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Abstract 
This project presents the design of a STEM educational center for Aldrich 

Astronomical Society (AAS) at Treasure valley, Oakham, MA. The group designed a 

structural system, evaluated appropriate mechanical systems, and developed 

architectural drawings for the proposed structure. The group created the design based 

on specified building codes and the needs of AAS. The group focused on establishing a 

net zero building by assessing effective insulation, ventilation, lighting, and abate the 

building’s energy consumption. 
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Capstone Design Statement 
 

 The Capstone Design Requirement for the Architectural Engineering department 

at Worcester Polytechnic Institute requires that all students participate in a culminating 

project that brings together the knowledge learned from courses during their time with 

the university. To meet the capstone requirement with this project, a proposed plan for a 

new education center was designed for the Aldrich Astronomical Society (AAS). This 

design involves the assessments to achieve net zero energy production. This plan was 

developed through evaluating the needs of AAS while considering the efficiency and 

cost savings for the organization. This plan includes recommendations for a unique 

architectural floor plan, a durable structural system, an energy efficient insulation 

method, and a high-performance HVAC system arrangement. This project considered 

many restraints and addresses architectural, structural, mechanical, and net zero issues 

as follows: 

Architectural: The layout of the building prevents light pollution to the star gazing field. 

The architectural arrangement fulfills the desires of the AAS while also addressing the 

International Building Code (IBC) requirements for handicap accessibility and egress. 

Structural: The proposed structural system is based on the International Building Code 

(IBC) and American Society of Civil Engineers (ASCE) code requirements. This code 

guided our methods throughout the project. 

Mechanical: The proposed mechanical system is based on the requirements of the 

International Building Code (IBC), the American Society of Heating, Refrigerating, and 

Air-Conditioning Engineers (ASHRAE), and the required values of being a net zero 

project.  
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Net Zero: With guidance from the New Net Zero, this project fulfills multiple 

requirements to be considered a net zero energy building (9) 
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1. Introduction  

 The Aldrich Astronomical Society (AAS) is a club that promotes understanding of 

the night sky to people of all ages. The club hosts sky viewing sessions at its locations 

in Paxton and Oakham, Massachusetts in addition to having outreach programs for 

local schools and libraries. The current location in Oakham has a roll off roof 

observatory, outdoor pads, and several maintenance sheds. The AAS desires a space 

for its volunteers to participate in amateur telescope making as well as a space to host 

lectures.  

The goal of this project is to design a state-of-art STEM (science, technology, 

engineering and mathematics) educational center with a parking lot and outdoor pad. 

The following set of objectives were developed 

1. To conduct a detailed floor plan based on requirements from AAS. 

2. To provide engineering system designs 

(structural/mechanical/architectural).  

3. To achieve net zero energy. 

By evaluating the site, we designed a structure to suit the club’s needs. After 

assessing the site, we also identified energy efficient and durable systems for the club’s 

educational center.  
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2. Background 

2.1. Current site 

The Aldrich Astronomical Society currently has an observatory in Oakham, 

Massachusetts. This observatory has the appearance of a shed and has a roll off roof. It 

sits in a four-acre field about fourteen miles outside of Worcester, Massachusetts. The 

reason for the location is to get away from the light pollution produced in the large city of 

Worcester. The observatory is currently used by members of the club, students, scouts, 

and the public. In addition to the observatory, the club hosts board meetings and public 

observing nights at Anna Maria College in Paxton, Massachusetts. 

  

(Figure 1. Current Location of the Observatory) 
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2.2 Site Assessments 

2.2.1. Soil Evaluation 

 Based on the soil report given to our group from the AAS committee, we were 

able to determine the soil texture in the area to be silty loam (SL). The soil was 

evaluated on October 14th, 2017 and measured at depths of up to ninety inches. Four 

measurements were taken, all at approximately 100-foot elevation. Each test consisted 

of three trials: zero inches to four inches deep, four inches to twenty-four inches deep, 

and twenty-four inches to ninety inches deep. 

 

(Table 1. Soil Depth Measurements) 

With this information we found through the United States Department of Agriculture that 

the soil density of silty loam is usually between 1.5 and 1.6 grams per cubic centimeter, 

which is 94 to 100 pounds per cubic foot (10). Assuming the lower value of 1.5 grams 

per cubic centimeter, we converted the value down to 90 pounds per cubic foot which 

was needed in calculations for the wall footing design. This will be further explained 

later in the report. 
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2.2.2. Landscape 

 In addition to a soil report, our group was given a topographic site plan of the 

area for the proposed design. The plan consisted of a North arrow, elevation lines, a 

proposed septic location, a septic system profile, and additional notes. For our design 

proposal, the main concerns were the elevation lines and where the most effective and 

efficient location for the building would be. As seen in the elevation plan in Appendix G, 

the site where the building is to be constructed is mostly sloped from West to East. 

There are existing concrete slabs and buildings at the top of the Western sloped hill, 

and a wetland buffer to the North end of the plan. 
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3. Methodology and Results 

3.1 Introduction: Building Design 

  The AAS committee, and an architect working with them, proposed a two-story 

building design for the site. With a two-story design, the basement would consist of a 

storage room, a workshop for children, and a small garage for storing tools and utilities. 

However, a lift to provide handicap access to and from the basement and first floor of 

the building was not feasible, and an accessibility ramp indoors or outdoors would not 

be appropriate due to slope and distance complications. 

