
ABSTRACT 
 

FREEMAN, JACOB THOMAS.  Experimental Evaluation of HVAC Energy Conservation 
Options for Modular Classrooms. (Under the direction of Dr. James W. Leach) 
 
 
 

In this study, three modular classrooms at one school campus and two modular 

classrooms at a second campus were monitored to measure the effectiveness of the heating 

ventilating and air conditioning systems to provide healthy interior conditions and to 

compare the energy savings made possible by several types of HVAC system design 

improvements.  All of the classrooms are similar in construction and all are located in similar 

environments near Raleigh, NC.  One classroom at each campus has a water source heat 

pump designed specifically for mobile buildings.  The water exchanges heat with the earth 

and the atmosphere through a PVC heat exchanger that lies on top of the ground in the crawl 

space. 

The three classrooms at one campus are occupied throughout the summer, while the 

two classrooms at the other campus are not occupied for approximately two months during 

the summer.  At the campus with year round occupation, one air source heat pump is 

monitored in standard configuration.  The other air source heat pump is equipped with an 

exhaust-to-inlet air heat exchanger to recover energy in the ventilation air.  The last 

classroom at this campus with the water source heat pump is also equipped with an exhaust-

to-inlet air heat exchanger.  At the campus with two months of summer vacation, the air 

source heat pump does not have energy recovery ventilation but has a nighttime setback 

thermostat.  The water source heat pump at this campus also does not have energy recovery 

ventilation but has a nighttime setback thermostat. 
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1.0 Objective 

The purpose of this study is to reduce energy use of the HVAC system for modular 

classrooms while maintaining comfortable and healthy interior conditions.  The study will 

document energy savings observed from the use of nighttime setback thermostats, energy 

recovery ventilation, and a wall mounted water-source heat pump with an experimental PVC 

heat exchanger.  The desired outcome of this study is to show that the aforementioned three 

energy conserving devices are able to reduce the overall energy input to the HVAC system of 

modular classrooms without sacrificing comfort or healthy interior conditions. 

 

2.0 Introduction 

Today the modular classroom is a very common sight on many public school 

campuses.  Of the elementary schools in the Wake County School System, 71 percent have 

one or more modular classrooms on their campus [1].  The two elementary school locations 

used in this study are Davis Drive Elementary School and West Lake Elementary School.  

Davis Drive Elementary School has eleven modular classrooms, while West Lake 

Elementary School has twelve modular classrooms.  The greatest electrical energy use of 

modular classrooms is the HVAC system [2].  Therefore, improvements in the operating 

efficiency of the HVAC system will have the greatest impact in reducing the yearly operation 

costs of the modular classroom. 

2.1 Project Background 
 

This thesis builds on two previous studies to reduce the energy use of mobile 

buildings with wall mounted water source heat pumps utilizing water storage in the crawl 
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space of the building.  The first study used a one ton wall mounted heat pump coupled to a 

7,000 gallon water storage bladder in the crawl space of the mobile office building.  

Insulation was applied to the exposed surfaces of the bladder and electric strip heating was 

used for freeze protection during the off-peak periods of the very coldest days.  Currently, 

this heat pump is in operation at a research office at North Carolina State University [3]. 

The second study compared two adjacent modular classrooms, one with a standard air 

source heat pump and the other, with a portable water source heat pump. Computer models 

indicated the water storage volume could be reduced without affecting the overall 

performance [4].  Therefore, the volume of the bladders was reduced from 7,000 gallons to 

2,000 gallons even though the building loads for the school classrooms were three times 

those of the previous office building.  Also, the bladders were filled with a salt-water solution 

for freeze protection, and the insulation and heat strips were eliminated.  The results of the 

study indicated the water source heat pump used about 50 percent as much electricity as the 

air source heat pump in heating mode, and about 80 percent as much in cooling mode [4].  

The overall energy savings observed were 33 percent. 

Although the bladder storage system proved to be effective in saving energy when 

compared to a similar air source heat pump, the salt water caused problems after a few 

months. Chromate corrosion inhibitors were not added to the salt water because water leaks 

could be harmful to school children. As a result, a relatively expensive circulating pump with 

a magnetic drive was installed.  Additionally, the salt water corroded the soft solder copper 

connections, causing leaks and severe rusting of the steel plate on the bottom of the heat 

pump and of the components attached to this plate. The test of the 2,000 gallon salt water 
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storage system is documented by Soderberg [4]. 

The computer models used in the study outlined by Forrest indicated the storage 

volume could be even further reduced if the bladders were replaced with small diameter PVC 

pipe [5].  TRNSYS computer models indicated storage of water in small diameter PVC pipe 

in the crawl space of the mobile classroom would reduce the water temperatures in the 

summer and increase them in the winter increasing the efficiency of the water source heat 

pump.  In the present system the storage volume is only about 120 gallons.  However, the 

surface area of the PVC heat exchanger is approximately 1,200 square feet while the surface 

area of the 2,000 gallon bladder system was only 640 square feet.  The TRNSYS simulation 

of the PVC heat exchanger and detailed design is detailed by Forrest [6]. 

2.2 PVC Heat Exchanger System 
 

The current heat exchanger system is constructed entirely of PVC pipe.  There are 

three main parts of the heat exchanger: the header, the PVC tubes, and the Nitrile (Buna-N) 

header connections.  The header is constructed from 2.5 inch SCH-40 PVC pipe with 3 inch 

SCH-80 PVC reinforcements.  The SCH-80 PVC pipe was trimmed and glued to 2.5 inch 

SCH-40 PVC pipe to increase the glue surface area for the header risers extending parallel to 

the diameter of the SCH-40 PVC pipe.  The header risers are constructed from ½ inch SDR-

13.5 PVC pipe.  The open ends of the headers were either capped or left open for connection 

to an adjacent header to direct the flow of the heat exchanger fluid through the heat 

exchanger.  The headers at the two experiment locations differed in the number of PVC risers 

attached to each header.  At Davis Drive Elementary School (DDES), each header contained 

16 risers, while at West Lake Elementary School (WLES) each header contained 15 risers.  
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This affected the total heat exchanger area for the two locations, reducing the total area at 

WLES by about 5 percent compared to DDES.  From test results, this had no noticeable 

effect on the energy savings or the heat exchanger temperatures encountered between the two 

experimental locations.  Assembly of the headers used in this study was a very time 

consuming process.  For commercial implementation of this system, the header and risers 

should be injection molded as one continuous part.  This would greatly reduce the labor 

required for overall PVC heat exchanger assembly.  Figure 2.1 shows a header used in this 

experimental study. 

 

 

Schedule 80 Reinforcements 

1 in Thermocouple Hole 

½ in PVC Risers 

Figure 2.1: PVC Heat Exchanger Header 
 

 The PVC tubes, which comprise the majority of the heat exchanger area, are SDR-

13.5 PVC pipe.  These tubes extend the length of the mobile classroom and connect headers 

on one side of the classroom to headers on the other side of the classroom.  Each PVC tube is 

approximately 30 feet long and is connected to the risers on the header using ½ inch PVC 
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couplings.  The coupling connections at the PVC header proved to be the most time 

consuming portion of the on-site PVC heat exchanger construction.  Each SDR-13.5 PVC 

tube to header connection requires two coupling connections.  With 16 risers per header and 

20 headers per heat exchanger, a total of 640 PVC glue connections for the PVC heat 

exchanger were required for field assembly.  Additionally, 320 PVC connections were 

required to connect a 10 foot section of SDR-13.5 PVC pipe and 20 foot section of SDR-13.5 

PVC pipe to create the full length 30 foot PVC tube.  The 30 foot lengths of SDR-13.5 PVC 

were very flexible and allowed the PVC tubes to conform to the shape of the ground, 

reducing necessary crawl space ground preparation.  Figure 2.2 shows the PVC tubes and 

heat exchanger headers installed in the crawl space of the modular classroom. 

 

 

½ in PVC Tubes 

Header 
Thermocouple 
Location 

Figure 2.2: Heat Exchanger installed under DDES 
 

 Also shown in Figure 2.2 are the thermocouple locations used for heat exchanger 
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temperature measurement.  In addition to temperature measurement, the thermocouple 

locations were used as bleed points to remove air from the heat exchanger as it was being 

filled with water.  Each section of the heat exchanger has one thermocouple hole on each end 

allowing for multiple bleed points to drain any trapped air in the system.  This allowed for 

multiple temperature measurement points for the fluid throughout the PVC heat exchanger. 

The Nitrile (Buna-N) connections connect adjacent headers and allow the heat 

exchanger fluid to pass from one header to another.  The Nitrile connections are secured to 

the header using stainless steel hose clamps.  A total of eight sections of Nitrile hose were 

required for heat exchanger construction.  Figure 2.3 shows a header-to-header Nitrile 

connection used in PVC heat exchanger construction. 

