
 
 
 
 
 
Senior Thesis Final Report 
Ground-source Gymnasiums and Satisfactory Stages 
 

 
 
 
 
 
 
 
 
 
 
 
 
Altoona Area Junior High School 
Altoona, PA 
 
 
Christopher G. Conrad 
Mechanical Option 
Faculty Advisor: James D. Freihaut, Ph.D. 
April 9, 2008 



AE Senior Thesis Final Report  Christopher G. Conrad 

Thesis Abstract 
 
 
 

 

2 



AE Senior Thesis Final Report  Christopher G. Conrad 

Acknowledgements 
 
First and foremost, I would like to acknowledge the assistance and cooperation of the Altoona 
Area School District and their representatives, notably Dr. George Cardone, Assistant 
Superintendent, and Mr. Tom Bradley, Public Relations Director.  Their assistance in granting the 
go-ahead for this project as well as providing information and photographs of the building 
construction have been most helpful in the development of the following studies. 
 
Furthermore, much of the accompanying analyses would not have been possible without the 
construction documents and answers provided by the engineers, designers and contractors 
involved in the project.  Mr. Earl Wong and Mr. Brad Palmisiano of L. Robert Kimball & 
Associates, Inc. have been of immense help in clarifying the objectives and operation of the 
existing mechanical systems in the new junior high school.  Mr. David Goodman and Mr. Mike 
Humphreys of D. C. Goodman & Sons, Inc. have also been instrumental in providing a complete 
set of construction drawings and specifications, much of which provided the inspiration for the 
following report. 
 
The assistance of my course instructors, faculty advisors, and fellow classmates must also be 
acknowledged.  I would like to give a special thank you to Dr. Jim Freihaut, whose knowledge and 
constructive criticism over the past school year have most certainly affected the outcome of this 
report.  I would also like to thank Prof. Kevin Parfitt and Prof. Bob Holland for the excellent job 
they have done in organizing and administrating the Penn State AE Senior Thesis course.  I must 
also give thanks to my fellow peers whose diverse experiences have provided a wealth of 
knowledge that has enhanced this report. 
 
Finally, I would like to thank my family and friends, whose support over the past five years have 
made my time at Penn State successful and enjoyable: my mother, Linda; my father, Randy; my 
sister, Lana; my grandparents, aunts, uncles, and cousins; my roommates, Tom Chirdon, David 
Miller, and Scott Earley; my bandmates, Thom Fronauer, Ryan Furry, and Michael Furry; and my 
friends, Paul Conway, Mike Johnson, Jon Reynolds, Andrew Collins, Chris DeStefano, Doug 
Conrad, Scott Davis and Nick Kutchi. 
 
 
 
 

 
 
 
 
 
 

Dedicated to my grandmother, Althea M. Chilcote,  
who passed away during the compilation of this report. 

 
 
 
 
 

3 



AE Senior Thesis Final Report  Christopher G. Conrad 

Table of Contents 
 
Executive Summary 5
1. Existing Conditions 6
 1.1 Building Statistics 6
 1.2 Existing Mechanical Systems Summary 7
 1.3 Reduction of Scope 8
2. Project Depth Study 9
 2A.1 Existing Athletic Building Systems Analysis 9
 2A.2 Considered Alternative Solution 15
 2A.3 The Ground Source Heat Pump System 16
 2A.4 Initial Considerations 17
 2A.5 Designing the System 19
 2A.6 Modeling the System 23
 2A.7 Results 25
 2B.1 Stage Analysis Summary 28
3. Lighting Breadth Study 29
 3A. Designing and Modeling the System 29
 3B. Results 32
4. Acoustics Breadth Study 35
5. Project Summary 36
6. Conclusions 38
References & Photo Credits 39
Appendix A 40
Appendix B 49

 
 
 
 
 
 
 
 
 
 

 
4 



AE Senior Thesis Final Report  Christopher G. Conrad 

Executive Summary 
 
The primary purpose of the following report is to examine the potential for a proposed HVAC 

system redesign to reduce energy costs and consumption at the Altoona Area Junior High 

School.  The scope has been reduced to include an examination of seven direct-expansion/gas 

air handling units that serve the school’s athletic facility.  Based off of an anticipated high level of 

efficiency offered by ground source heat pump systems, this option was critically analyzed and 

selected to serve as the redesign featured in this study. 

 

It has been found that the use of a GSHP system has the potential to reduce annual maintenance 

and operating costs by as much as 57% in this instance.  It was also determined that while a 

GSHP system figured to increase annual electricity consumption by an estimated 33%, it totally 

eliminated the need for natural gas.  The main drawback for the proposed GSHP system is its 

high initial cost, costing an estimated $95,000 more than the traditional existing design. 

 

Furthermore, a proposed gymnasium daylighting system utilizing skylights has been found to 

increase the thermal loads for the system redesign, as expected, but has demonstrated a 

potential in decreasing electric lighting costs by as much as 67%. 

 

The conclusions made by this report indicate that a GSHP system with integrated daylighting has 

the potential to significantly reduce energy costs and consumption and should therefore be 

considered as a feasible and adequate alternative to the original design. 

 

Additionally, this report has verified the feasibility of diverting outdoor air from an air handling unit 

serving the school’s band room to the school’s auditorium, where deficiencies have been noted 

through previous analysis.  This report has also concluded that the use of additional air diffusers 

to accommodate this diverted outdoor air will not have an adverse effect on background noise if 

the proper diffuser size is specified.  If a diversion of outdoor air meeting the requirements of 

ASHRAE Std. 62.1 were to be carried out to improve the original design, it is the finding of this 

report that the acoustic considerations, while critical, are minimal.  
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1. Existing Conditions 
 
Main aspects of the Altoona Area Junior High School are discussed below.  The discussion 
focuses on the building’s mechanical systems and related items.  This study’s scope is also 
defined, highlighting which aspects will be further discussed later in this report. 
 
 
1.1 Building Statistics 
 
The Altoona Area Junior High School building located in Altoona, Pennsylvania is a 292,000 ft2, 
$48 million educational facility with a variety of mixed-use and single-use spaces.  The school will 
accommodate an estimated 1800 students in grades 7-9.  School construction began in the 
spring of 2006 and will open in time for the 2008-09 school year. 
 
The Altoona Area School District, one of the largest school districts in Pennsylvania, is the owner 
of the project and will oversee the management and construction of the building.  L. Robert 
Kimball and Associates, of Ebensburg are the architects for the school.  L.S. Fiore, Inc., of 
Altoona will construct this design-bid-build project.  For more information on building details 
including an in-depth listing of the project’s subcontractors, please visit the Capstone Project 
Electronic Portfolio website at http://www.engr.psu.edu/ae/thesis/portfolios/2008/cgc129. 
 