  Although a one-story design would have a larger footprint than the two-story 

design, a one-story design meets the organization’s needs for a workshop, assembly 

space, garage, restrooms, kitchen, and storage space. The larger footprint, however, is 

minimal in comparison to the four-acre site. The proposed one-story design, including 

the parking lot, is approximately 10,000 square feet and four acres is equal to 174,240 

square feet, so in comparison the design would take up a small portion of the land.  A 

building at the bottom of the hill at a 101-foot grade level would be away from the 

stargazing land and nearby wetlands. This location does present a risk of runoff water 

draining toward the building, however, the design would include French drains on the 

sides of the building to collect that water and steer it away from the building. Figure 2 

shows the proposed building location on the site plan. 
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(Figure 2. Proposed Building Location) 

3.2 Architectural Design 

 3.2.1 Considerations 

 As previously mentioned, AAS needs a workshop, assembly space, garage, 

restrooms, kitchen, and storage space included in the design. Our proposal, taking 

these considerations into account, fulfills the needs of the organization and will allow 

their building to operate at a high level of efficiency. In figure 3, each space is labeled 

with its square footage. The proposed assembly location is the main space in the 

building. The main entrance accesses the assembly space directly, and from that area, 

the restrooms, kitchen, and workshop can be accessed. The garage/storage space is 
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accessed from either the garage door or a door on the back side of the building. AAS 

also requested the building to block light from incoming traffic so that it does not 

interfere with stargazing activity. The proposed plan includes a parking lot that will be 

blocked by the building and prevent light pollution to the stargazing sessions. Our 

design proposal also took into consideration accessibility needs for those visiting the 

building and provides ready to each space as well as to the back of the building where 

the stargazing sessions occur. 

  

 

(Figure 3. Proposed Architectural Layout) 

 3.2.2. Layout 

 As previously mentioned, our group determined a one-story design to be more 

practical for the landscape. As discussed with AAS, the building must include an 
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assembly space, storage space, a workshop, restrooms, a kitchenette, and a garage. In 

figure 3, the proposed layout to include those areas effectively is drawn. Figure 2 shows 

the lot on the Southeast side of the building with an approximate 6,000 square foot 

area, twenty parking spaces of approximately 300 square feet each, that would be for 

parking. The area for the parking lot slopes from the 101-foot grade level to a 99-foot 

level on the South end of the lot. This slope would be taken advantage of by inserting a 

catch basin at the South end of the lot with a one-eighth inch per foot sloped pavement 

from the sidewalk of the building to the catch basin making it a total drop near one foot. 

The garage is at the West end of the lot with a garage door that faces South away from 

the Northwest stargazing field. This will block light interference with stargazing. The 

main entrance is at an angle tucked between the garage and the workshop extension of 

the building. When walking through the main entrance the two restrooms will be on the 

left and the small kitchenette on the right. The main space of the building is an 

assembly area for the teaching sessions hosted by the AAS. After walking in the main 

entrance, on the right will be a door to enter the workshop area. This layout of the 

workshop and restrooms allows easy access for those in need.  

3.2.3. Lighting 

 3.2.3.1. Exterior Lighting 

The intention with our proposed design is to use the property year-round and at 

any time of the day. Our goal is to make this a net zero building, and to produce no light 

pollution, especially any light interference to the stargazing field. Based on these 

considerations, we defined our choices for lighting. Starting with the parking lot, visitors 

are going to need to see where to park and be able to get to and from their vehicles 
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safely. A recommended quantity of lights for this parking lot would be two poles spaced 

twenty feet apart at sixteen feet high each producing at least 20,000 lumens (7). The 

light that best suits these recommended numbers is a LED Way Series Outdoor Street 

Light, which can be seen as Fixture C in Appendix A. The building is approximately 

twenty feet high, so the lights would be blocked if viewing from the stargazing field. To 

confirm that the lights will not affect the field, the lights can be directed Southeast, or 

they can have a glare shield attached to avoid visual interference. When entering the 

building through the main entrance, the two adjacent walls could include LED wall 

mounted lights to produce a safe, lit entrance for visitors. The LED wall mounted fixtures 

produce an average of 1,000 lumens. After providing a safely lit path to the entrance, 

the next important step is to continue the energy efficient lighting throughout the interior. 

3.2.3.2. Interior Lighting 

In our proposed design we used two different types of lighting fixtures for the 

interior, as well designing for the effective use of daylight. The design consists of an 

open ceiling with exposed ductwork, and with an open ceiling, there is a larger amount 

of space for natural light to travel. Our roof insulation design is concluded with a 

reflective material that will allow for infiltrating daylight to reach every corner of the 

space. Even with a design based purely on daylight, the building still needs artificial light 

for the anticipated occupied hours when daylight is not available.  

The lighting fixtures that we chose are all surface mounted LED lights. LED lights 

are more energy efficient, won’t be affected by rapid cycling, and have a long lifespan 

that would result in low maintenance fees (15). They also produce less heat than 

fluorescent lights, which will decrease the cooling load in the summer.   
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In the lighting plan below, the fixture proposed for the restrooms, mechanical 

rooms, and vestibule has a value of 3,000 lumens per fixture, and the fixture proposed 

for the assembly space, the workshop and the garage has a value of 4,800 lumens per 

fixture. See spec sheets in Appendix A for further explanation. 

 

(Figure 4. Lighting plan) 

Based on the light level requirement for each room shown in table 1 below, we 

were able to calculate how many fixtures are needed in each room. In order to calculate 

the number of fixtures needed in each room, we used the equation below where A is the 

total room area in square feet, E is the designed foot-candles, L is the initial luminous 

flux, CU is the coefficient of utilization, and LLF is the lighting loss factor. 