 

 

 

Header 

Nitrile connection SDR-13.5 PVC 
tubes

Thermocouple 
location 

Header 

Figure 2.3: Header-to-Header Nitrile Connection 
 

 
The total time required for heat exchanger installation was approximately 10 hours 
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and required the labor of two people for a total of 20 man hours.  This installation time 

includes only the labor required for the riser to PVC tube connections, Nitrile connections, 

crawl space ground preparation, and placement of the heat exchanger in the crawl space.  

Additional labor is required for the final connections of the heat exchanger to the wall 

mounted water source heat pump including the installation of the heat exchanger fluid 

storage tank and the 1/3 horsepower water circulation pump.  The labor required to complete 

this task is approximately four man hours.  Overall, the installation of the heat exchanger was 

a very time consuming process.  For commercial application of this heat exchanger system, 

design refinement is needed to decrease the installation time to reduce the payback period for 

the system.  Figure 2.4 shows a top view of the PVC heat exchanger system installed 

underneath the modular classroom. 
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Figure 2.4: PVC Heat Exchanger Layout 
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The arrows in Figure 2.4 above the SDR-13.5 PVC tubes show the direction of the 

fluid flow through the heat exchanger.  A 30 percent solution of ethylene glycol is used for 

freeze protection to about 0°F in the present system.  The ethylene glycol mixture used in the 

system yields a fluid specific heat of approximately 0.9 BTU/lb-°F.  The flow rate of the 

fluid through the PVC heat exchanger is approximately 13 gallons per minute.  The total 

retail cost for all materials used to construct the PVC heat exchanger was approximately 

$900.  The total retail cost of the ethylene glycol used for the PVC heat exchanger was 

approximately $135. 

2.3 Heat Pump and Circulating Pump 
 

The heat pump used in this study is the exact same model installed on many of the 

modular classrooms in the Wake County School System.  However, the outside refrigerant-

to-air heat exchanger was removed and replaced with a cupro-nickel refrigerant-to-water heat 

exchanger.  Additionally, a thermostatic expansion valve was installed in the heat pump 

instead of the capillary tube expansion device used on the similar air source heat pump.  The 

remainder of the heat pump was unchanged.  Figure 2.5 shows the water source heat pump 

installed on the wall of the modular classroom. 
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heat exchanger 
under classroom 

Water-to-Refrigerant Heat 
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kWh Meter

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5: Water Source Heat Pump Installed on Exterior Wall of Modular Classroom 
 

The circulating pump for the system was a 1/3 horsepower magnetic drive centrifugal 

pump.  Although a cheaper direct drive pump could have been used, the magnetic drive 

pump was used because of the lower power consumption compared to direct drive models 

available from the suppliers consulted.  The magnetic drive pump required approximately 

0.57 kW for operation while a similar horsepower direct drive pump from another 

manufacturer required approximately 1.03 kW for operation.  Obtaining a circulating pump 

requiring the least amount of power is critical to reducing the overall power consumption of 

the system.  This is especially true considering the equivalent of the 1/3 horsepower 

 10



circulating pump on the air source heat pump is the outdoor heat exchanger fan.  The outdoor 

heat exchanger fan on the air source heat pump requires approximately 0.32 kW for 

operation.  In an effort to further reduce the energy use of the circulating pump, the 

feasibility of using a 1/4 horsepower pump was explored.  However, for the models 

investigated, the desired flow rate of 13 gallons per minute could not be achieved.  The 

circulating pump was wired directly to the compressor relay inside the heat pump.  This 

allowed the circulating pump to operate only when the compressor in the heat pump was 

operating.  All other times the circulating pump was idle.  The approximate retail cost of the 

magnetic drive 1/3 horsepower circulating pump used in this study was $460. 

2.4 Heat Exchanger Mobility 
 

An additional design consideration of the water source heat pump is portability.  

Because the mobile buildings are transported occasionally, the ability of the heat exchanger 

to move with the building is important.  The previous 2,000 gallon water source heat pump 

system does not lend itself well to being portable.  Due to the non-rigid nature of the 2,000 

gallon bladders used with the previous water source heat pump system, draining the salt 

water from the bladders prior to moving the classroom would be necessary.  Draining the 

system will present disposal problems due to the volume of salt water.  Conversely, the rigid 

structure of the PVC heat exchanger would allow a cable system to hoist the heat exchanger 

up to the bottom of the building, where it could be easily transported.  Another possibility is 

to incorporate a support system into new modular buildings that would permanently hold the 

PVC heat exchanger below the building.  This type of support system would eliminate heat 

transfer with the ground, which would require additional computer simulation and real world 
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experimentation to verify the energy savings compared to the heat exchanger arrangement 

examined in this study.  However, a permanently mounted support system would eliminate 

the need to move the PVC heat exchanger for building relocation once installed in the 

underside of the building. 

The installation of the PVC heat exchanger included PVC ball valves, which would 

isolate the heat exchanger from the water source heat pump and storage tank.  If a cable 

system were used to hoist the PVC heat exchanger to the underside of the classroom, the 

volume of water in the piping connecting the PVC heat exchanger to the heat pump would 

have to be drained.  The ball valves would allow the separation of the fluid in the heat 

exchanger from the fluid in the piping connecting the heat exchanger to the heat pump.  This 

would allow the glycol solution in the connection piping only to be drained.  The amount of 

glycol solution in the connection piping is small and expected to be approximately 20 

gallons, depending on the routing of the piping from the exit to the inlet of the heat 

exchanger. 

2.5 Project Setup 
 

In this study five modular classrooms were monitored to verify the PVC heat 

exchanger model simulated using TRNSYS, to determine the energy savings possible from 

the use of the aboveground PVC heat exchanger design, and to identify the effect of outside 

air ventilation on the CO2 level in the classroom.  Also evaluated were the effect of energy 

recovery ventilation on air source heat pump energy use and the effect of nighttime setback 

thermostats on the energy use of the modular classrooms.  Two school locations were used in 

this study: Davis Drive Elementary School (DDES) and West Lake Elementary School 
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(WLES). 

At the DDES location two modular classrooms (T5 & T6) are equipped with 

nighttime setback thermostats.  These thermostats are a manual change over model in which 

the user must select between heating and cooling depending on the conditions in the room.  

In cooling mode, the nighttime setback thermostats are set to keep the classrooms at 

approximately 71°F during the occupied periods of the weekday, set up to 80°F during the 

unoccupied periods of the weekday, and set up to 85°F during unoccupied periods of the 

weekend.  In heating mode, the thermostat is set to keep the classroom at approximately 70°F 

during the occupied periods of the weekday, set down to 60°F during the unoccupied periods 

of the weekdays, and set down to 55°F during the unoccupied periods of the weekend.  In 

addition to the nighttime setback thermostats, the heat pump on T5 was replaced with the 

wall mount water source heat pump used in the previous experiment with the 2,000 gallon 

saltwater bladders.  The circulating pump used for the PVC heat exchanger is the 1/3 

horsepower magnetic drive model also used in the previous 2,000 gallon bladder experiment.  

The heat exchanger fluid storage tank is a 48-quart ice chest that was modified with an inlet 

and exit at the base for return and discharge lines for the fluid in the PVC heat exchanger. 

At WLES three adjacent modular classrooms were modified to participate in this 

study.  These classrooms are T404, T403, and T405.  The energy conservation devices used 

at the WLES location are the water source heat pump with PVC heat exchanger and 

ventilation energy recovery.  The ventilation energy recovery was installed on both T404 and 

T403.  On T404, a new water source heat pump and experimental PVC heat exchanger were 

installed.  Both T404 and T403 were equipped with automatic changeover thermostats, which 
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automatically select between heating and cooling to keep the classroom within the user 

specified upper and lower set points.  The circulating pump used for the PVC heat exchanger 

system was a 1/3 horsepower magnetic drive model, similar to the one used at DDES.  The 

heat exchanger fluid storage tank used with the PVC heat exchanger installed on T404 was 

similar to the one installed on T5 at DDES.  The third classroom at WLES, T405 was 

equipped with no energy conservation devices.  This classroom was equipped with a 

traditional air source heat pump and manual changeover thermostat.  Barometric dampers 

provided the outside ventilation air required for healthy indoor conditions.  This classroom 

served as the control for classrooms at both DDES and WLES.  Table 2.1 shows a 

breakdown of the energy conservation devices installed on each modular classroom and their 

locations. 

Table 2.1: Energy Conserving Equipment and Location 
 

Classroom Name & 
Location 

Energy 
Recovery 
Ventilator 

Water or 
Air 

Source 

Nighttime Setback 
Thermostat 

T5 (DDES) No Water Yes 
T6 (DDES) No Air Yes 

T404 (WLES) Yes Water No 
T403 (WLES) Yes Air No 
T405 (WLES) No Air No 

2.6 Modular Classroom Construction, Orientation, and Occupation 
 

The construction methods for the modular classrooms are similar to construction 

methods used for residential homes.  Floors are 2-inch by 8-inch framing lumber set on 16-

inch centers with R-19 insulation.  Wall construction consists of 2-inch by 4-inch framing 

lumber with R-13 wall insulation.  Interior walls are finished with luan simulated wood 
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paneling while exterior walls are finished with T1-11 exterior grade sheathing.  Roof 

construction utilizes 2-inch by 6-inch framing lumber in an A-frame configuration with R-19 

insulation.  Roof shingles are constructed from asphalt and are brown in color.  All of the 

mobile classrooms except for T6 at DDES have the R-19 insulation in the rafters directly 

below the roof sheathing.  The R-19 insulation seals off the attic where the roof rafters 

intersect the vertical wall.  These classrooms have no attic ventilation.  The ceiling in these 

classrooms consists of an acoustic tile lay in drop ceiling with ceiling tiles constructed from 

fiberglass insulation.  The approximate insulation value of the ceiling tiles is R-9.  The attic 

space has no outside air ventilation. 