Main systems and features of the building are described in detail below.  Please note that a 
mechanical system description has been omitted from this section.  A more detailed description of 
the building’s existing mechanical system can be found in Section 1.2. 
 
 
Architecture 
 
The new facility consists of a four-story 239,434 ft  academic and fine2  arts building and a two-
story 52,632 ft  physical education building.  The academic2  building houses two cafeterias, an 
enclosed courtyard, an auditorium, administrative offices, and classrooms.  The physical 
education building houses two gymnasiums, an indoor running track, and locker room facilities. 
The entire structure is clad in red brick accented with tinted pre-cast concrete elements.  The 
windows and doors are aluminum with decorative pre-cast panels. 
 

 
Figure 1-A. A rendered elevation of the Altoona Area Junior High School. 

 
 

Lighting/Electrical 
 
The Building is fed with 4000A, 480/277V service. The building's backup power is provided by a 
600 kW emergency generator.  The school features fluorescent pendant luminaires in most of the 
interior spaces with HID luminaires on the exterior.  An auditorium dimming system and theatrical 
lighting are also included in the overall system. 
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Structural 
 
The building is supported by reinforced concrete footings ranging from 12-26 inches in size with a 
foundation of concrete masonry units.  The main floor slab is 5-inch slab on grade with 
W2.9xW2.9 reinforcing steel.  The upper floors are 5.25-inch concrete floor slabs on top of 9/16” 
steel decking.  Load-bearing CMU walls are reinforced by steel columns with single steel floor 
joists.  The roof system uses 1.5-inch steel decking as a base. 
 
 
Fire Protection 
 
Smoke detectors and emergency pull stations are connected to a centralized alert center within 
the building.  Sprinklers are provided throughout the building as is stipulated by the International 
Building Code.  Ceiling-mounted luminaries and exit signs are powered by the backup generator 
in case of an emergency. 
 
 
Telecommunications 
 
The building features a voice and data communications system as well as a closed-circuit 
television system which is accessible in all classrooms and throughout all major assembly spaces 
in the building.  Interior and exterior security cameras providing real-time and recordable video 
will also be installed throughout the school campus.  The auditorium and gymnasiums feature 
public address systems and interactive scoreboards where needed.  
 
 

1.2 Existing Mechanical Systems Summary 
 
The Altoona Area Junior High School is served by several different HVAC systems.  A two-pipe 
change over chilled water/hot water system serves a majority of the air handlers and classroom 
unit ventilators in the building.  Several prepackaged rooftop units and DX/gas units were also 
utilized, mainly in the school’s athletic area. 
 
Due to the building’s size, it would be too tedious to list each space and the system by which it is 
served.  Instead, Table 1-A, provided below, makes a listing of the types of spaces in the building 
and by which type of system these spaces are generally served. 
 

Table 1-A Building System Summary Organized by Type 
Unit Space 

DX/gas AHUs Gymnasiums/Athletics 
CW/HW AHUs Library/Auditorium/Cafeteria 

VAV Box System Office Suite 
Individual Unit Ventilators Classrooms/Lounges 

 
 

The Two-Pipe Change Over System 
 
The obvious characteristic of this system is that only two sets of pipes (one for supply and one for 
return) serve the units in the building.  Chilled water is provided by two 225-ton air-cooled chillers 
and hot water is provided by two 3,322-MBH natural gas boilers.  A three-way mixing valve 
provides a controlled mixture of return and supply water.  Change-over valves control the 
operation of the system based on seasonal requirements.  The chilled water supply temperature 
is 45°F and the hot water supply temperature is 180°F.  Chilled water is returned at 55°F, while 
hot water is returned at 160°F. 
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Direct Expansion (DX) Air Handlers
 
A large portion of the building also uses DX/gas air handling units.  These large pre-packaged 
units utilize direct expansion cooling and gas-fired heating.  These single-zone constant air 
volume (CAV) units are not fed from a centralized boiler/chiller plant and thus operate 
independently from one another.  This offers a high level of controllability for the occupant, and 
ease of installation for the contractor.  The drawback to this system is its inefficiency, which can 
lead to relatively high electricity costs in the summer and relatively high natural gas costs in the 
winter.  The replacement of this system will serve as the main focus of this report.  For further 
information, please see the following note on scope reduction and Section 2 of the report. 
 
 

1.3 Reduction of Scope 
 
Because of the sheer size of the project and the invitation to improve certain aspects of the 
existing base design, the scope of this study has been reduced significantly.  The split-pipe 
changeover system that occupies a majority of the academic building remains unchanged.  Other 
major systems that have been considered in this report will be discussed below. 

 
 

 
Figure 1-B. A majority of the depth study occurs in the building’s athletic facility. 

 
 

In the athletic facility, seven pre-packaged DX/gas air handling units have been replaced by a 
more energy efficient ground-source heat pump network.  This study occupies the majority of the 
depth work presented in this report.  In the academic facility, the delivery of outdoor air has been 
improved in the auditorium’s stage area.  Breadth topic selection, and more importantly, their 
integration with depth topic items are provided in their respective sections in this report. The 
results of these studies, in detail, have been provided below. 
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2. Project Depth Study    
 
The project’s depth study is separated into two different sub-projects, each with its own 
implications which have come to define the non-mechanical breadth studies presented in this 
report.  The first is a redesign of the current systems in the building’s athletic facilities to include a 
ground-source heat pump network which has been influenced by an accompanying lighting 
system redesign.  The second involves the diversion of outdoor air delivery to the building’s 
auditorium, where the acoustic effects of such a diversion will be examined.  Further breadth 
study details can be found in Section 3 and Section 4 of this report. 
 
The design suggestions provided within these studies are presented as if they had been 
implemented in the building’s original design and are presented in an “A vs. B” format.  Had the 
building been finished at the time of this study’s conception, a retrofit analysis may have been 
more effective. 
 
 

2A.1 Existing  Athletic Building Systems Analysis 
 
As part of the preliminary analysis that was conducted before the conception of this report, an 
annual energy use and cost simulation was performed using Carrier’s Hourly Analysis Program 
(HAP).  Without diverging from the primary focus of this report, several tables and screenshots 
from this program are provided below to give the reader an understanding of how the system was 
simulated and how the resulting figures will influence the conclusions made by this report.  The 
figures provide a step-by-step progression through the simulation process and aim to logically 
condense its results. 
 