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑓𝑖𝑥𝑡𝑢𝑟𝑒𝑠 =
𝐴 ∗  𝐸 

𝐿 ∗  𝐶𝑈 ∗  𝐿𝐿𝐹
 

The initial luminous flux can be found from the spec sheet of the lighting in 

Appendix A. The coefficient of utilization depends on the space to be illuminated, but in 

this case equals 80%. The light loss factor is also 80% in this case.   
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 Garage Vestibule assembly work shop Restroom Kitchen 
Mechanical 

room 

Floor Area (sf) 374 128 1627 841 137 54 128 

Lighting - Design 
footcandle 15 30 25 30 25 40 15 

Light Loss Factor 0.8 0.8 0.8 0.8 0.8 0.8 0.8 

CU 0.8 0.8 0.8 0.8 0.8 0.8 0.8 

lumens needed 8765.63 6000.00 63554.69 39421.88 5351.56 3375.00 3000.00 

fixture lumen 4800.00 3000.00 4800.00 4800.00 3000 3000 3000 

# fixture needed 2 2 14 9 2 2 1 

fixture watts 45 27 45 45 27 27 27 

BTUHs 282.6 169.56 1978.2 1271.7 169.56 169.56 84.78 

(Table 2. Number of Light Fixtures) 

3.3 Structural Design 

3.3.1. Roof  

3.3.1.1. Roof Material 

 When searching for an effective, high performance design for the roof, materials 

were the first step. Our choice of material focused primarily on life expectancy and first 

cost. The materials that were analyzed were asphalt shingles, a common material used 

on homes, and aluminum standing seam metal roofing, a slightly more expensive 

alternative.  

Asphalt shingles appeared to be a lower cost material, with reasonable 

wearability, and they typically have a thirty-year warranty. They also have fire retarding 

properties and are available in different styles, sizes, and colors which is helpful for 

consumer preferences. Shingles are also easy to install, however, they do have some 
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drawbacks. Asphalt shingles tend to lose surface material and will eventually wear out. 

Using shingles can also allow for leaks and damage to the roof insulation (12). Although 

shingles are effective against weather, issues can occur which will cause damage to the 

inner layers of the structure. 

Aluminum standing seam roofing is a cost-effective material with durable 

properties. Standing seam metal roofing has the advantage of fewer seams, as 

opposed to aluminum shingles and the grandetile method, which is usually where 

moisture issues occur in roofing, and the seams are raised above the level of the 

roofing panel eliminating water getting into the seam. Another advantage of this type of 

roofing is the durability. The tough, durable properties allow for the roofing system to 

have a lifetime between thirty to fifty years (13). Even though the metal roofing is more 

expensive, it is the more cost-effective option.  

3.3.1.2. Roof Insulation 

 Following the metal roofing cover is the layering of insulation. The focus of the 

roof insulation was to achieve a net zero R-value of 60 while keeping any moisture from 

affecting the layers. Below the metal roofing are sheets of zip-system plywood, followed 

by a layer of closed cell spray foam. The closed-cell spray foam will prevent any vapor 

or water leakage coming through the roof from reaching the interior cellulose layer. 

Since cellulose is not a vapor barrier and absorbs water, it must be protected. The 

choice of using cellulose is based on its cheap cost and insulating ability. Following the 

cellulose is a vapor retarder to prevent rising moisture inside the building from affecting 

the insulation. Finally, the last section of the roof insulation is glass mat wallboard. This 

material provides an attractive cover and support for the insulation. 
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(Figure 5. Roof Section View) 

3.3.1.3. Truss Analysis   

The roof truss will carry the loads on the building and divert those loads to the 

exterior walls, creating column-free internal space and reduce the construction cost time 

because trusses can be prefabricated and delivered to the site. Based on the layout of 

the walls in our architectural drawings, the span of the roof must cover fifty-one feet in 

order to have a one-foot overhang on each side. The width of the truss, however, is 

forty-nine feet because the overhang on each side is on the eave of the roof. With the 

goal of achieving column-free space, our group did some research on which type of 

truss could span this width and still perform the stability needed. The howe truss is used 

mostly in construction for longer spans of up to 60 feet rather than regular king post 

truss, so this was the viable option for our design. By having a truss that can span a 

long distance, we achieved our goal of column-free space. Eliminating column supports 

saves on additional spending, as well as creating a more open space for the 
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organization and allowing for obstacle-free sight lines for presentations and flexibility 

with the furniture layout. 

A wall separating the assembly area from the workshop provides an optional 

point to add stability to the truss. Even though the wall provides additional stability, the 

group designed the truss based on a forty-nine-foot span because calculations showed 

that the load bearing wall would not add much additional support. Refer to Appendix B 

for further explanation. To determine the loading on the roof, our group first evaluated 

the tributary area on each joint of the roof face. The tributary area is a distance halfway 

to each joint surrounding it, or in the case of an end joint it would be halfway to the next 

joint. The distance between A and C, and the other corresponding joint spans at an 

angle are 9.13 feet, but the one-foot overhang on the eave must be considered for the 

tributary area for the end joints. The distance between A and B, as well as the other five 

spans on the bottom of the truss, is 8.17 feet. In figure 6, the additional support wall is 

located between joint F and H at a distance 32.42 feet from A and 16.58 feet from L. 

Since the truss is symmetrical, the tributary area for point A and L are equal, the 

tributary area for point C and K are equal, and the tributary area for point E and I are 

equal. 

 

(Figure 6. Tributary Area for Truss Nodes) 



15 
 

3.3.1.3.1. Dead Load 

The dead load acting on the roof is calculated by adding the weight of the metal 

roof and the weight of the plywood that connects the truss to the metal roof. The 

average weight of plywood and metal roofing is 2 pounds per square foot and 0.67 

pounds per square foot, thus we determined the dead load to be 2.67 psf. 