In T6 the R-19 roof insulation is located directly above the ceiling tiles, which make 

up the drop ceiling in the classroom.  In this insulation method there is attic ventilation.  

Perforated soffit vents provide attic ventilation.  There is no ridge ventilation in the modular 

classrooms.  The crawl space of the T6 classroom at DDES is enclosed using plastic panels.  

All other crawl spaces in the mobile classrooms are not enclosed and allow air to flow freely 

under the modular classrooms.  All modular classrooms in this study at each location are 

located adjacent to one another.  The classrooms at WLES have ridgelines that point North-

South, while DDES classrooms have ridgelines extending East-West.  Total window area in 

the classrooms is approximately 24 square feet.  Classrooms T5 and T404 have two doors 

while the other classrooms have only one door. 

Classrooms T5 and T6 at DDES operate on a traditional schedule, having 

approximately two months of vacation during the summer.  Classrooms at WLES operate on 

a year round schedule.  Classrooms T5 and T6 are occupied by approximately twenty-five 
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fourth grade students.  Classrooms T404 and T403 are occupied by twenty-six third grade 

students.  Classroom T405 is occupied by approximately twenty-five second grade students.  

The occupancy schedules of all five classrooms are very similar, with the school day lasting 

approximately seven hours.  The beginning and ending of the school day at DDES occurs 

approximately forty-five minutes before the beginning and end of the day at WLES.  Figure 

2.6 shows a representative modular classroom at one of the school locations. 

 

 

Figure 2.6: Sample Modular Classroom Where Study Was Conducted 
 

2.6.1 Attic Insulation Methods and Temperatures 
 
 As was discussed in Section 2.6, all of the modular classrooms studied had similar 

attic insulation and ventilation methods except for T6 at DDES.  Due to the insulation 

differences the attic temperatures were measured in T5 and T6 at DDES to determine the 
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effect of the insulation method on the attic temperatures.  Figure 2.7 shows attic temperatures 

measured for T6 during the summer, and Figure 2.8 shows attic temperatures measured for 

T5 during the same period. 
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Figure 2.7: Attic Temperatures at DDES T6 During Summer 
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Figure 2.8: Attic Temperatures at DDES T5 During Summer 
 

Figure 2.8 shows the attic temperature in T5 is controlled by the air conditioning 

system during the day.  In the morning when the thermostat reverts to the daytime setting, the 

attic temperature falls directly with the room temperature.  However, this trend is not seen in 

the attic of T6.  From Figure 2.7 when the nighttime setback thermostat reverts to the 

daytime setting, the attic temperature of T6 is not affected and continues to climb throughout 

the day.  The attic temperature of T5 is controlled throughout the day.  This can be concluded 

from the variation of the attic temperature in a range of approximately 5°F throughout the 

day in T5 despite the increasing ambient temperature and solar load on the building.  When 

the thermostat reverts to nighttime setback, the attic temperature quickly climbs due to the 
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higher ambient temperature and solar radiation.  The days of 29 May and 30 May are the 

weekend when the thermostat set point temperature is 85°F. 

The same trend is apparent during the winter, where heating of the attic is occurring 

in T5.  Figure 2.9 shows attic temperatures measured in T6 during the winter, and Figure 

2.10 shows attic temperatures measured in T5 during the same period. 
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Figure 2.9: Attic Temperatures at DDES T6 During Winter 
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Figure 2.10: Attic Temperatures at DDES T5 During Winter 
 
 
 Figure 2.10 clearly shows that the attic temperature in T5 is completely dependent on 

the room temperature.  This is not the case with T6.  Figure 2.9 shows the attic temperature 

of T6 is completely independent of room temperature and more dependent on the ambient 

condition and solar loading.  The data presented in Figures 2.7 to 2.10 show the insulation 

method used in T5 results in conditioning of the attic space, which is not apparent in T6.  

This would likely increase the building load of T5 relative to T6. 
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3.0  PVC Heat Exchanger Fluid Temperatures 

3.1 PVC Heat Exchanger Fluid Temperatures: Air Conditioning 
 
 The design of the heat exchanger included thermocouple holes at each header to 

monitor the temperatures of the fluid throughout the PVC heat exchanger system.  The 

TRNSYS model, which was used to simulate the energy savings possible from use of the 

PVC heat exchanger, predicted the temperature of the fluid entering the heat pump would be 

approximately 3-5°F above the ambient air temperature [6].  The results of the TRNSYS 

simulation also revealed the heat exchanger fluid temperature would closely follow the 

profile of the ambient air temperature.  The results of the TRNSYS simulation for a typical 

period during the summer are given in Figure 3.1. 
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Figure 3.1: TRNSYS Summer Predicted Temperatures 



 

Figure 3.1 shows the maximum 3-5°F temperature difference between the ambient air 

and the fluid exiting the heat exchanger.  The actual temperatures of the heat exchanger fluid 

were typically higher than the temperatures predicted.  However, the profile of the 

temperature did closely follow the ambient air temperature.  The measured heat exchanger 

fluid temperatures for a typical period at DDES are given in Figure 3.2.   
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Figure 3.2: DDES Summer Heat Exchanger Fluid Temperatures 
 

 The temperatures presented in Figure 3.2 represent typical heat exchanger fluid 

temperatures encountered in the late summer.  The line representing “HX Exit” is the 

temperature of the heat exchanger fluid leaving the heat exchanger.  The cooler this water is 
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during the summer the lower the condenser temperature and pressure and consequently the 

lower the energy input from the compressor, resulting in a higher refrigeration COP 

(coefficient of performance).  Previous research has shown the COP of water source heat 

pumps while air conditioning, linearly decreases with increasing entering water temperatures 

ranging from 45° to 70 °F [7]. 

From Figure 3.2 on 12 September 2003 when the ambient air temperature was 70°F, 

the temperature of the heat exchanger fluid was approximately 9-10°F above the ambient air 

temperature.  Also during the day on 15 September 2003 when the ambient air temperature 

was 85°F, the temperature of the heat exchanger fluid was approximately 93°F, a temperature 

difference of 8°F.  During similar ambient conditions the TRNSYS model had predicted 

temperature differences between the ambient and heat exchanger exit of approximately 5°F.  

From Figure 3.2 when the heat pump was operating, the average temperature difference 

between the heat exchanger inlet and exit was 8°F.  Figure 3.3 shows the heat exchanger 

fluid temperatures encountered during the summer during periods when the ambient air 

temperatures were higher than the ambient temperatures encountered in Figure 3.2. 
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Figure 3.3: DDES Summer Heat Exchanger Temperatures 
 

 From Figure 3.3, the ambient air temperatures encountered on 12 August and 13 

August were approximately 90°F.  The corresponding PVC heat exchanger exit temperatures 

were approximately 100°F, a 10°F temperature difference.  Re-examining Figure 3.1 during 

the days of 1 August, 5 August, and 7 August the maximum ambient air temperature from the 

typical meteorological year data is approximately 90°F.  The TRNSYS model predicted the 

maximum temperature would be approximately 95 °F or a temperature difference of 5°F, 

which was not realized. 

Figure 3.3, shows the highest temperature encountered was approximately 115°F.  

The figure also shows the maximum temperatures into the PVC heat exchanger were 

regularly above 100°F.  These high temperatures presented no problems for the SDR-13.5 
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PVC tubes which make up the heat exchanger.  The data during the dates 17 August and 18 

August, are Saturday and Sunday respectively.  During this period the buildings are 

unoccupied, and consequently the building loads are lower. 

It is theorized that the generally higher than predicted fluid exiting temperature from 

the PVC heat exchanger is a result of the low ambient air velocities in the crawl space of the 

classroom.  This is likely due to obstructions such as landscaping and adjacent modular 

classrooms, which surround the modular classrooms with the PVC heat exchanger.  

Additionally, the low profile of the PVC heat exchanger underneath the classroom would 

likely prevent wind velocity, when present underneath the classroom, from directly 

impacting the surface of the PVC heat exchanger.  This would reduce the convection 

coefficient present at the surface of the SDR-13.5 PVC pipe and consequently reduce the 

overall heat transfer rate.  Random measurement using a hand held vane anemometer 

revealed wind velocities in the crawl space of the classroom are low and very near zero.  

During periods where the velocity in unobstructed spaces (open area adjacent to the 

classroom) was approximately 3 MPH, the highest wind velocity measured was 1 MPH 

under the classroom.  During much of the time the velocity was too low to be measured by 

the vane anemometer used. 