For purposes of brevity, design parameters and sizing data from HAP will not be provided in this 
report.  It is confirmed (from previous observation) that the systems sized using HAP closely 
match those in the design documents and should provide similar simulated results.  Therefore, 
this section of the report will focus on schedules, fuel and electricity rates, and other parameters 
that will specifically affect the annual simulation.  Please reference Table 2-A, provided below for 
design values for mechanical systems in the AAJHS athletic complex. 
 

Table 2-A Athletic Building Equipment Schedule 
Cooling (DX) Heating (Gas) Mark Total CFM Min. O.A. CFM 

MBH EAT LAT MBH EAT LAT
AHU A-1 7400 3875 306.3 82.3 55 560 35.3 100 
AHU A-2 7400 3875 306.3 82.3 55 560 35.3 100 
AHU A-3 3200 1440 122.6 81.1 55 200 40.5 100 
AHU A-4 3200 1440 122.6 81.1 55 200 40.5 100 
AHU A-5 13150 1500 378.5 76.6 55 560 63.8 100 
AHU A-6 2250 1475 102.7 84.2 55 200 27 100 
AHU A-7 3650 1040 122 79 55 200 51.5 100 

 
 
Fractional and Thermostat Schedules 
 
The following screen shots indicate how occupancy schedules were assigned using HAP.  The 
schedules were created based off of assumed occupancy over a standard 180-day school year. 
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Figure 2-A. Occupancy schedule profile 1 used by HAP. 

 
 
 

 
Figure 2-B. Occupancy schedule profile 2 used by HAP. 

 

10 



AE Senior Thesis Final Report  Christopher G. Conrad 

 

 
Figure 2-C. Occupancy schedule profile 3 used by HAP. 

 
 
 

 
Figure 2-D. Occupancy schedule annual assignments used by HAP. 
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The following screen shots indicate how thermostat schedules were assigned using HAP.  The 
schedules were created based off of assumed occupancy over a standard 180-day school year. 
 

 
Figure 2-E. Thermostat schedule profile 1 used by HAP. 

 
 

 
Figure 2-F. Thermostat schedule profile 2 used by HAP. 
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Fuel and Electric Rates
 
The fuel and electric rates used in the HAP simulation are based off of local electricity and natural 
gas supplier rate tariffs.  Please see Schedules A1 and A2 in Appendix A for a detailed break-
down of the rates used in the simulation. 
 
 
System Simulation 
 
Because the project scope has been reduced for this report, a total building simulation has not 
been performed.  Instead, each of the systems located in the AAJHS athletic wing has been 
simulated independently.  This is possible due to the fact that each of the DX/gas single-zone 
CAV air handling units operate independently of each other and are not supplied by a central 
boiler or chiller.  The following tables present the results of each system’s simulation. 
 
 
AHUs A-1 and A-2 
 
These air handling units split the load in the larger of two gymnasiums, a zone that occupies 
approximately 11,200 ft2 of floor space.  The result of each system’s simulation is identical and is 
thereby only shown once. 
 

Table 2-B Yearly Simulation for AHUs A-1 & A-2 
                          

Cooling JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC 
Load (kBTU) 0 0 126 3633 16507 0 0 0 25871 2918 497 44 
Load (kWh) 0 0 37 1064 4833 0 0 0 7575 854 146 13 
Power (kWh) 0 0 43 1245 5655 0 0 0 8863 999 171 15 
                          

Heating JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC 
Load (kBTU) 17121 13140 5674 2524 95 0 0 0 0 1017 4168 13149 
Load (Therms) 171 131 57 25 1 0 0 0 0 10 42 131 
Energy (Therms) 214 164 71 31 1 0 0 0 0 13 53 164 

 
 

AHUs A-3 and A-4 
 
These air handling units split the load in the smaller of the two gymnasiums, a zone that occupies 
approximately 7,420 ft2 of floor space.  The result of each system’s simulation is identical and is 
thereby only shown once. 
 

Table 2-C Yearly Simulation for AHUs A-3 & A-4 
                          

Cooling JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC 
Load (kBTU) 0 0 22 1163 5570 0 0 0 8916 564 75 0 
Load (kWh) 0 0 6 341 1631 0 0 0 2611 165 22 0 
Power (kWh) 0 0 7 399 1908 0 0 0 3055 193 26 0 
                          

Heating JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC 
Load (kBTU) 7720 5765 2896 897 0 0 0 0 0 512 1934 5581 
Load (Therms) 77 58 29 9 0 0 0 0 0 5 19 56 
Energy (Therms) 96 73 36 11 0 0 0 0 0 6 24 70 
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AHU A-5 
 
This air handling unit serves the concourse of the building’s athletic wing, a zone that occupies 
approximately 4,280 ft2 of floor space. 
 

Table 2-D Yearly Simulation for AHU A-5 
                          

Cooling JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC 
Load (kBTU) 0 0 460 2233 8627 0 0 0 12544 1698 13 0 
Load (kWh) 0 0 135 654 2526 0 0 0 3673 497 4 0 
Power (kWh) 0 0 158 765 2955 0 0 0 4297 581 5 0 
                          

Heating JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC 
Load (kBTU) 13730 6512 1286 556 14 0 0 0 0 136 2324 12764 
Load (Therms) 137 65 13 6 0 0 0 0 0 1 23 128 
Energy (Therms) 171 81 16 8 0 0 0 0 0 1 29 160 

 
AHU A-6 
 
This air handling unit serves the locker rooms in the building’s athletic wing, a zone that occupies 
approximately 3,550 ft2 of floor space. 
 

Table 2-E Yearly Simulation for AHU A-6 
                          

Cooling JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC 
Load (kBTU) 0 0 0 296 1688 0 0 0 2813 31 0 0 
Load (kWh) 0 0 0 87 494 0 0 0 824 9 0 0 
Power (kWh) 0 0 0 102 578 0 0 0 964 11 0 0 
                          

Heating JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC 
Load (kBTU) 7771 5946 3661 1792 155 0 0 0 14 1524 3008 6041 
Load (Therms) 78 59 37 18 2 0 0 0 0 15 30 60 
Energy (Therms) 98 74 46 23 3 0 0 0 0 19 38 75 

 
AHU A-7 
 
This air handling unit serves the fitness rooms in the building’s athletic wing, a zone that occupies 
approximately 7,250 ft2 of floor space. 
 

Table 2-F Yearly Simulation for AHU A-7 
                          

Cooling JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC 
Load (kBTU) 0 0 9 1139 5378 0 0 0 7581 208 30 0 
Load (kWh) 0 0 3 333 1575 0 0 0 2220 61 9 0 
Power (kWh) 0 0 4 390 1843 0 0 0 2597 71 11 0 
                          

Heating JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC 
Load (kBTU) 8758 5939 1258 285 0 0 0 0 0 0 968 6178 
Load (Therms) 88 59 13 3 0 0 0 0 0 0 10 62 
Energy (Therms) 110 74 16 4 0 0 0 0 0 0 13 78 
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Estimated Annual Energy Consumption
 
The total estimated annual energy consumption has been itemized and is provided below. 
 