3.3.1.3.2. Live Load 

Based on the International Building Code, we determined the live load acting on 

the roof to be 100 pounds per square foot (IBC 2015, Table 1607.1). 

3.3.1.3.3. Snow Load 

 In order to calculate snow load for a sloped roof ps , we needed to use the 

following equations and chapter 7 of the ASCE to define the following factors.  

Flat roof snow load   𝑝௙ = 0.7 ∗ 𝐶௘ ∗ 𝐶௧ ∗ 𝐼 ∗ 𝑝௚  

Sloped roof snow load 𝑝𝒔 = 𝐶𝒔 ∗ 𝑝𝒇 

 

Factors  Meaning  ASCE Value 

Ce exposure factor Chapter 7: Table 7-
2 

1 

Ct thermal factor Chapter 7: Table 7-
3 

1 

pg ground snow load Chapter 7: 7.2 50 psf 

I Importance factor Chapter 7: 7.3.3 1 

Cs snow load factor Chapter 7: Figure 
7.2-a 

0.4 

(Table 3. Snow Load Factors) 
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𝑝௙ = 0.7 ∗ 1 ∗ 1 ∗ 50 ∗ 1 = 35 𝑝𝑠𝑓 

𝑝௦ = 0.4 ∗ 35 = 14 𝑝𝑠𝑓 

3.3.1.3.4. Wind Load 

In order to calculate the design wind pressure p, we needed to use the following 

equations and chapter 7 of the ASCE to define the following factors:  

Velocity pressure coefficient 𝑞௭ = 0.00265 ∗ 𝑘௭ ∗ 𝑘௭௧ ∗ 𝑘ௗ ∗ 𝑉ଶ ∗ 𝐼 

Design pressure 𝑝 = 𝑞௭ ∗ 𝐺 ∗ 𝐶௣ 

 

Factors  Meaning  ASCE Value 

G Gust effect factor Chapter 6.5.8.1 0.85 

V Wind speed Chapter 6.5.11 90 mph 

kz Velocity pressure 
exposure coefficient 

Chapter 6.5.6: 
Table 6-3 

0.85 

kzt Topographic factor Chapter 6.5.7.2 1 

kd Wind direction 
factor 

Chapter 6.5.4.4 0.85 

I Category I Chapter 6.5.11.2.1 1 

Cp windward Chapter 7.6.17 0.2 

leeward Chapter 7.6.17 0.4 

(Table 4. Wind Load Factors) 

𝑞௭ = 0.00265 ∗  0.85 ∗  1 ∗  0.85 ∗ 90ଶ ∗ 1 = 14.9𝑝𝑠𝑓 

𝑝 = 14.9𝑝𝑠𝑓 ∗ 0.85 ∗  0.2 = 𝟐. 𝟓 𝒑𝒔𝒇 𝒘𝒊𝒏𝒅𝒘𝒂𝒓𝒅 𝒔𝒊𝒅𝒆 (𝑾𝒆𝒔𝒕) 

𝑝 = 14.9𝑝𝑠𝑓 ∗ 𝑥0.85 ∗  0.4 = 𝟓. 𝟏 𝒑𝒔𝒇 𝒍𝒆𝒆𝒘𝒂𝒓𝒅 𝒔𝒊𝒅𝒆 (𝑬𝒂𝒔𝒕) 
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3.3.1.4. Load Calculation 

Type of Load  

Dead Load 2.67 psf 

Live Load 100 psf 

Snow Load 14.9 psf 

Wind load  2.5 psf from the West side 
5.1 psf from the East side 
 
(Assume a wind load of 6 psf) 

(Table 5. Resultant Loads) 

 

We calculated the resultant load force RF by adding all the loads above. 

𝑅ி = 𝐷𝑒𝑎𝑑 𝐿𝑜𝑎𝑑 +  𝐿𝑖𝑣𝑒 𝐿𝑜𝑎𝑑 +  𝑆𝑛𝑜𝑤 𝐿𝑜𝑎𝑑 +  𝑊𝑖𝑛𝑑 𝑙𝑜𝑎𝑑 = 2.67 + 100 + 14.9 + 6
= 𝟏𝟐𝟑. 𝟓𝟕 𝒑𝒔𝒇 

  

Then, we calculated the force acting on each point of the truss. Since the truss is 

symmetrical, the force acting on points A and L are equal, the force acting on points C 

and K are equal, and the force acting on points E and I are equal. The force is 

calculated by the following equation where 𝐴் is the tributary area:  𝐹 = 𝑅ி ∗ 𝐴் 

 

(Figure 7. Dimensions of Truss) 
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Point Tributary Area 

A and L ௅ଵ

ଶ
∗ 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑡𝑟𝑢𝑠𝑠𝑒𝑠=5.065*6=30.39 ft2 

C and K (
௅ଵ

ଶ
+

௅ଶ

ଶ
) ∗ 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑡𝑟𝑢𝑠𝑠𝑒𝑠= 9.63*6= 57.78ft2 

E and I (
௅ଶ

ଶ
+

௅ଷ

ଶ
) ∗ 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑡𝑟𝑢𝑠𝑠𝑒𝑠= 9.13*6= 54.78ft2 

G (
௅ଷ

ଶ
+

௅ଷ

ଶ
) ∗ 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑡𝑟𝑢𝑠𝑠𝑒𝑠= 9.13*6= 54.78ft2 

(Table 6. Tributary Area) 

 