To increase the convection coefficient at the surface of the heat exchanger exposed to 

the air, a high velocity fan was installed underneath the mobile classroom.  The fan was 

positioned at the corner of the first half of the heat exchanger at the center of the classroom to 

force air diagonally across the heat exchanger.  The fan installed draws approximately 0.148 

kW at 120 V.  The fan increased the velocities exiting the underside of the classroom from 0 
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to 1 MPH to 2.5 to 3 MPH and was operated constantly throughout the day.  However, 

despite the increase in the wind velocity on the surface of the heat exchanger, this appeared 

to have no effect on the maximum water temperature encountered at the exit of the heat 

exchanger.  There was a very slight to no noticeable reduction in energy used during the 

period.  When the additional energy use from the fan was added into the total energy use, the 

savings from use of the fan were either zero or negative.  The water temperatures in the heat 

exchanger with the fan operating in the crawl space of the heat exchanger are given in Figure 

3.4.   
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Figure 3.4: WLES Heat Exchanger Temperatures with Fan Operating 
 

During this week the maximum ambient air temperatures each day were in the low 
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80°F’s.  During this period the maximum temperature of the heat exchanger fluid at the exit 

was in the low 90°F’s.  The days of 20 and 21 August are Saturday and Sunday respectively, 

when the classrooms are not occupied.  Figure 3.5 shows the heat exchanger temperatures 

during similar ambient conditions when the auxiliary heat exchanger fan was not operating.   
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Figure 3.5: WLES Heat Exchanger Temperatures with Auxiliary Fan not Operating 
 

During the period in May shown in Figure 3.5, the ambient conditions are similar to 

those given in Figure 3.4.  Comparing the maximum temperature of the fluid at the heat 

exchanger exit in Figure 3.5 reveals very similar temperature conditions to those encountered 

in Figure 3.4.  Thus, it appears the increased velocity provided by the fan in the crawl space 

of the classroom has provided no benefit in reducing the maximum fluid temperature at the 

PVC heat exchanger exit.  Figure 3.6 also shows heat exchanger temperatures during a period 
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in August when the auxiliary fan was not operating. 
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Figure 3.6: Heat Exchanger Temperatures with Auxiliary Fan not Operating 
 

The data presented in Figure 3.6 are for similar ambient conditions to those in Figure 

3.4 and 3.5.  This data clearly shows the same trends for the fluid temperatures at the exit of 

the PVC heat exchanger. 

3.2 PVC Heat Exchanger Fluid Temperatures: Heating 
 

The temperature of the heat exchanger fluid during the winter did correspond well to 

the predictions of the TRNSYS model.  As with the fluid temperatures while air 

conditioning, the general trend of the ambient air was followed throughout the day.  

However, unlike the fluid temperatures while air conditioning, the fluid temperatures while 

 28



heating did not vary significantly from the ambient air temperatures.  The greatest variance 

appeared during the evening when most of the heating was required at WLES.  Figure 3.7 

shows the heat exchanger fluid temperatures encountered at WLES during the winter. 
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Figure 3.7: WLES Winter Heat Exchanger Fluid Temperatures 
 

While the heat pump is in heating mode, the heat exchanger fluid absorbs heat from 

the ground and the air, which is transferred to the refrigerant in the evaporator at the heat 

pump.  Therefore, when heating is being provided to the classroom, the heat exchanger exit 

temperature will be higher than the heat exchanger inlet temperature, for nearly constant 

ambient conditions.  At DDES, the classrooms have nighttime setback thermostats.  The heat 

exchanger fluid temperatures at DDES during heating are given in Figure 3.8. 
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Figure 3.8: DDES Winter Heat Exchanger Temperatures 
 

The heat exchanger fluid temperatures encountered at DDES during the winter follow 

similar trends as those encountered at WLES.  However, from the data presented in Figure 

3.8, the heat exchanger fluid reached temperatures that are higher than the ambient air 

temperature on both 15 January and 16 January.  This is due to solar radiation on the surface 

of the PVC pipe during periods when the heat pump is not operating.  During periods of 

operation the temperature quickly falls indicating the circulation of the fluid through the heat 

exchanger. 

Because the water temperatures in the heat exchanger were very close to the ambient 
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air temperatures, the heat pump did perform as expected during the winter months.  The 

coldest temperature encountered during the period was approximately 20°F as seen in Figure 

3.7.  This cold temperature did not present any problems for the PVC heat exchanger. 

3.3 Modification of U-value of PVC Heat Exchanger in TRNSYS 
 

Due to the higher than predicted temperatures of the fluid exiting the heat exchanger 

during the summer and the low wind velocity in the crawl space of the modular classroom, 

the overall U-value of the heat exchanger used in the TRNSYS simulation program was 

modified to more closely match the temperatures of the ethylene glycol solution exiting the 

heat exchanger.  The original U-value used for the PVC heat exchanger was 4.0 BTU/hr-ft2-

°F.  Using an overall U-value of 1.7 BTU/hr-ft2-°F yielded water temperatures exiting the 

heat exchanger which were closer to those actually measured for the higher ambient 

temperatures.  The TRNSYS result using both U-values is given in Figure 3.9. 
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Figure 3.9: Predicted PVC Heat Exchanger Fluid Exit Temperatures 
 

 From Figure 3.9, the predicted maximum exiting heat exchanger fluid temperatures 

during days when the maximum ambient temperature was 90°F corresponds exactly to the 

actual temperatures measured in Figure 3.3.  However, the lower U-value did over predict the 

actual exiting heat exchanger fluid temperatures when the conditions were milder.  When 

maximum ambient temperatures were 75°F, the U-value of 1.7 BTU/hr-ft2-°F predicts the 

maximum heat exchanger fluid exiting temperature to be approximately 93°F.  From Figure 

3.2 on 9 September, the actual temperatures encountered during these milder conditions were 

closer to the original TRNSYS predicted results.  The same trend continued to be true during 

winter, namely the predicted temperatures using the overall U-value of 1.7 BTU/hr-ft2-°F did 
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not match the measured temperatures.  The original TRNSYS predicted results were a better 

match.  Figure 3.10 shows typical predicted winter TRNSYS simulation results using both U-

values. 
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Figure 3.10: Predicted PVC Heat Exchanger Fluid Temperatures 
 

From Figure 3.10, the temperatures encountered with U equal 1.7 BTU/hr-ft2-°F are 

lower than the fluid temperatures measured.  From Figure 3.10 during 28 December when the 

high was approximately 58°F the predicted fluid exiting temperature with U equal 1.7 

BTU/hr-ft2-°F was 41°F.  During similar ambient conditions, the actual fluid temperature 

measured was approximately 50°F on 9 December 2004, from Figure 3.7.  This value is 

much closer to the original TRNSYS predicted results (U-value of 4.0 BTU/hr-ft2-°F) 

indicating the temperature would be approximately 48°F. 
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3.4 Ambient Air Temperature Comparison 
 

There was concern that heat the PVC heat exchanger was rejecting to the ambient air in 

the crawl space of the modular classroom during the summer would adversely affect the 

building loads.  To determine if this was true, thermocouples were placed in two locations of 

the crawl space of the modular classroom directly above the PVC heat exchanger on opposite 

ends of the classroom to monitor temperatures throughout the study period.  A single 

thermocouple was placed underneath a walkway attached to the modular classroom well 

away from the PVC heat exchanger to obtain a third reading of the ambient air temperature.  

The three thermocouples indicated the temperatures were similar within approximately 2°F-

4°F between the ambient measurements away from or above the PVC heat exchanger at 

either measurement location during the peak times of the day when air conditioning loads 

were highest.  During the evening, the temperature of the ambient air at location #1 above the 

PVC heat exchanger was consistently higher than all other ambient temperatures recorded.  

This likely indicates the PVC heat exchanger was continuing to dissipate the heat stored 

while air conditioning during the day.  However, the thermocouple above the heat exchanger 

at location #2 measured temperatures which were more similar to those measured under the 

walkway during the evening.  Figure 3.11 shows the ambient temperatures encountered 

during the summer. 
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Figure 3.11: Ambient Summer Temperatures at DDES in Three Locations 
 

Figure 3.12 shows representative ambient winter temperatures recorded during the 

study period.  The three ambient winter temperatures are much closer to one another and do 

not indicate the air in the crawl space of the modular classroom is colder due to the extraction 

of heat from the ambient air. 
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Figure 3.12: Ambient Winter Temperatures at DDES in Three Locations 
 

From the ambient air temperatures recorded in three locations around the water source 

heat pump during the study, it appears the water source heat pump with PVC heat exchanger 

does not adversely affect the building loads of the classrooms during the winter or the 

summer.  The classroom where this data was taken was approximately 2.5 to 3 feet off the 

ground.  Classrooms with less clearance under them could possibly have more restriction to 

airflow and higher crawl space temperatures. 