Table 2-G Estimated Annual Energy Consumption 
    

HVAC Components 
Electric 60,490 kWh 

Natural Gas 3,190 Therms 
    

Non-HVAC Components 
Electric 88,310 kWh 

    
Totals 

Electric 148,800 kWh 
Natural Gas 3,190 Therms 

 
 

These estimated grand totals will be used in the overall economic analysis in Section 5. 
 

 
Estimated Annual Energy Costs 
 
The total estimated annual costs have been itemized and are provided below. 
 

Table 2-H Estimated Annual Energy Costs 
    

HVAC Components 
Cooling $7,420  
Heating $12,970  

Subtotal $20,390  
    

Non-HVAC Components 
Lights $11,620  

Subtotal $11,620  
    

Totals 
Grand Total $32,010  

 
 
Therefore the estimated grand total for annual cost, including cooling, heating, and lights, is 
$32,010.  The totals presented here will be used in the overall economic project analysis in 
Section 5. 
 
 
2A.2 Considered Alternative Solution 
 
As a result of preliminary studies and analysis, an alternative solution including a radiant floor 
system was explored before the final proposal had been prepared.  The details of this 
consideration and its ultimate rejection are provided below. 
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Radiant Floor Heating/Cooling 
 
Upon initial inspection, a radiant floor system may have provided a feasible solution to the 
project’s money- and energy-saving goals.  In the case of the Altoona Area Junior High School, 
such a system installed in the athletic wing of the building could utilize the existing boiler and 
chiller plants to provide hot and chilled water to the piping network.  Furthermore, based on initial 
assumptions, this system had the potential to eliminate the need for existing DX/gas units and 
their relatively high energy and fuel consumption.  By sharing centrally-supplied hot and chilled 
water, a radiant floor system had the potential to significantly reduce cost and energy 
consumption, as well as fundamentally simplifying the design and its implications. 
 

 
Figure 2-G. A Radiant floor system provided an attractive solution for the project. 

 
 

2A.3 The Ground-source Heat Pump System 
 
In order to familiarize the reader with GSHP systems and their design process, a brief 
introduction is provided below.  The remainder of this report uses terminology that assumes the 
reader has some level of familiarity with GSHP systems.  If a word or phrase is not familiar, it is 
likely that it has been discussed here. 
 
 
The Vertical Closed-loop System 
 
A vertical closed-loop system has been selected for this project because land area available for 
loop field placement is limited at the Altoona Area Junior High School site.  If more land were 
available, a horizontal closed loop system, which requires more available land area, may have 
been selected.  “Vertical”, in this application, indicates that the bores drilled into the ground 
extend vertically down into the ground, usually between 100-400 feet.  “Closed loop” indicates 
that the piping loops are not open to an outside thermal source, such as well or surface body 
water.  A visual depiction of a vertical, closed-loop system is provided below in Figure 2-H. 
 
The basic operation of a ground-source heat pump is similar to that of a traditional air-source heat 
pump, except heat exchange occurs between the earth (soil) and a water or antifreeze solution 
pumped through a loop manifold installed therein.  Several bores can be included on a parallel 
loop which connects to a central vault which supplies the main feed lines entering the building.  
The heat pump units installed inside the building work with traditional duct delivery methods to 
provide conditioned air to the spaces within the building. 
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Figure 2-H. A visual explanation of a vertical closed-loop GSHP system. 

 
 
GSHP Advantages
 
Besides the fundamental advantages of a GSHP system, which include reduced energy 
consumption and operating costs, there are also some significant architectural advantages: 
 

• Users report a higher level of thermal comfort 
• The units are very quiet 
• System offers greater level of humidity control 
• Low system maintenance 
• No externally-mounted equipment 

 
A ground-source heat pump system can also be used for a variety of buildings, ranging from 
small residential to very large commercial projects.  The disadvantage is that the initial equipment 
and installation costs are typically higher than most traditional HVAC systems.  These high initial 
costs can be offset by low operating and maintenance costs and typically have a fast payback 
period.   
 
To read about how a GSHP system could potentially reduce energy consumption and operating 
costs for the Altoona Area Junior High School, please see the several following report sections. 
 
 
2A.4 Initial Considerations 
 
Before embarking on the actual design of the GSHP system for this project, one must consider 
several limiting considerations: most notably, the location and size of the loop field and soil 
conditions.  In most practical applications, budget considerations may also limit design variables. 
In this case, where specific variables are known, they are given.  Otherwise, industry standards 
and program defaults are used. 
 
 
GSHP Loop Field Site Selection 
 
Upon initial inspection of the site surrounding the Altoona Area Junior High School (see Figure  
2-B), one may notice that a significant amount of space is occupied by parking lots for the 
building.  This would seem to indicate that the placement of a GSHP loop field would be an easy 
undertaking: simply excavate a sufficient area of parking lot, drill bores, install pipe network, and 
replace the parking lot surface.  This is often an easy and affordable method of implementation in 
many projects, but further examination of the AAJHS master plan, presents an even more logical 
solution. 
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A rather large amount of land adjacent to the AAJHS site is currently occupied by Roosevelt 
Junior High School, one of the schools that will be replaced by the new junior high school.  As a 
part of the new school’s master plan, the Roosevelt school building is to be demolished to 
facilitate the construction of a soccer field at its current site.  Because of the ease offered by 
utilizing this site, it has been selected as the location for the GSHP loop field for this project. 
 
 

 
Figure 2-I. The Roosevelt school site offers 112,600 square feet of land that could be utilized for a GSHP loop field. 

 
 
Figure 2-I, provided above, shows the location of the Roosevelt school site, its adjacency to the 
Altoona Area Junior High building, and its relative size.  An examination of design documents 
indicates that Roosevelt Junior High School and its athletic field occupy approximately 112,600 
square feet, an attractive parcel of land for GSHP loop field selection.  With some construction 
phasing considerations that go beyond the scope of this report, it would seem entirely feasible to 
construct a GSHP loop field after Roosevelt school’s demolition, especially considering the 
Altoona Area School District already owns the site. 
 
 
Load Increase due to Daylighting 
 
The proposed addition of daylighting to the school’s gymnasiums has altered the design loads for 
which the GSHP system will be designed.  Table 2-I, provided below, summarizes these 
increases in both cooling and heating loads for the system.  Please see Section 3 for further 
details.  
 