Point Force on Each Point  

FA=FL 𝑅ி ∗ 𝐴்= 122.67*30.39=3727.94 lb 

FC=FK 𝑅ி ∗ 𝐴்= 122.67*57.78=7087.87 lb 

FE=FI 𝑅ி ∗ 𝐴்= 122.67*54.78=6719.86 lb 

FG 𝑅ி ∗ 𝐴்= 122.67*54.78=6719.86 lb 

(Table 7. Force on Each Point) 

 

We then calculated the resultant force 𝐹𝑅 . Originally, there were three resultant 

forces since our interior wall could be considered a load bearing wall, however, the 

answer from the calculation shows that the load 𝐹𝑅ଷcarried is so insignificant compared 

to 𝐹𝑅ଵ and 𝐹𝑅ଶ, and the exterior load bearing walls would provide enough support, so 

we made the interior wall no longer load bearing. This can be seen in figure 8. 

∑𝐹௬ = 0 , refer to Appendix B for explanation of calculations. 

𝐹𝑅ଵ =  𝐹𝑅ଶ = ½ ∑𝐹௬ = ½ (𝐹஺ + 𝐹஼ + 𝐹ா + 𝐹 + 𝐹ூ + 𝐹௄ + 𝐹௅) = 𝟐𝟎𝟖𝟗𝟓. 𝟔 𝒍𝒃 
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∑𝑀ா = 0  and ∑𝑀஼ = 0 , refer to Appendix B for explanation of calculations. 

𝐹𝑥ଵ = 𝐹𝑥ଶ =  𝟑𝟏𝟖𝟑𝟕 𝒍𝒃 

 

 

(Figure 8. Force on Each Point) 
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3.3.1.5. Forces on the Truss Members 

Section  Member 
Force 

(T) Tension 
(C) Compression 

 

𝐹஺஼ 37568 lb (C) 

𝐹஺஻ 2122 lb (T) 

 

𝐹஼஽ 7210 lb (C) 

𝐹஻஽ 2180 lb (T) 

𝐹஼ா 30237 lb (C) 

 

𝐹஼஻ 376 lb (C) 
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𝐹஽ா 3116 lb (T) 

𝐹஽ி 4308 (C) 

 

𝐹ாீ 22775 lb (C) 

𝐹ாி 9265 lb (C) 

𝐹஽ி 4308 l (C) 

 

𝐹 ி 13319 (T) 

(Table 8. Forces of Each Member) 

3.3.1.6. Member Stress 

To calculate the stress, we used the stress formula 𝜎 = 𝐹/𝐴, where F is the 

member force and A is the area of the member. 
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Member Member Force 

Force: 
(T) Tension 

(C) Compression Base (in) Height (in) Area (in^2) Stress (psi) 

FAC 37568 C 4 12 48 782.67 

FAB 2122 T 4 12 48 44.21 

FCD 7210 C 4 12 48 150.21 

FBD 2180 T 4 12 48 45.42 

FCE 30237 C 4 12 48 629.94 

FCB 376 C 2 6 12 31.33 

FDE 3116 T 2 6 12 259.67 

FDF 4308 C 4 12 48 89.75 

FEG 22775 C 4 12 48 474.48 

FEF 9265 C 4 12 48 193.02 

FDF 4308 C 4 12 48 89.75 

FGF 13319 T 4 12 48 277.48 

(Table 9. Member Stress) 

 

We assumed the use of douglas fir, and according to the National Design 

Specification, the strength in tension parallel to grain𝐹்is 1750 psi, and the strength in 

compression parallel to grain 𝐹஼ is 2725 psi. Our stress value is below the allowable 

stress, so our design is safe.  

3.3.1.7. Truss for Garage 

 After analysis of the truss for the main building, we did some research in order to 

find the best option for our garage roof. One option was to do a queen post truss shown 
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in figure 9. A queen post truss has two supporting posts and can support a span up to 

20 feet. Since the span is much shorter, the simple and less expensive queen post truss 

is sufficient. 

 

(Figure 9. Queen Post Truss) 

Another option was to do a rafter tie support instead of a truss, which is shown in 

figure 10. A rafter tie is a tension tie, and usually installed in the lower third of the 

opposing gable rafters (2), which helps resist the exterior wall from spreading due to the 

weight on the roof.  

 

(Figure 10. Rafter Tie) 

We repeated the calculation above to find out if the rafter tie would provide 

enough support. See Appendix C for calculations. After the calculation, we decided to 
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use rafter tie support for our garage, because it eliminates the need for more lumber, 

offers a sufficient amount of support, and offers a cost-effective solution.  

3.3.2. Wall System 

3.3.2.1. Wall Design 

The proposed wall design is a double stud system using staggered 2x4 wood 

studs on a twelve-inch plate. The entire framing system of the wall is composed of 2x4 

lumber with additional ties and fasteners for extra support. The reason for the decision 

to use double stud was based on the goal of achieving net zero. In order to achieve net 

zero, our wall design needed an R-value of at least 40. By using a double stud system, 

there is an increased amount of space for additional insulation. The more insulation, the 

greater the thermal performance of the wall, which then allows the R-value to reach the 

value of at least 40. With the double stud design, we had the option of using 

conventional stud or alternating stud. The reason we chose the alternating stud method 

is because of the soundproof advantage as well as the elimination of any infiltration 

through simultaneous studs if it were conventional. Our design proposes a twelve-inch 

gap between each set of studs with sixteen inch spacing on center between studs along 

each wall. The twelve-inch gap allows for a larger layer and higher performance from 

the insulation. Of course, this is all based on the type of insulation selected for the wall. 