 

4.0 Modular Classroom CO2 Concentrations 

 Increasingly, indoor air quality is a concern among HVAC system designers and 
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building administrators.  Adequate ventilation must be provided to spaces occupied by 

individuals to reduce the health problems associated with poor indoor air quality.  Much 

research and effort has already been undertaken to understand the health effects associated 

with poor indoor air quality [8].  Ventilation standards have been established by ASHRAE to 

provide acceptable levels of ventilation for buildings depending on their intended use.  

Among the concerns of HVAC system designers are providing proper space ventilation to 

keep the CO2 concentration in the building to acceptable levels.  ASHRAE standard 62-

1989b suggests that CO2 concentrations should be approximately 2,500 ppm for homes and 

1,000 ppm for office buildings to ensure adequate ventilation [9]. 

At the two elementary schools where this study was conducted, all of the modular 

classrooms on each campus were surveyed to determine if the fresh air ventilation dampers 

are working correctly.  At DDES, one classroom of the eleven classrooms on site had fresh 

air dampers that were operating correctly at the beginning of the study.  At WLES, more of 

the modular classrooms had fresh air dampers which were operating correctly.  At WLES, 

five out of a total of twelve modular classrooms had outside air dampers which were 

operating correctly. 

The fresh air dampers at both school locations are a combination of manually 

operated and barometric dampers.  As the name implies, the manual dampers are set to 

provide a specific CFM of outside air ventilation whenever the supply air fan is operating.  

The barometric dampers provide ventilation in response to the low pressure area created in 

the return air plenum of the heat pump.  When the supply air fan is in operation, the lower 

than atmospheric pressure inside the return air plenum causes the barometric damper to open 
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admitting fresh air into the space.  Both of these damper styles slightly pressurize the room 

when the supply air fan is operating, however this caused no problems during the study. 

The CO2 concentrations in the classrooms were measured using a handheld CO2 

measurement device connected to a data collection system.  Great care was taken to assure 

the placement of the measurement device was well away from direct exposure to CO2 

sources.  Due to this concern, the CO2 measurement device was placed near the return air 

grille in the classroom.  This allowed for measurement of a mixed sample of the air from the 

room before it entered the heat pump. 

4.1 DDES CO2 Data 

4.1.1 DDES CO2 Concentrations with Fresh Air Damper Closed 
 

At DDES, CO2 levels were measured with the outside air dampers closed (the damper 

position at the beginning of the study) to determine the concentration levels without fresh air.  

The results of the trial are shown in Figure 4.1. 
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Figure 4.1: DDES CO2 Levels with Fresh Air Damper Closed 
 

Figure 4.1 clearly shows the CO2 levels in the classroom according to the ASHRAE 

standard are not being achieved.  The actual CO2 concentration in the classroom is higher 

than the maximum presented here in Figure 4.1.  The data collection device used could only 

read CO2 values as high as 2,500 ppm.  The lower CO2 levels the previous two days were 

when the classroom was occupied by the teacher only because the school was closed due to 

winter weather.  The reduction in the CO2 level during the middle of the day corresponds to 

the time the classroom was unoccupied during lunch.  Also, the supply air temperature and 

return air temperature are shown in Figure 4.1.  A difference between the supply air and 

return air temperature would indicate heat pump operation.  As can be seen in Figure 4.1, 

after a period of operation early in the morning of 30 January the heat pump does not operate 

throughout the day.  This operation schedule is typical of the modular classroom during the 
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heating season. 

4.1.2 DDES CO2 Concentrations with Fresh Air Damper Open 
 

The fresh air dampers on T5 were then corrected to operate properly to provide 

outside air ventilation.  The CO2 readings were once again recorded to determine if the 

recommended ASHRAE concentration were being achieved.  Figure 4.2 shows the CO2 

concentration measured with the fresh air damper operating. 
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Figure 4.2: CO2 Levels at DDES with Fresh Air Damper Operating 
 

As was expected, Figure 4.2 clearly shows the fresh air ventilation had little effect on 

the CO2 level in the room.  This is due to the absence of the supply air fan operating during 

the middle of the day.  Again, the supply air fan operation can be deduced from the 
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difference in the supply air and return air temperatures.  When in heating mode, the 

thermostat set point is met throughout most of the day due to the heat gain from the 

occupants in the classroom.  This prevents the heat pump from operating and does not allow 

any fresh air ventilation into the classroom.  This can easily be seen in Figure 4.2 during the 

days of 20 February and 24 February.  Both days the thermostat set points were met in the 

morning by the time the school day began.  Almost immediately as the supply air fan ceased 

to operate, the CO2 level in the room began to rise.  However, during 23 February, 25 

February, and 26 February, the supply air fan operated after the beginning of the school day, 

and the CO2 level of the room did not increase as rapidly.  On 23 February, the CO2
 level 

decreased to approximately 1,500 ppm after the supply air fan had been operating three hours 

into the beginning of the school day.  This value is close to the recommended ASHRAE 

concentration for office buildings.  However, later in the day, after the thermostat set point 

was met, the supply air fan did not operate and the CO2 level in the room increased sharply.  

Again, the actual CO2 levels were higher than the numbers presented in Figure 4.2 because 

the data logger used in this test could only read CO2 values as high as 2,500 ppm.   

From inlet face velocity measurements, the estimated flow of fresh air into the 

classroom where the CO2 concentrations given in Figures 4.1 and 4.2 were measured was 

about 191 CFM with a clean return air filter. As the room air filter became dirty, the outside 

airflow increased to 319 CFM.  This resulted in a specific ventilation rate of 7.6 CFM/person 

with a clean air filter and 12.4 CFM/person with a dirty air filter.  The variation in the 

volume flow of the outside air with the condition of the air filter is a result of the barometric 

air damper and the filter location.  With a clean air filter, the pressure drop across the filter 
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from the classroom to the return air plenum is reduced and the pressure is not low enough 

inside the plenum to allow the barometric air damper to open fully.  As the air filter becomes 

dirty, the pressure drop across the filter is increased.  The lower pressure inside the return air 

plenum allows the barometric damper to open more increasing the amount of fresh outside 

air brought into the classroom. 

4.2 WLES CO2 Data 
 

At WLES, classrooms T404 and T403 both have the energy recovery ventilators 

installed in the return air plenum.  The energy recover ventilators are similar in construction 

to the vertical shaft Ljunstrom regenerative air preheaters [10] used in steam power plants. 

The energy recovery ventilator (ERV) replaces the barometric damper and uses four small 

centrifugal fans located inside the ventilator to control the ventilation in the classroom.  Two 

of the fans draw in return air from the classroom and exhaust it outside while the other two 

fans intake fresh outside air and exhaust it into the return air plenum.  Simultaneously, a heat 

transfer disk, with half of the disk located in each air stream at any point in time, rotates 

transferring energy from the room air stream to the intake air stream.  A side view of the 

ERV can be found in Figure 4.3.  The operation of the four fans in the ERV is controlled by 

supply air fan operation. 

Because control of the ERV is based on thermostat set points like the barometric 

dampers tested previously, the CO2 concentrations encountered at WLES were similar to the 

values encountered at DDES.  The speed of the four centrifugal fans in the ERV is controlled 

by a three position switch.  The switch simultaneously speeds up or slows down all four fans 

to control the ventilation rate.  Because the inlet and exit flow rates of the ERV are similar, 
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the pressure in the classroom was not affected.   

4.2.1 ERV Recirculation 
 
 Three times during the study, CO2 concentration measurements were recorded from 

the various inlets and exits of the ERV to determine if any re-circulation was occurring inside 

the ventilator.  Figure 4.3 below shows a side view of the ERV installed in the modular 

classroom. 
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Figure 4.3: Side View of ERV 
 

 Potential areas for recirculation are near the axle of the heat transfer disk along the 

center of the ERV where the fresh air and room air sides are split.  Recirculation at this area 

may be increased by dirt and foreign materials, which could clog the heat transfer disk and 
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increase the pressure drop across the disk causing ventilation air to circumvent the heat 

transfer disk.  The fresh air intake is not filtered well; therefore, it is likely foreign materials 

could get into the system.  The manufacturer of the energy recover ventilator recommends 

monthly cleaning of the heat transfer disk.  Monthly cleaning of the disk would be very time 

consuming at public school campuses with multiple modular classrooms and might not be 

feasible.  An alternate method would be to filter the incoming fresh air with a filter that has a 

finer mesh and change this filter when the return air filter for the system is changed.  This 

would likely reduce the number of heat transfer disk cleanings required. 

To estimate if any recirculation is present, CO2 concentrations were measured at the 

fresh air intake, fresh air exhaust, room air intake, and room air exhaust of the ERV.  If no 

recirculation were present, the expected outcome is to have CO2 concentration readings 

which are very similar between the room air exhaust and room air intake, for example.  From 

measurements recorded on the ERV on both the water source heat pump and air source heat 

pump at WLES, it appears recirculation of fresh air was occurring. 