Table 2-I Increased Loading due to Daylighting 
Space Cooling Heating 
Gym #1 50.4 MBH 77.4 MBH 
Gym #2 21.3 MBH 29.1 MBH 
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2A.5 Designing the System 
 
With design loads (including the effects of daylighting) provided by the Carrier HAP software and 
an available 112,600 square feet of land for loop field placement, it was time to begin designing 
the ground-source heat pump system that replaces the existing DX/gas air handlers in the 
school’s athletic wing.  A free and easy-to-use program offered by practitioners at the University 
of Alabama called GCHPCalc proved to be an excellent design tool during the progression of this 
study.  Several screen shots and tables from the program appear in this section, aiding the 
reader’s understanding by condensing important parameters in one location.  If interested, the 
software may be obtained at http://www.geokiss.com/index.htm. 
 
Updated Loading Information 
 

 
Figure 2-J. Zone cooling data provided by the GCHPCalc program. 

 

 
Figure 2-K. Zone heating data provided by the GCHPCalc program. 
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With loads provided by the Carrier HAP program (including the additional loads from utilizing 
daylighting) and an estimated occupancy schedule, the loading inputs for the GCHPCalc program 
are provided above in Figure 2-J and Figure 2-K. 
 
Design Water Temperatures/Flow Rates 
 

 
Figure 2-L. Design temperatures and flow rates provided by the GCHPCalc program. 

 
 
Ground Temperatures and Properties 
 

 
Figure 2-M. Ground properties used by the GCHPCalc program. 

 
Please note that undisturbed ground temperature was obtained using the US Geological Survey 
ground water temperature map, which is provided in Figure 1 of Appendix A.  Also note that 
values for thermal conductivity and diffusivity are based on program defaults.  It is assumed that if 
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a ground-source heat pump system were to be actually installed, a detailed study would be 
conducted on-site, providing the designer with more accurate soil property data.  While no such 
study has been conducted for this report, the estimated cost of this procedure has been factored 
into the economic analysis provided later in this section. 
 
Bore Hole/Pipe Resistance 
 

 
Figure 2-N. Bore hole and pipe data used by the GCHPCalc program. 

 
Please note that most data used in this area is based off of program defaults and industry 
standards.  It is also worth noting that, if they were to change, any of these values may be easily 
changed and its influence on the final result can be determined quickly. 
 
Loop Field Configuration 
 

 
Figure 2-O. The loop field arrangement used by the GCHPCalc program. 
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An eight by sixteen vertical grid arrangement has been selected for this design, based on the 
space available at the site.  This gives a total of 128 bores, whose depth will be determined by 
the GCHPCalc program. 
 

 
Figure 2-P. A visual depiction of the 8x16 loop field arrangement and its relation to the school. 

 
Figure 2-P, while not to scale, allows the reader to visualize how an 8x16 loop field fits into the 
Roosevelt Junior High School site.  It also shows the position of the vault, its proximity to the new 
school, and a possible location for pipeline access.   
 
 
Required Bore Lengths
 

 
Figure 2-Q. The required bore length provided by the GCHPCalc program. 
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As is indicated by the program outputs, a minimum depth of 274 feet is required for each bore.  
The total equivalent length is given as 35,090 feet, which can be verified by multiplying 128 bores 
times 274 ft/bore, which gives 35,072 feet, a figure very close to the program output. 
 
 
Equipment Selection and Integration 
 

 
Figure 2-R. Heat pump selections provided by the GCHPCalc program. 

 
The GCHPCalc program also offers the designer a choice of generic heat pump models and 
suggests sizes and quantities based on the selected system.  The program indicates that a total 
of eleven #150 and one #72 Trane high efficiency heat pumps should be selected for this project.  
The generic model numbers, in this case, indicate the nominal size for each unit.  Here, #150 
corresponds to a 12.5-ton vertical water-source heat pump (WSHP), and #72 corresponds to a 6-
ton vertical WSHP.  These units are part of the 6-25 ton GEV commercial WSHP product series.  
Please view the equipment literature located in Appendix B for further general information and 
specification data. 
 
 
2A.6 Modeling the System 
 
With data provided by the GCHPCalc program and known design parameters, a cost and energy 
consumption simulation could be conducted.  For this part of the study, RETScreen International, 
a sustainable energy modeling program provided free from the government of Canada, was 
utilized.  Several screen shots and tables provided by the program are used in the following 
section to clarify the modeling procedure and the outputs that have been calculated.  If interested, 
the software may be obtained at http://www.retscreen.net/. 
 
 
Climate Data 
 
The RETScreen International software contained climate data for Altoona, PA in its database.  In 
this case, the data had been collected at the Blair County Airport, as can be seen below in Figure 
2-S.  Values have been changed to English units to assist the reader in interpreting the data.  
This data will assist the software when running its algorithm for providing energy consumption 
and cost figures for the project. 
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Figure 2-S. Climate data for Altoona, PA provided by RETScreen International. 

 
 
 
Load Inputs 
 

 
Figure 2-T. Load inputs for the RETScreen International software. 

 
Please note that several parameters had to be converted to metric units for compatibility with the 
program.  In this case, building floor area has been converted from 33,680 square feet to 3,130 
square meters.  Also note that the loads calculated by the RETScreen software are imprecise and 
have been used only in estimating the costs associated with the GSHP system.  For a more 
complete and accurate breakdown of system loads, please see Section 2A.1. 
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Site Conditions
 

 
Figure 2-U. Site condition parameters for the RETScreen International software 

 
 
System Characteristics 
 

 
Figure 2-V. System characteristics for the RETScreen International software 

 
 
Annual Energy Production
 

 
Figure 2-W. Annual energy production estimated by RETScreen International. 

 
 
 
2A.7 Results 
 
With the outputs provided by the RETScreen International software, one may begin to assemble 
a feasibility study: namely, cost and energy consumption figures.  While RETScreen International 
provides a detailed breakdown of the associated costs for the GSHP system, many of the 
parameters are program defaults and are not editable.  Therefore many of the cost outputs 
provided by the program have been altered to more accurately reflect the considerations of this 
particular project. 
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Initial costs 
 
Much of the cost for the proposed GSHP system will come from initial costs: preliminary studies, 
development, engineering fees, equipment costs, system balance, and other miscellaneous 
costs.  Each of these items has been estimated by detailed break-down and is provided in the 
tables below. 
 