3.3.2.2. Insulation 

When determining the most effective type of insulation, we needed to focus on 

the R-value, but also consider the prevention of any wind, air, or vapor penetration. In 

table 9 below is a list of the types of insulation considered for this design. We first 
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evaluated the types of insulation and the properties of each, which are shown. In 

addition to the comparison laid out in the table, we used some guidance from the New 

Net Zero by William Maclay. In the book, specifically the design of the education center, 

we were able to visualize an example of what layout is most efficient and qualifies to be 

net zero.  

Type of 
Insulation 

R-Value 
(per inch) 

Air 
Barrier 

Vapor 
Retarder 

Absorbs 
Water 

Price per 
square foot 

Cellulose 3.5-4.0 N N Y $0.50 

Spray Foam: 
Closed Cell 6.0-6.5 Y Y N $1.50 

Spray Foam: 
Open Cell 3.5 Y Y N $1.20 

Rockwool 3 N N N $0.62 

Fiberglass 3.5 N N Y $1.20 

XPS Foam 
Board 5 Y Y N $1.10 

   (Table 10. Insulation Matrix) 

In the book, Maclay uses cellulose as his thickest layer of insulation which 

inspired our decision to choose cellulose, despite its lack of barrier properties and the 

fact it absorbs water. The benefits of using cellulose are its very affordable pricing, high 

R-value, and ability to reach small corners and other hard-to-reach places. In addition to 

the inspirations of the book, we analyzed section views from double stud walls and saw 

the use of XPS foam board with a solitex barrier on the exterior side of the wall. The 

foam board is a high R-value product with air and vapor resistive properties. By 

including the solitex barrier over the foam board, this confirms no penetration of water 

vapor and acts as an airtight barrier. In addition to solitex and the foam board, spray 

foam was another choice of insulation to include in the design. The reason for the 

selection of spray foam is also because of its air and vapor retardant properties. Spray 
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foam applied to the interior side of the wall keeps any moisture on the outside of the 

wall from affecting the materials on the inside. Spray foam is also a type of insulation 

that can be effectively applied to small spaces, like that of cellulose.  

The total R-value of the wall is 40.5. It appears as though the wall should have a 

higher insulation performance because of the ten inch section of cellulose with an R 

value of 35, the coating of spray foam at R-6, and then the R-12.5 of XPS foam board, 

however, due to the arrangement of insulation being in both series and parallel with the 

alternating double studs, the average R-value of the twelve inch gap is 28. Since the R-

value is expressed in units of 
ி೚௙௧మ௛௥

஻்௎
 and the studs are spaced sixteen inches apart, the 

value of each section of insulation is averaged out and then divided by sixteen inches to 

get an R-value of 28 per foot of insulation, which is the thickness of the double stud 

wall. With the average value of 28 and the R-value of 12.5 for the exterior XPS foam 

board, the total value for the wall is 40.5. See appendix E for further explanation.  

3.3.2.3. Wall Arrangement 

With the various types of insulation previously discussed, it was important to 

organize them in the most efficient order possible. Using the information from the New 

Net Zero, we organized our insulation choices in the following order seen in figure 11 

and 12. Starting from the inside we have drywall with a one-inch air gap. The reason for 

the air gap is to allow for any electric wiring to be installed. After the air gap, the ten 

inches of dense pack cellulose starts. The reason for the cellulose being at this location 

is due to the distance away from the exterior vapor threat. Following the cellulose is a 

layer of closed-cell spray foam. It is following the cellulose so it can secure the cellulose 

layer from any water penetration. The spray foam is the last section before the layer of 
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plywood, which is then succeeded by the exterior arrangement of the envelope. The zip 

system plywood was chosen because of its built-in vapor permeable water-resistive 

barrier. This eliminates the hassles of house wrap and felt. It was designed with optimal 

permeability to allow water vapor to pass through and promote drying of the material. 

The arrangement of exterior layers first includes a section of XPS foam board insulation, 

this is due to the New Net Zero recommendation of having roughly one third of the 

insulation on the exterior of the wall. The XPS foam board offers weather resistance, but 

more importantly has a very high R-value. To seal the XPS foam board and affirm the 

wall is airtight, the insulation layers are concluded with a roll of solitex weather barrier. 

Over top of the solitex barrier is a coating of wood strapping, which is necessary for the 

succeeding arrangement of siding to be secured to the building. 

 

 

(Figure 11. Wall Section View) 
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(Figure 12. Wall Top View) 

3.3.3. Slab 

 The proposed slab is a six-inch, slab on-grade design. The six inches of 

concrete, succeeded by six inches of stone, is for both the garage region and the main 

assembly and workshop portion. Included in the concrete slab is a layer of wire mesh 

for additional support within the concrete and to help prevent cracking. The reason for 

the selection of a slab on-grade design, as opposed to a design with a crawlspace, is to 

prevent any growth of mold or moisture build-up that could affect the slab and cause 

cracking. By using the slab on-grade method, we are preventing instability within the 

floor space (T. Donovan, personal communication, February 5, 2019). With our 

proposed design, however, came the addressing of energy efficiency. To make the slab 

design energy efficient, we incorporated rigid insulation between the foundation wall and 

the slab, as well as a layer outside the foundation wall, to block heat gain during the 
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summer months and prevent heat escape during the winter months. By keeping the slab 

at the relatively same temperature year-round, this will avert cracking in the slab that 

can occur from constant temperature change. Refer to figure 13 for a visual perception 

of the proposed design. 