CO2 concentration measurements were recorded using a hand held CO2 measurement 

device similar to the one used to make the CO2 measurements presented in figures given in 

Section 4.0.  Readings were allowed to stabilize between the different measurement areas 

and resulted in an approximate 60 seconds between readings.  The CO2 measurements were 

made on the low fan speed setting only.  An example of the measurements recorded is listed 

in Table 4.1. 
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Table 4.1: ERV CO2 Concentrations Measured 
 

Measurement Location Concentration (ppm) 
Fresh Air Intake 506 

Room Air Exhaust 2,016 
Room Air Intake 2,947 

 

 The measured fresh air into the ERV intake for T404 was 315 CFM, while the 

measured room air from the ERV exhaust was 318 CFM.  Performing a mass balance on the 

portion of the ERV where the room air fan is located yields: 

RAECRAERAICxRAEFACx **)(* =−+  

Where: 

 x = Recirculation CFM 

 FAC = Fresh air CO2 concentration 

 RAE = Room air exhaust CFM 

 RAIC = Room air intake CO2 concentration 

 RAEC = Room air exhaust CO2 concentration 

Solving for the recirculation CFM yields: 

RAICFAC
RAICRAERAECRAEx

−
−

=
**  

For the values given in Table 4.1, the estimated re-circulation CFM is 121 CFM or 39 

percent of the measured fresh air intake CFM.  In total, seven trials of CO2 concentration 

measurements were recorded for the same measurement locations given in Table 4.1.  The 

estimated recirculation from each trial was computed using the equation outlined above.  The 

average estimated re-circulation was 136 CFM or 43 percent of the fresh air intake CFM.  
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Table 4.2 below shows the estimated CFM of fresh air into the classrooms corrected for the 

estimated recirculation of 43 percent for each of the three fan speeds. 

 
Table 4.2: Fresh Air Inlet Flows for the Classrooms with ERV’s 

 
Face Velocity 

(ft/sec) 
Estimated Inlet 
Flow (CFM) 

Specific 
Ventilation Rate 
(CFM/Person) 

ERV Fan 
Speed 

T403 T404 T403 T404 T403 T404 
Low  4.1 4.1 180 180 6.9 6.9 

Medium 3.6 5.2 141 204 5.4 7.8 
High 5.9 5.1 232 200 8.9 7.7 

4.2.2 WLES CO2 Concentrations with Three ERV Fan Speeds 
 

Figure 4.4 shows CO2 data collected at WLES in T404 with the ERV fan on medium 

setting. 
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Figure 4.4: CO2 Levels at WLES with ERV Fan on Medium 
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This CO2 data collected during the winter at WLES is very similar to that collected at 

DDES during the winter.  Again we see some heat pump operation in the morning, which 

reduces the CO2 levels in the classrooms, although not near the recommended ASHRAE 

concentration.  However, once the thermostat set point is satisfied the heat pump does not 

operate and the CO2 level in the classroom quickly rises to levels above 2,500 ppm.  The CO2 

concentrations in T404 were also measured during a period requiring heating with the ERV 

fan on the high setting.  The CO2 data collected in T404 with the ERV fan on the high setting 

is shown in Figure 4.5. 
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Figure 4.5: CO2 Levels at WLES with ERV Fan on High 
 

As expected, because of the negligible measured differences between high and 
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medium setting CFM shown in Table 4.2, the high speed setting had little effect on the CO2 

concentrations in the classrooms because of the low heating loads of the modular classrooms 

during the day.  This has been shown in every figure showing supply air and return air 

temperatures in the classrooms during the days of the heating season.  However, during the 

period shown in Figure 4.5, the cooling loads are responsible for reducing the CO2 

concentrations in the classroom.  In Figure 4.5, during 6 March, the operation of the supply 

air fan kept the CO2 level in the classroom at 1,890 ppm.   

The data presented in Figure 4.5 is typical of the CO2 data collected during the spring 

season.  During the spring season, heating is needed during the morning before the school 

day begins and cooling is needed near the end of the day.  The cooling load during 10 March 

and 11 March are also responsible for decreasing the CO2 concentrations in the classrooms.  

However, the supply air fan operation occurs late in the day on 11 March after the CO2 levels 

in the classroom have increased well above the recommended ASHRAE value.  Although the 

CO2 levels are reduced to approximately 2,250 ppm, the cooling loads are not high enough to 

reduce the CO2 level near 1,000 ppm for healthy conditions inside the classrooms according 

to the recommended ASHRAE concentration for office buildings. 

The data collection device used to log the data collected from the CO2 monitor was 

changed to determine how high the CO2 concentrations reached during the day.  Data 

collected at WLES during the spring season show the measured concentrations in the 

classroom reached levels above 3,000 ppm.  Figure 4.6 shows CO2 data collected at WLES 

with the ERV fan on the high fan speed setting. 
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Figure 4.6: CO2 Levels at WLES with ERV Fan on High 
 

Figure 4.6 clearly shows that CO2 levels in the classroom on 28 April and 29 April 

rise well above the accepted ASHRAE recommended concentration.  However, the figure 

also shows the cooling loads throughout the day maintain the CO2 concentrations to between 

1,000 ppm – 1,500 ppm.  This indicates the classroom is receiving adequate ventilation to 

provide healthy conditions inside the classroom.  Additionally, the high cooling loads during 

the afternoons of 28 April and 29 April reduced the CO2 concentrations inside the classrooms 

to acceptable levels even after the very high concentrations reached earlier in the morning.  

During the summer, CO2 concentrations in the classrooms were measured on both the high 

and low fan speed settings to determine their effect on CO2 concentrations during periods 
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when the cooling loads are high.  Figure 4.7 shows the CO2 concentrations measured in T404 

with the ERV fan on the high speed setting.   
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Figure 4.7: CO2 Levels at WLES with ERV Fan on High 
 

In Figure 4.7, the supply air and return air temperatures are not graphed.  However, 

during this period the heat pump operates throughout the day to satisfy the thermostat set 

point.  This can be deduced from the jagged profile the CO2 concentration displays 

throughout the day.  From Figure 4.7, it appears that the CO2 levels in the morning are 

reduced; however, they are above the ASHRAE recommended concentration.  This is 

because the cooling loads in the classroom do not increase as fast as the CO2 levels in the 

classroom during the period.  This allows the CO2 concentration to increase to levels beyond 
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what can be reduced to the recommended ASHRAE concentration by the cooling load only.  

In the afternoon, the cooling loads are higher than the morning and the CO2 concentrations 

are generally controlled to acceptable ASHRAE levels.  Figure 4.8 shows CO2 data collected 

at WLES later in the summer with the ERV fan on the low fan speed setting. 
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Figure 4.8: CO2 Levels at WLES with ERV Fan on Low 
 

As expected, the CO2 concentrations in the classroom are generally higher than those 

encountered with the ERV fan on the high setting.  During the remainder of the study during 

the summer, the ERV fan speed setting was maintained on the low setting. 
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5.0 Energy Savings 

Energy savings observed by the installation of the three energy conservation devices 

installed on modular classrooms in this study is outlined in this section.  The energy savings 

observed during the study are the results of “real world” testing in day-to-day operating 

conditions.  The thermostats in each of the modular classrooms are not tamper proof and 

could be modified by the teachers in the classrooms for comfort.  Throughout the study every 

effort was taken to assure the thermostat set points were as consistent as possible.  During 

each period when data was collected the average temperatures in the modular classrooms 

were at most +/- 4°F difference.  The mean difference between the classrooms was 

approximately +/- 2°F.  Also, infiltration from open doors was controlled as closely as 

possible.  Teachers in all classrooms were asked to keep the classroom doors closed when no 

one was using them for entering or exiting and rely solely on the heat pump to control 

conditions in the classroom.  Door monitors were installed to monitor door operation and 

assure the time the doors were open was consistent.  However, the data collected was not 

reliable because it does not give any idea of percent open.  For example, a door which would 

not close completely and was only slightly ajar could not be distinguished from a door which 

was fully open.  Therefore, reliable conclusions from the effect user induced door infiltration 

on energy use could not be obtained. 

5.1 WLES Energy Savings 
 

5.1.1 Water Source Heat Pump and Energy Recovery Ventilation 
 
 During the study, the maximum energy savings observed occurred between the 
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control modular classroom (T405) and the modular classroom with the water source heat 

pump and the energy recovery ventilation (T404).  Figure 5.1 shows the average kWh use per 

day for T405 and T404 recorded during the study. 
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Figure 5.1: kWh Use Per Day at WLES for T404 and T405 
 

From Figure 5.1, the greatest energy savings observed between T405 and T404 

occurred during the winter months.  During this period T404 required approximately 41 

percent of the electricity required by T405 for operation.  This is due to the defrost mode on 

the air source heat pump installed on T405.  During defrost, the air source heat pump 

operates in air conditioning mode to remove the ice which has built up on the heat transfer 

surfaces of the heat exchanger located outdoors while operating in heating mode.  During the 
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heating season, the air source heat pump on T405 was operated in defrost mode as much as 

eight times per day to remove ice buildup on the evaporator.  The water source heat pump 

and PVC heat exchanger used on T404 does not require any defrost for proper operation.  