Table 2-J Estimated Feasibility Study Costs 
Site Investigation $ 650
Soil/hydrology Assessment $ 1,625
Preliminary Design $ 1,050
Detailed Cost Estimate $ 975
Report Preparation $ 1,200
Travel and Accommodation $ 0
Feasibility Study Credit $ (3,000)

Total $ 2,500
  
  

Table 2-K Estimated Development Costs 
Permits and Approvals $ 650
Land Survey $ 650
Project Financing $ 1,260
Project Management $ 1,875
Travel and Accommodation $ 0
Development Credit $ (2,500)

Total $ 1,935
  
  

Table 2-L Estimated Engineering Costs 
GSHP System Design $ 2,625
Tenders and Contracting $ 1,625
Construction Supervision $ 1,875
Engineering Credit $ (4,500)

Total $ 1,625
 

 
 

Table 2-M Estimated Equipment Costs 
Heat Pumps $ 66,442
Circulating Pumps $ 2,909
Circulating Fluid $ 1,664
Drilling and Grouting $ 43,451
Ground HX loop pipes $ 18,105
Fittings and Valves $ 2,416
ECHS Credit $ (20,000)

Total $ 114,986
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Table 2-N Estimated System Balance Costs 
Supplemental Heating System $ 0
Supplemental Heat Rejection $ 0
Internal Piping and Insulation $ 12,080
Balance of System Credit $ (1,000)

Total $ 11,080
  
  

Table 2-O Estimated Miscellaneous Costs 
Training $ 980
Contingencies $ 19,946

Total $ 20,946
 

 
Total Estimated Initial Cost 
 
The total estimated initial costs have been itemized and are provided below.  The overall total will 
be used in the overall economic project analysis in Section 5. 
 

Table 2-P Total Estimated Initial Costs 
Feasibility Study $ 2,500
Development $ 1,935
Engineering $ 1,625
Equipment $ 114,986
System Balance $ 11,080
Miscellaneous $ 20,946

Total $ 153,072
 
 

Therefore the estimated grand total for initial cost, including feasibility studies, development, 
engineering, equipment, system balance, and miscellaneous costs, is $153,072. 
 
 
Annual Costs 
 
Annual costs estimated by RETScreen International include operation and maintenance costs 
and fuel and electricity costs.  Each of these items has been itemized and is provided in tabular 
form below. 
 
 

Table 2-Q Estimated O&M Costs 
O&M Labor $ 2,500
Travel and Accommodations $ (3,500)
Contingencies $ 6,606

Total $ 5,606
  
  
Table 2-R Estimated Fuel and Electricity Costs 
Electricity $ 9,182
Incremental Electricity Load $ 1,275
 $ 10,457
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Total Estimated Annual Cost 
 
The total estimated annual costs have been itemized and are provided below. 
 

Table 2-S Total Estimated Annual Costs 
Operation and Maintenance $ 5,606
Fuel and Electricity $ 10,457

Total $ 16,063
 

The estimated grand total for annual cost, including operation and maintenance, and fuel and 
electricity, is $16,063.  The totals presented here will be used in the overall economic project 
analysis in Section 5. 
 
 
Total Estimated Annual Energy Consumption
 

Table 2-T Total Est. Energy Consumption 
Cooling 87,000 kWh 
Heating 66,000 kWh 

Total 153,000 kWh 
 
The estimated grand total for annual energy consumption is 153,000 kWh.  This total will be used 
in the overall economic project analysis in Section 5.  Note that no natural gas figure is given 
here because this GSHP system does not consume any.   
 
 
2B.1 Stage Analysis Summary 
 
Preliminary analysis indicated that the Altoona Area Junior High School auditorium stage would 
experience a deficiency of outdoor air delivery, given the current HVAC system design.  A 
comparison with ASHRAE Std. 62-1 provisions indicates that the stage is deficient by 
approximately 1190 CFM of outdoor air as designed.  This comparison also confirmed that the 
band room, a space directly adjacent to the stage, would experience a surplus of 1230 CFM of 
outdoor air.  These spaces are served by two roof-mounted CW/HW air handling units, given the 
marks AHU C-2 and AHU C-3, respectively.  A summary of these findings is provided below in 
Table 2-U. 
 
 

Table 2-U Actual and Calculated OA Requirement Comparison 
System Space Min OA Actual Min OA Calculated Difference 
AHU C-2 Stage 200 CFM 1390 CFM -1190 CFM 
AHU C-3 Band Room 2305 CFM 1075 CFM +1230 CFM 

 
 

These findings invite the prospect of improving air quality for the auditorium by diverting outdoor 
air delivery from the band room to the stage.  That is, AHU C-3 would potentially serve multiple 
zones: the stage and the band room.  Successfully doing so would mandate the redesign of duct 
work in this area of the building and perhaps some minor equipment resizing.  This procedure is 
not explored in this report.  Instead, these findings serve as justification for examining acoustic 
considerations brought on by this proposed air diversion scheme.  For more information, please 
see Section 4 of this report. 
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3. Lighting Breadth Study 
 
Among the topics available to explore in a breadth study relevant to this report, lighting seemed a 
logical choice.  More precisely, this is an exploration of the use of daylighting with the use of 
skylights, and its impact on HVAC considerations.  Therefore the design of a daylighting system 
in the gymnasiums and its impact on the overall project analysis is presented here. 
 
The objective of this study is to further reduce energy consumption by limiting the use of a 
traditional lighting system.  The intent is not to replace the lighting system in the AAJHS 
gymnasiums, but to use a daylighting system in tandem with the existing design.  It is useful to 
note that in most practical applications, a control system would be implemented when daylighting 
is utilized, but the design and configuration of such a system is quite sophisticated.  While the use 
of such a control system is considered in the following simulation data, the operational details 
have been omitted. 
 

3A. Designing and Modeling the System 
 
Like many pieces of engineering software, the program SkyCalc Skylight Design Assistant, allows 
the engineer to form a design by adjusting parameters based on simulated results.  The SkyCalc 
program was utilized for both the design and simulation of the daylighting-only system.  Several 
of the following tables and screenshots were taken directly from the program and present a 
condensed summary of input parameters and simulation outcomes. 
 
Note that climate data utilized by the program is from Albany, NY, the closest geographically 
available data to Altoona, PA.  Target lighting level is set to 30 fc, the standard for gymnasium 
playing surfaces. 
 
 
Input Parameters 
 
Gymnasium #1 
 
 

 
Figure 3-A. Building inputs for Gymnasium #1 used in the SkyCalc program. 

 
 
 

 
Figure 3-B. Additional building inputs for Gymnasium #1 used in the SkyCalc program. 
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Figure 3-C. Electric lighting inputs for Gymnasium #1 used in the SkyCalc program. 

 
 
 

 
Figure 3-D. Selected skylight inputs for Gymnasium #1 used in the SkyCalc program. 