 

(Figure 13. Insulated Frost Wall Design (6)) 

3.3.4. Foundation  

 To design the foundation, the soil must first be evaluated, and the loads of the 

overall building must be known. When calculating our specific design, we first evaluated 

the soil report given to us and determined the soil of the proposed location for the 

building is a silty loam soil which has a soil density of 90 pounds per cubic foot and an 

allowable bearing pressure of 3 kips per square foot. For the calculation we assumed a 

compressive strength of concrete of 4,000 pounds per square inch, a yield strength of 
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steel of 60,000 pounds per square inch, and the weight of concrete to be 150 pounds 

per cubic foot. With the soil density, allowable bearing pressure, and density of 

concrete, we determined the soil bearing strength using the equation below where 𝑞௘is 

the effective allowable bearing pressure, 𝑞௡is the allowable bearing pressure of the soil, 

𝑞௦௢௜௟is the pressure generated by the soil, and 𝑞௦௘௟௙ is the pressure generated by the 

concrete. 

𝑞௘ = 𝑞௡ + 𝑞௦௢௜௟ + 𝑞௦௘௟௙ 

With an overall dead load of the building being about 1 kip per foot and a design live 

load of 2.8 kips per foot, the two values are summed together and divided by the soil 

bearing strength to find a value for the minimum width of the base of the footing design. 

The equation used is shown below where 𝑏௥௘௤௨௜௥௘ௗ is the required length of the base of 

the footing, D is the dead load, and L is the live load. 

𝑏௥௘௤௨௜௥௘ௗ =
𝐷 + 𝐿

𝑞௘
 

In our calculations we received an approximate value of 1.5 feet, or 18 inches for 

𝑏௥௘௤௨௜௥௘ௗ. To make the footing stronger, we rounded the base width value, B as shown in 

figure 14, up to 20 inches, or 1.67 feet. Using the loads and the value for B, we then 

found the ultimate soil bearing strength which is needed to find the nominal flexural 

strength. The nominal flexural strength allowed us to find the required amount of steel 

support needed in our design, which is one number two rebar laid horizontally in the 

base and one number two rebar vertically in the footing wall, both spaced 18 inches 

around the perimeter of the building. The International Building Code requires a footing 

wall width, W, of 12 inches and thickness of footing, A, to be six inches (IBC 2015, 

Table R403.1(1)). The value H is referring to the distance below the surface, which in 



31 
 

our case must be at least four feet due to the frost line. Refer to figure 14 or Appendix D 

for clarification in the design process. 

 

(Figure 14. Wall Footing Layout) 

3.4 Mechanical Design 

3.4.1 Heat loss 

The maximum heat loss is used to determine the size of the heating system. The 

total heat loss is the combination of heat loss through building components and 

infiltration. Heat loss through building components is calculated by the infiltration from 

walls, doors, windows, roof and floor using the equation 𝑄 =  𝑈 ∗ 𝐴 ∗△ 𝑇, where U 

equals the heat transfer coefficient, A equals the surface area, and delta T is the 

change in temperature. Refer to Appendix F. 
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  Garage Vestibule Assembly Workshop Restroom Kitchen 
Mechanical 
room 

Exterior Wall Area (sf) 672.0 156.2 1136.2 1185.0 110.0 154.6 262.0 

U=0.025 
Design temp 
difference(F) 70.0 70.0 70.0 70.0 70.0 70.0 70.0 

 
Heating load 
(BTUH) 1176.0 273.4 1988.4 2073.7 192.5 270.6 458.5 

Windows Area (sf) 0.0 0.0 76.8 67.2 0.0 0.0 0.0 

U=0.37 
Design temp 
difference(F) 70.0 70.0 70.0 70.0 70.0 70.0 70.0 

 
Heating load 
(BTUH) 0.0 0.0 1989.1 1740.5 0.0 0.0 0.0 

Glass door Area (sf) 0.0 82.0 0.0 0.0 0.0 0.0 0.0 

U=0.37 
Design temp 
difference(F) 70.0 70.0 70.0 70.0 70.0 70.0 70.0 

 
Heating load 
(BTUH) 0.0 2123.8 0.0 0.0 0.0 0.0 0.0 

Solid door Area (sf) 56.0 0.0 21.0 21.0 0.0 0.0 0.0 

U=0.5 
Design temp 
difference(F) 70.0 70.0 70.0 70.0 70.0 70.0 70.0 

 
Heating load 
(BTUH) 1960.0 0.0 735.0 735.0 0.0 0.0 0.0 

Floor Area (sf) 374.0 128.0 1627.0 841.0 137.0 54.0 128.0 

U=0.033 
Design temp 
difference(F) 70.0 70.0 70.0 70.0 70.0 70.0 70.0 

 
Heating load 
(BTUH) 863.9 295.7 3758.4 1942.7 316.5 124.7 295.7 

Roof Area (sf) 907.2 147.6 1876.4 976.8 158.0 62.3 227.6 

U=0.017 
Design temp 
difference(F) 70.0 70.0 70.0 70.0 70.0 70.0 70.0 

 
Heating load 
(BTUH) 1079.5 175.7 2232.9 1162.4 188.0 74.1 270.8 

Infiltration ACHs 0.5 0.5 0.5 0.5 0.5 0.5 0.5 

 CFM/room 31.2 10.7 135.6 70.1 11.4 4.5 10.7 

 
Design temp 
difference(F) 70.0 70.0 70.0 70.0 70.0 70.0 70.0 

 
Heating load 
(BTUH) 2399.8 821.3 10439.9 5396.4 879.1 346.5 821.3 

 
Total load 
(BTUH) 7479.3 3689.9 21143.7 13050.7 1576.1 816.0 1846.3 

(Table 11. Heating Load) 
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3.4.2 Heat gain 

In order to determine the best size and type of system for this project, we needed 

to calculate the peak cooling and heating loads. The envelope heat gain is the sum of 

transmission heat gain and solar heat gain. Transmission heat gain can be calculated 

for the wall, roof and glass using the Cooling Load Temperature Difference (CLTD). 