The water source heat pump continues to absorb heat collected in the PVC heat exchanger 

and the ground until the ambient air temperature reaches 25°F.  When these ambient 

conditions are met the water source heat pump stops operating in heat pump mode and 

provides heat to the classroom using electric strip heat.   

In addition to being at a disadvantage due to the need for defrost, the outside air 

intake on T405 is located directly above the outside refrigerant-to-air heat exchanger.  During 

the heating season the ambient air forced across the evaporator is cooled as the evaporator 

absorbs heat from the ambient air.  After being cooled, some of this air is then drawn into the 

fresh air intake, which had an affect on the heating load of the fresh air introduced into the 

classroom.  During the cooling season, warmed air from the condenser is also brought in 

through the fresh air intake which increases the cooling load on the fresh air introduced into 

the classroom.  During the cooling season, T404 required 75 percent of the energy required 

by T405 to maintain conditions in the classroom.  Overall, during the study period T404 

required 50 percent of the electricity required by T405 to maintain conditions in the 

classroom. 

5.1.2 Water Source Heat Pump 
 
 The energy savings observed during the period for the water source heat pump with 

PVC heat exchanger and energy recovery ventilation (T404) was also compared to an air 

source heat pump with energy recovery ventilation (T403).  The average kWh use per day for 
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the two classrooms is shown in Figure 5.2. 
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Figure 5.2: kWh use Per Day at WLES for T404 and T403 
 

As with the energy savings between T404 and T405, Figure 5.2 clearly shows that the 

savings for the water source heat pump with PVC heat exchanger are greatest during the 

winter.  The energy difference between T404 and T403 during the winter is due to the 

outdoor air thermostat on T403.  The outdoor air thermostat is a switch, which prevents the 

compressor from operating when the ambient air temperature reaches a low temperature set 

point [11].  This reduces the need for defrost on T403 which is very inefficient.  The outdoor 

air thermostat was set to activate the electric strip heating when the ambient air temperature 

would fall to approximately 34°F or colder.  However, while T403 would not operate in heat 
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pump mode if the ambient air temperature fell below 34°F, T404 would continue to operate 

in heat pump mode, absorbing heat from the fluid in the PVC heat exchanger until the 

ambient air reached approximately 25°F.  The low temperature set point for the water source 

heat pump was reached as shown in Figure 3.7, when the fluid temperature was 

approximately 20°F.  However, temperatures this cold were not achieved very often and 

T404 was able to operate much more efficiently than T403 during the winter.  During the 

heating season, T404 required approximately 68 percent of the electricity required by T403 

to maintain classroom conditions. 

During the summer the energy savings were less than expected according to the 

TRNSYS model of the PVC heat exchanger system.  While in cooling mode, T404 required 

85 percent of the electricity required by T403 to maintain conditions in the classroom.  As 

was discussed in Section 3.1, this is believed to be due to the low wind velocities under the 

modular classroom which reduced the overall heat exchanger convection coefficient from the 

surface of the SDR-13.5 PVC pipe to the ambient air.  Overall, during the study period, T404 

required 73 percent of the electricity required by T403 to maintain conditions in the 

classroom. 

5.1.3 Energy Recovery Ventilation Energy Savings 
 

Energy recovery ventilation was installed on T403 with an air source heat pump.  To 

determine the energy savings from the use of the energy recovery ventilator, the energy use 

of T403 was compared to T405.  Classroom T405 is equipped with the air source heat pump 

and no energy recovery ventilation.  Figure 5.3 shows the average kWh use per day for the 

two classrooms during the period in which data was collected. 
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Figure 5.3: kWh use Per Day at WLES for T405 and T403 
 

The average daily kWh difference between T405 and T403 is greatest during the 

winter.  However, it is believed the energy difference is not due solely to the energy recovery 

ventilator.  As stated in Section 5.1.2, the outdoor air thermostat installed on T403 reduces 

the need for defrost mode.  It is possible the outdoor air thermostat on T405 was not 

operating properly and caused the excessive energy use.  During the winter period T403 

required approximately 62 percent of the electricity required by T405.  During the summer, 

the savings were much less and depended greatly on how the teachers operated the heat 

pump systems.  Figure 5.4 shows the average kWh use per day for T405 and T403 during the 

cooling season. 

 57



0.0

5.0

10.0

15.0

20.0

25.0

30.0

35.0

40.0

45.0

30-May-04 4-Jun-04 9-Jun-04 14-Jun-04 19-Jun-04

kW
h/

D
ay

T405 kWh/day T403 kWh/day
 

Figure 5.4: kWh use Per Day at WLES for T405 and T403 while Cooling 
 

 During three weekend periods of the summer when the heat pump operating 

conditions could be controlled most accurately between T405 and T403, the overall energy 

savings were approximately 6 percent.  However, there are ventilation rate differences 

between the two heat pumps due to the believed recirculation.  The estimated ventilation into 

T405 is approximately 311 CFM.  During this period the ERV on T403 was on the low fan 

speed, which resulted in a ventilation rate of approximately 180 CFM.  Overall, T403 

required 74 percent of the electricity required by T405 during the study. 
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5.2 DDES Energy Savings 
 

5.2.1 Water Source Heat Pump 
 
 At DDES, T5 was fitted with a water source heat pump and experimental PVC heat 

exchanger.  The other classroom monitored, T6, was equipped with a standard air source heat 

pump.  Both heat pumps have fresh air ventilation, which were modified to operate properly 

to provide ventilation air to reduce the CO2 levels in the classroom after the period shown in 

Figure 5.5.  Figure 5.5 shows the average daily kWh use for T5 and T6 during the period 

which data was collected while fresh air ventilation was not operating properly on either 

modular classroom. 
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Figure 5.5: kWh use Per Day at DDES for T5 and T6 
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The nighttime setback thermostats were installed in both T5 and T6 on 11 November 

2003.  During the period in November, the nighttime setback feature of the thermostat was 

defeated by the teacher in T6 and contributed to the high difference between the energy use 

of the two modular classrooms.  Overall, during the period shown in Figure 5.5, T5 required 

approximately 83 percent of the electricity required by T6 to maintain room conditions. 

On 5 February 2004, the kWh meter on T6 was found to be faulty and removed for 

repair.  It is likely that the kWh meter on T6 was not recording the energy use properly 

before it stopped measuring energy use completely.  This is likely the reason for the 

relatively small difference in energy use between T5 and T6 during the month of January.  

During this period the water source heat pump should be at an advantage due to the 

elimination of the defrost cycle.  However, the air source heat pump was likely not at as great 

a disadvantage as the air source heat pumps monitored at WLES due to the nighttime setback 

thermostats.  The nighttime setback thermostats at DDES would likely contribute to fewer 

defrost cycles during the heating season because the heat pump was not required to add as 

much heat to the classroom during the coldest parts of the day when the classrooms were 

unoccupied.  In addition to reducing the number of defrost cycles, the nighttime setback 

thermostats would likely also reduce electric strip heating caused by the outdoor air 

thermostat observed on T403 which occurs when the ambient air temperature is close to the 

freezing point of water.  This would also likely occur much more frequently during 

unoccupied periods at night. 

 The kWh meter on T5 also failed on 19 February 2004 and was removed for repair.  

Additionally, the water source heat pump on T5 began short cycling.  The reason for this was 
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believed to be either the thermostatic expansion valve (TXV) or dirty heat exchanger 

surfaces in the water-to-refrigerant heat exchanger, because this water source heat pump was 

used before with bladder system utilizing salt as the water freeze preventative as described in 

Section 2.1.  Problems with either these two items would cause the compressor to short cycle 

because of a low suction pressure in the evaporator.   

The TXV is a valve which regulates the flow of refrigerant through the heat pump 

system.  A sensing bulb which regulates the valve in the TXV is attached to the piping 

exiting the heat exchanger located inside the conditioned space and insulated from the 

ambient air.  This valve responds to the thermodynamic condition of the refrigerant exiting 

this heat exchanger, increasing or decreasing the refrigerant flow through the system [12].  

When the TXV would not function properly, the refrigerant flow through the system was 

reduced so low the water from the PVC heat exchanger would quickly evaporate the 

refrigerant, which was then removed by the compressor at a rate faster than it could be 

replaced.  This lowered the pressure inside the evaporator to a point where the low pressure 

cutoff switch was tripped, stopping compressor operation. 

Fouling of the heat exchanger surfaces in the water to refrigerant heat exchanger 

could also cause a low suction pressure.  The fouling would reduce the ability of the heat 

exchanger to transfer heat from the water to the refrigerant at the rate the compressor was 

requiring, thus lowering the pressure inside the evaporator and triggering the low pressure 

shutoff for the compressor.   

 After the TXV was replaced, water-to-refrigerant heat exchanger cleaned, and the 

repaired kWh meters installed on T5 and T6, data collection resumed at DDES.  Figure 5.6 

 61



shows the average kWh used per day for the period in which the data was collected after the 

problems with the systems were repaired.   
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Figure 5.6: kWh use Per Day at DDES for T5 and T6 
 

 Data collection was resumed on 28 April 2004, during the spring season.  Figure 5.6 

shows that during the periods data was collected, T6 did use more energy per day than T5.  