 
 
Please note that the skylight dimensions and quantities given here are based on review of the 
simulation results and geometric considerations.  At any time, these values may be changed to 
attain desired simulation results. 
 
 
 
Gymnasium #2 
 
 

 
Figure 3-E. Building inputs for Gymnasium #2 used in the SkyCalc program. 
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Figure 3-F. Additional building inputs for Gymnasium #2 used in the SkyCalc program. 

 
 
 

 
Figure 3-G. Electric lighting inputs for Gymnasium #2 used in the SkyCalc program. 

 
 
 

 
Figure 3-H. Selected skylight inputs for Gymnasium #2 used in the SkyCalc program. 

 
 
 
Again, note that the skylight dimensions and quantities given here are based on review of 
simulation results and geometric considerations. 
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Simulation Outputs 
 
Gymnasium #1 
 

 
Figure 3-I. A graphic spread of footcandle values over a one-year period for Gymnasium #1. 

 
 

Gymnasium #2 
 

 
Figure 3-J. A graphic spread of footcandle values over a one-year period for Gymnasium #2. 

 
 

From these results it is apparent that skylights will provide either over-abundance or a deficiency 
of light.  Using the existing lighting system and diffuse bezels over the skylights will solve this 
problem, without sacrificing the comfort of the occupant. 
 
 

3B. Results 
 
Space Renderings 
 
To examine the success of an installed daylighting system, it is often useful to utilize a light-
rendering program to provide a visualization of the target space.  In this instance, the program 
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AGI was used to make basic renderings of the gymnasiums.  The design visualization time and 
date was set to noon during the winter solstice to provide a worst-case scenario depiction. 
 
 

 
Figure 3-K. A winter solstice interior rendering for daylight only in Gymnasium #1 by AGI. 

 
 

 
Figure 3-L. A winter solstice interior rendering for daylight only in Gymnasium #2 by AGI. 
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Estimated Annual Cost and Energy Savings 
 
The final results from the SkyCalc simulation are presented in tabular form below. 
 
 

Table 3-A Estimated Annual Energy Savings 
      

Gymnasium #1 
Lights (kWh) 30,911 
      

Gymnasium #2 
Lights (kWh) 11,778 
      

Total (kWh) 42,689 
   
   

Table 3-B Estimated Annual Cost Savings 
      

Gymnasium #1 
Lights $2,782  
      

Gymnasium #2 
Lights $1,060  
      

Total $3,842  
 
 

The estimated grand total for annual energy savings is 42,689 kWh.  The estimated grand total 
for annual cost savings is $3,842.  These totals will be used in the overall economic project 
analysis in Section 5. 
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4. Acoustics Breadth Study 
 
As indicated by the analysis provided in Section 2B.1, the Altoona Area Junior High School 
auditorium would experience a deficiency in outdoor air delivery given the current system design.  
Given that the system is reworked to address this deficiency, certain acoustical issues are raised, 
namely, the sound level effects of placing new diffusers in a space where sound attenuation is 
critical.  The objective of this study is to explore the sound level ratings of the current design, the 
impact of the redesign, and possible improvements to be made to both systems. 
 
 

4.1  The Current Design 
 
An examination of the design documents for the project indicates that the building’s stage is 
served by a large roof-mounted CW/HW air handling unit (AHU C-2) which distributes air to the 
space through five 14-inch round diffusers.  Table 4-A, provided below, summarizes the 
characteristics of this air flow. 
 

Table 4-A Stage Diffuser Characteristics 
Neck Size Air Flow NC Rating 

14" 500 CFM <20 
 
Note that the diffuser air flow was obtained directly from the project design documentation.  The 
noise criteria level (NC) was found using a reference chart provided by Krueger HVAC.  Please 
see Schedule B2 in Appendix B for more information. 
 
 

4.2 The Redesign 
 
The proposed redesign would stipulate that at least 1190 CFM of additional air would have to be 
delivered to the stage space.  An examination of the current design in Section 4.1 indicates that 
the diffusers serving the stage already deliver 500 CFM, nominally.  Pragmatism dictates that two 
additional diffusers of the same size could deliver 1000 CFM, nominally, without affecting the NC 
rating or other architectural concerns.  This would reduce the stage’s outdoor air deficiency to a 
virtually negligible amount. 
 
 

4.3 Possible Improvements 
 
Acoustics standards dictate that NC ratings must fall below a certain values to adequately 
eliminate background noise in performance-critical spaces.  This value is generally accepted to 
be below 20.  The characteristics of a typical air diffuser provided in Table 4-A indicate that 500 
CFM of air flowing through a 14” neck size will result in a noise criteria rating that is below 20.  
Therefore, diverting outdoor air to the stage area would not result in any major acoustic concerns 
as long as the diffuser size is kept at 14” or greater.  Typically, the larger the diffuser is sized, the 
lower the background noise will be.  Diffusers are typically designed large in performance spaces 
for this reason. 
 
Please see Appendix B for more information on diffuser sizing and noise criteria determination. 
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5. Project Summary 
 
This section is included to indicate the success of the stated project goals in a concise, organized 
format.  They address both depth study aspects as well as affected breadth studies.  The 
procedures used to obtain the following facts and figures are detailed in the previous sections of 
this report. 
 
Ground Source Heat Pump System (Mechanical Depth)
 
The HVAC system featuring seven single-zone CAV DX/gas air handling units that occupy the 
Altoona Area Junior High School athletic building as originally designed have been redesigned to 
feature a ground source heat pump (GSHP) system.  The GSHP system was considered due to 
an anticipation of lowered energy consumption and cost.  The results of this system redesign are 
presented below. 
 
The GSHP system has been designed to feature an eight by sixteen (128 bores total) loop field 
configuration that will occupy a parcel of land currently occupied by Roosevelt Junior High 
School, a building slated to be demolished and replaced with a soccer field as a part of the 
AAJHS master plan.  The design process was carried out with the aid of a computer program 
called GCHPCalc.  The program stipulated that vertical bores for the GSHP system should be 
drilled to 274 feet below the earth surface.  The program also suggested that eleven 12.5-ton and 
one 6-ton vertical high efficiency water-source heat pumps be selected and integrated into a 
traditional duct network, much like the one that currently exists as designed. 
 
In order to gage the success of the GSHP system, a first and annual cost simulation was 
performed using the aid of a program called RETScreen International.  The results of this 
simulation are presented below in comparison to the original design values. 
 
