bed graded 2" - 4") 

2 1392 Floor Space 

432 ft2 Heated Space 

2 Design Heat Requirements: 800 Btu/day/ft (238,200 Btu total/day) 

Aux. Heater: 20 KW Electric 

Elevation: 10.570 ft. ASL 

Temperature Range: -12 to 75
0 

F. (Taken from Hourly Avg. Readings) 

Design Engineers: KcFall and Konkel. Denver, Colorado 
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APPENDIX C 

DESIGN CONSIDERATIONS 

The purpose of this study was to evaluate the peformance of the active solar 

heating system, and the conclusions and recommendations given in the basic 

report are to that end. However, it is felt that several design inadequacies 

detracted from the potential performance of the installation. The following 

design features are mentioned to permit their consideration in any future 

building design. 

PASSIVE SOLAR DESIGN 

Photograph Cl illustrates one of the deficiencies of the building design to 

maximize the solar efficiency. This view, taken from the S.S.E. direction 

shows the accumulation of snow on the ground in front of the windows forming a 

high berm to prevent the low angle sun from reaching the interior. Also note, 

the hanging cornices of snow over the windows blocking the sunlight from the 

interior. Over 80~ of the available passive solar energy is lost due to these 

conditions. Photograph C2 was taken on a bright sunny winter day from inside 

the main room to show the effect of the snow accumulation blocking the window 

areas. 

Photograph Cl 
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Photo C2 Looking south from the main room. 

Maintenance personnel subsequently attempted to remove the overhanging snow 

accumulation and to plow the snow berm from in front of the windows with some 

success. 

ACTIVE SOLAR DESIGN 

Photographs C3 and C4 indicate another deficiency in the solar collector 

location. Due to the action of blowing and drifting snow. the collector 

surface frequently becomes covered with a heavy accumulation of snow which 

effectively prevents proper operation of the collector. Snow that slides off 

of the collector surface piles up at the bottom of the collector preventing 

the snow from avalanching clear. On many occasions. maintenance personnel 

manually cleared the snow from the collector surface. A solar collector 

control bypass circuit was installed to allow solar heat defrosting of the 

collector panels when the collector surface was only partially covered by 

snow. These measures were slow and inefficient. 
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C-3 

Snow covering the 
collector has been 
partially removed and 
collector is operating. 

C3 

Snow completely removed. 
There is no space below 
collector for additional 
snow and snow will build 
up over bottom of 
collector at next 
snowfall. 

C4 
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