However, similar to the results obtained at WLES during the cooling season, the results were 

less than expected.  The reason for the less than predicted performance is believed to be the 

same as WLES, namely low velocities in the crawl space of the modular classrooms.  

Additionally, the differences in the attic insulation methods between T5 and T6 discussed in 

Section 2.6, which would lower the building load for T6, were not accounted for in the 
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TRNSYS computer model.  During the period shown in Figure 5.6 T5 required 88 percent of 

the electricity required by T6 to maintain room conditions. 

5.3 Nighttime Setback Thermostat Energy Savings 
 
 Data collection for the nighttime setback thermostats began on 30 April 2004 after the 

repairs to the modular classrooms outlined in Section 5.2.1 were completed.  After 30 May, 

data was collected during the weekend only because classes at DDES were not in session for 

summer vacation.  During the weekend, the nighttime setback thermostats were set to have 

the same control method used during the normal weekday instead of the very high set point 

temperatures while cooling during the weekends.  This allowed more realistic comparison 

between the two modular classrooms. 

5.3.1 Water Source Heat Pump and Nighttime Setback Thermostats 
 
 The energy use of an air source heat pump with a standard thermostat (T405) was 

compared to the water source heat pump with a nighttime setback thermostat (T5).  Figure 

5.7 shows the average daily energy use for the T5 and T405 during the periods data was 

collected. 
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Figure 5.7: kWh use Per Day for T5 and T405 
 

 During time period outlined in Figure 5.7, T5 required 73 percent of the electricity of 

T405.  During the test period, the fresh air ventilation between the two modular classrooms 

was very similar.  Except for the ventilation differences due to filter condition outlined in 

Section 4.1.2 both modular classrooms had fresh air ventilation rates of approximately 300 

CFM. 

5.3.2 Air Source Heat Pump and Nighttime Setback Thermostats 
 
 The energy use of an air source heat pump with a standard thermostat (T405) was 

compared to an air source heat pump with a nighttime setback thermostat (T6).  Figure 5.8 

shows the average daily energy use for T6 and T405 during the periods data was collected. 
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Figure 5.8: kWh use Per Day for T6 and T405 
 

 During the time period outlined in Figure 5.8, T6 required 82 percent of the electricity 

required by T405.  There were ventilation rate differences between the two modular 

classrooms.  The control classroom had a fresh air ventilation rate of 311 CFM while the 

classroom with the nighttime setback thermostat had a fresh air ventilation rate of 

approximately 171 CFM.  The attic insulation method used between the two classrooms was 

also different.  This would likely increase the building load for T405 as described in Section 

2.6.1 and cause T405 to use more energy to maintain conditions in the classroom. 
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6.0 Conclusions 

 Overall, the measured energy savings of the modular classrooms with the water 

source heat pump and experimental heat exchanger were not as great as the savings predicted 

using the TRNSYS computer model.  Overall, the TRNSYS model had predicted a 2 percent 

greater energy savings over the previous water source heat pump system utilizing 2,000 

gallon water storage [6].  The measured overall energy savings for the water source heat 

pump at WLES was 27 percent while the overall energy savings for the water source heat 

pump at DDES was 14 percent.  The TRNSYS computer model of the PVC heat exchanger 

system predicted a 35 percent overall energy savings.  The main reason for the discrepancy 

between the predicted and actual savings is believed to be the lower than predicted 

convection coefficient between the ambient air and the surface of the SDR-13.5 PVC piping.  

This was due to the low air velocities in the underside of the modular classroom.  The low air 

velocities contributed to the higher than predicted water temperatures in the PVC heat 

exchanger while air conditioning and consequently more energy use than predicted in the 

summer. 

 The energy savings of the PVC heat exchanger system were greatest during the 

heating season.  During this time, the water source heat pump does not require defrost for the 

evaporator and consequently causes the water source heat pump to use considerably less 

energy.  Also, the water source heat pump outdoor air thermostat is set to 25°F versus the 

34°F setting for the air source heat pump at WLES.  This allowed the water source heat 

pump to continue operating in heat pump mode instead of reverting to electric strip heat only 

when the outdoor air thermostat setting is reached. 
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The energy savings at DDES during the heating season were not as great as the 

savings measured at WLES.  This is believed to be due to the nighttime setback thermostats 

used on the classrooms at DDES.  The nighttime setback thermostats did not allow the heat 

pumps to operate as heavily during the unoccupied periods of the day, which are also the 

coldest periods of the day.  For the air source heat pump this likely reduced the use of defrost 

and electric strip heating due to the outdoor air thermostat and consequently reduced the 

energy savings observed.  Also, the problems encountered with the kWh meters on both 

classrooms at DDES prevented data collection during the coldest parts of the year when the 

defrost cycle would be utilized most and likely contributed to the reduced energy savings 

observed when compared to WLES. 

 The energy savings observed in this study reveal that to achieve the greatest savings, 

the water source heat pump with PVC heat exchanger is best suited for colder climates where 

the buildings are occupied during the coldest parts of the day.  This mainly includes mobile 

buildings used as residences which would be occupied at night or climates with low daytime 

winter temperatures which are comparable to the nighttime temperatures encountered in this 

study. 

 The greatest energy savings in this study existed between the control classroom at 

WLES and the classroom at WLES with the water source heat pump and energy recovery 

ventilation.  Overall, the energy savings for this comparison were 50 percent over the control 

classroom, with the majority of the energy savings occurring during the heating season.  

However, the believed recirculation in the ERV caused ventilation rate differences between 

the two classrooms, which would reduce the energy use for the classroom with the water 
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source heat pump and energy recovery ventilation. 

 The nighttime setback thermostats installed on the air source heat pump at DDES 

resulted in an approximate 18 percent energy savings when compared to a similar classroom 

with an air source heat pump and without a nighttime setback thermostat at WLES.  

However, there were differences in the fresh air ventilation rates between the two modular 

classrooms which would put the energy savings in favor of the classroom with the nighttime 

setback thermostat.  The forced air ventilation rate for the control modular classroom was 

approximately 311 CFM while the forced air ventilation in the classroom with nighttime 

setback thermostats was approximately 171 CFM.  Additionally, the insulation method used 

for the attic was different between the two modular classrooms and would likely reduce the 

energy savings measured between the two classrooms. 

The use of the water source heat pump and the nighttime setback thermostat at DDES 

resulted in a 27 percent energy savings when compared to a similar air source heat pump 

without a nighttime setback thermostat.  The fresh air ventilation rate between these two 

classrooms was similar throughout the study.  In addition, the building attic insulation 

methods were the same. 

The CO2 concentrations measured in the mobile classrooms were frequently well 

above the ASHRAE standards for indoor environment air quality.  The high concentrations 

were much worse in the winter because the building heating loads were low when the 

classroom was occupied.  This resulted in CO2 concentrations as high as 3,000 ppm and daily 

peak concentrations regularly between 2,000 – 2,500 ppm.  Currently, the fresh air 

ventilation is set to activate only when the thermostat high/low set points are reached.  The 
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CO2 data collected during the heating season would indicate the amount of ventilation to the 

classroom should be controlled using external CO2 monitors which would operate the fresh 

air ventilation independent of the thermostat. 

During the summer the cooling loads for the classrooms are much higher.  This 

results in frequent heat pump operation and introduction of fresh ventilation air into the 

classroom to lower the CO2 concentrations.  The resulting CO2 concentrations were typically 

between 1,000 – 1,500 ppm during the afternoon.  The CO2 concentrations measured during 

the cooling season in the afternoon would generally indicate healthy indoor environmental 

conditions according to ASHRAE standard 62-1989b. 

Throughout the study period, no major problems were encountered with the PVC heat 

exchanger system.  Two small leaks were repaired when the heat pump was initially 

installed.  These leaks could possibly be attributed to manufacturing problems with the PVC 

pipe or improper handling during installation.  During the study period about seven gallons 

of water was added to the storage tank at WLES and about five gallons was added to DDES.  

The water storage tank at WLES was found to have leaks around the fittings approximately 

one year after installation.  Due to the leaky fittings found at WLES, the water storage tank 

was replaced with another tank constructed from 6-inch PVC pipe hung from the metal frame 

of the classroom.  The new 6-inch PVC tank was installed at WLES and DDES.  The fittings 

on the storage tank at DDES were not leaking when the tank was replaced.  Other areas of 

fluid loss could potentially be around the threads in the thermocouples or evaporation from 

the tank used for fluid storage while in air conditioning mode.  No leakage was evident at any 

PVC glue connections or Nitrile connections. 
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Both wall mounted water source heat pump systems with PVC heat exchangers will 

continue to operate to evaluate the durability of the PVC heat exchanger design and collect 

additional data regarding energy savings.  This will also allow additional data collection to 

reevaluate the performance of the water source heat pump and PVC heat exchanger when 

used in conjunction with a nighttime setback thermostat during the winter at DDES. 
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