 

Table 5-A Estimated System First Cost 
Original Redesign 
$57,850  $153,070  

    
    

Table 5-B Estimated Annual Energy Consumption 
Original Redesign 

Electricity 148,800 kWh Electricity 198,620 kWh 
Natural Gas 3,190 Therms Natural Gas 0 Therms 
    
    

Table 5-C Estimated Annual Energy Costs 
Original Redesign 

Cooling $7,420  
Heating $12,970  

Energy $10,460 

Lights $11,620  Lights $7,780  
Total $32,010  Total $18,240  

 
Please note that the reduction in lighting costs can be attributed to the implementation of a 
daylighting system in the AAJHS gymnasiums.  A summary of this breadth study is provided 
below. 
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Daylighting System (Lighting Breadth)
 
The existing lighting system in the AAJHS gymnasiums was not redesigned, but rather enhanced 
through the use of daylighting in the form of skylights.  A program called SkyCalc aided in the 
design and simulation of the system.  The program indicated that satisfactory daytime lighting 
levels could be achieved year-round by utilizing a number of 8x6-ft. triple-glazed polycarbonate 
skylights.  Outcomes indicated that thirty skylights should be used in gymnasium #1, while twelve 
skylights would be sufficient in gymnasium #2.  A program called AGI was used to make some 
simple renderings of the gymnasium spaces, which graphically enhanced the system’s 
effectiveness. 
 
 
Auditorium Increased Indoor Air Quality (Mechanical Depth) 
 
Noted outdoor air deficiencies in the school’s auditorium invited the prospect of correction through 
the diversion of air delivery from the air handling unit serving the band room.  It was determined 
that an additional 1190 CFM of outdoor air was required to satisfy the provisions of ASHRAE Std. 
62.1 – 2004.  To correct this problem, the addition of two 500 CFM diffusers to the school stage 
space was considered.  This correction invited the prospect of exploring acoustic considerations 
as a subsequent breadth study. 
 
 
Air Diffuser Selection (Acoustics Breadth) 
 
After determining that the proposed diversion of outdoor air to the school’s auditorium was 
feasible, acoustic considerations were explored.  An analysis of the existing air diffusers indicated 
that the noise criteria (NC) rating was adequate given their current 14-inch neck size and nominal 
air flow of 500 CFM.  By diverting an additional 1000 CFM of outdoor air through the space and 
utilizing the same diffusers already specified in the design, the outdoor air requirement as well as 
an adequate NC rating has been achieved. 

 
 
 
 
 
 
 
 

37 



AE Senior Thesis Final Report  Christopher G. Conrad 

6. Conclusions 
 
This section is provided to summarize the results of the studies conducted for this report and offer 
conclusions based on these results.  As with the project summary in Section 5, these 
conclusions aim to integrate the main depth studies with subsequent breadth studies and present 
an overall project whose aspects intertwine in a relevant and interesting fashion. 
 
 
Ground Source Heat Pump System and Gymnasium Daylighting System
 
This report has verified that the use of a ground source heat pump (GSHP) system has the 
potential to reduce annual maintenance and operating costs by as much as 57%, at the expense 
of a higher initial first cost.  It was estimated that a GSHP system could cost as much as $95,000 
more than the original design.  Also it was determined that annual electricity consumption could 
increase by as much as 33%, while totally eliminating the need for natural gas usage in the 
system.  Furthermore, while a proposed gymnasium daylighting system utilizing skylights 
increased the thermal loads for the system redesign, their potential in decreasing electric lighting 
costs as much as 67% has been demonstrated. 
 
The findings of this report indicate that a GSHP system with integrated daylighting have the 
theoretical potential to significantly reduce energy costs and consumption.  Therefore, this system 
should be considered as an adequate alternative to the original design. 
 
 
Auditorium Increased Indoor Air Quality and Air Diffuser Selection
 
This report has verified the feasibility of diverting outdoor air from a space with a surplus to a 
space with noted deficiencies.  The use of additional air diffusers will not have an adverse effect 
on background noise if the proper diffuser size is selected.  If a diversion of outdoor air to meet 
the requirements of ASHRAE Std. 62.1 was carried out to improve the original design, it is the 
finding of this report that the acoustic considerations, while critical, are minimal.  
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Schedule A1. Natural Gas Rate Tariffs 
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Schedule A1. Natural Gas Rate Tariffs (continued) 
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Schedule A2. Electricity Rate Tariffs 
 
 
 

 
 

43 



AE Senior Thesis Final Report  Christopher G. Conrad 

Schedule A2. Electricity Rate Tariffs (continued) 
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Schedule A2. Electricity Rate Tariffs (continued) 
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Schedule A2. Electricity Rate Tariffs (continued) 
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Schedule A2. Electricity Rate Tariffs (continued) 
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Figure A1. USGS Ground Water Temperature Map 
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Schedule B1. Trane WSHP Cut Sheets 
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Schedule B1. Trane WSHP Cut Sheets (continued) 
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Schedule B1. Trane WSHP Cut Sheets (continued) 
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Schedule B1. Trane WSHP Cut Sheets (continued) 
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Schedule B1. Trane WSHP Cut Sheets (continued) 
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Schedule B1. Trane WSHP Cut Sheets (continued) 
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Schedule B1. Trane WSHP Cut Sheets (continued) 
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Schedule B1. Trane WSHP Cut Sheets (continued) 
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Schedule B1. Trane WSHP Cut Sheets (continued) 
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Schedule B1. Trane WSHP Cut Sheets (continued) 
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Schedule B1. Trane WSHP Cut Sheets (continued) 
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Schedule B1. Trane WSHP Cut Sheets (continued) 
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Schedule B1. Trane WSHP Cut Sheets (continued) 
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Schedule B1. Trane WSHP Cut Sheets (continued) 
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Schedule B1. Trane WSHP Cut Sheets (continued) 
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Schedule B1. Trane WSHP Cut Sheets (continued) 
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Schedule B1. Trane WSHP Cut Sheets (continued) 
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Schedule B1. Trane WSHP Cut Sheets (continued) 
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Schedule B1. Trane WSHP Cut Sheets (continued) 
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Schedule B1. Trane WSHP Cut Sheets (continued) 
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Schedule B1. Trane WSHP Cut Sheets (continued) 
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Schedule B1. Trane WSHP Cut Sheets (continued) 
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Schedule B1. Trane WSHP Cut Sheets (continued) 
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Schedule B1. Trane WSHP Cut Sheets (continued) 
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Schedule B1. Trane WSHP Cut Sheets (continued) 
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Schedule B2. Krueger Air Diffuser Cut Sheets 
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Schedule B2. Krueger Air Diffuser Cut Sheets (cont’d.) 
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Schedule B2. Krueger Air Diffuser Cut Sheets (cont’d.) 
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Schedule B2. Krueger Air Diffuser Cut Sheets (cont’d.) 
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Schedule B2. Krueger Air Diffuser Cut Sheets (cont’d.) 
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