CLTD is the rate at which heat enters a space through a building’s materials. CLTD will 

vary depending on the building material of the envelope, thicknesses of the building 

materials, location of the site, and the orientation of the wall surface. U is the heat 

transfer coefficient, A is the surface area, and CLTD is the cooling load temperature 

difference. Refer to Appendix E. 

𝑄𝑡𝑜𝑡𝑎𝑙 = 𝑄𝑠𝑜𝑙𝑎𝑟 + 𝑄𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑠𝑠𝑖𝑜𝑛 

𝑄 = 𝑈 ∗ 𝐴 ∗ 𝐶𝐿𝑇𝐷 
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  Garage Vestibule Assembly Workshop Restroom Kitchen 
Mechanical 

room 

Exterior 
Wall Area (sf) 672.00 156.24 1136.22 1104.95 110.00 154.64 262.00 

U=0.025 Design temp difference(F) 18.60 18.60 18.60 18.60 18.60 18.60 18.60 

 Cooling load (BTUH) 312.48 72.65 528.34 513.80 51.15 71.91 121.83 

Windows Area (sf) 0.00 0.00 76.80 67.20 0.00 0.00 0.00 

 CLF: NE&NW 40.00 40.00 40.00 40.00 40.00 40.00 40.00 

 CLF: SE&SW 48.00 48.00 48.00 48.00 48.00 48.00 48.00 

 Cooling load (BTUH) 0.00 0.00 3072.00 3148.80 0.00 0.00 0.00 

Glass door Area (sf) 0.00 82.00 0.00 0.00 0.00 0.00 0.00 

 CLF: NE&NW 40.00 40.00 40.00 40.00 40.00 40.00 40.00 

 CLF: SE&SW 48.00 48.00 48.00 48.00 48.00 48.00 48.00 

 Cooling load (BTUH) 0.00 3936.00 0.00 0.00 0.00 0.00 0.00 

Solid door Area (sf) 56.00 0.00 21.00 21.00 0.00 0.00 0.00 

U=0.50 Design temp difference(F) 18.60 18.60 18.60 18.60 18.60 18.60 18.60 

 Cooling load (BTUH) 520.80 0.00 195.30 195.30 0.00 0.00 0.00 

Roof Area (sf) 907.18 147.62 1876.39 976.82 158.00 62.28 227.55 

U=0.02 
Design temp difference(F) 
-dark 39.00 39.00 39.00 39.00 39.00 39.00 39.00 

 Cooling load (BTUH) 601.46 97.87 1244.05 647.63 104.75 41.29 150.87 

Infiltration ACHs 0.50 0.50 0.50 0.50 0.50 0.50 0.50 

 CFM/room 31.17 10.67 135.58 70.08 11.42 4.50 10.67 

 Design temp difference(F) 15.00 15.00 15.00 15.00 15.00 15.00 15.00 

 Cooling load (BTUH) 514.25 176.00 2237.13 1156.38 188.38 74.25 176.00 

Internal People (BTUH) 0.00 0.00 11025.00 6750.00 0.00 0.00 0.00 

 
Lighting -Designed 
footcandle 20.00 25.00 40.00 50.00 20.00 60.00 20.00 

 Lighting (BTUH) 296.42 180.24 2074.91 1333.87 90.12 180.24 90.12 

 Other (BTUH) 0.00 0.00 0.00 0.00 0.00 1200.00 0.00 

 Cooling load (BTUH) 296.42 180.24 13099.91 8083.87 90.12 1380.24 90.12 

 Total load (BTUH) 2245.41 4462.76 20376.73 13745.78 434.40 1567.69 538.81 

(Table 12. Cooling Load) 
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3.4.3 HVAC System 

 When comparing various types of mechanical systems with the estimated use 

and location of the building, our group narrowed the type of system to three choices: a 

fan coil unit, a geothermal heat pump, and an air source heat pump. First, we evaluated 

the cost of each and compared them with one another. The fan coil unit ranges from 

$2,000 to $4,000 including installation (8). This unit is simple to operate and easy to 

maintain, however, the operating costs are high, and the unit is poorly suited for open 

plan spaces (5).  

The geothermal heat pump unit, nonetheless, is approximately $30,000 including 

install and has 70% lower utility bills than fan coil units and air source heat pumps (14). 

The geothermal unit has multiple benefits such as being environmentally friendly, quiet 

operation, and no visual disturbance like that of a fan coil unit or air source heat pump 

(3). The only major issue is the high upfront cost, which compared to the cost of other 

units and the amount of time the units will be operated is not the appropriate choice.  

The last unit, the air source heat pump (ASHP), costs approximately $5,500 

including install (11). The benefit of an air source heat pump is that it replaces both a 

furnace and an air conditioning unit. Despite having leakage issues with ductwork, an 

air source heat pump can be serviced to prevent the leaks and also to adjust the 

system, so it is efficient for the building (1). Based on the three systems evaluated, our 

group decided to choose a ducted, split system air source heat pump for the proposed 

building design. 

In addition to the ASHP selection, our proposed design includes a heat recovery 

ventilator (HRV) above the two restrooms that will relieve the spaces of its contaminated 

air and rely on the clean air from the assembly space to infiltrate through the doorway. 
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The HRV intake from the restrooms will then exhaust through a small space on the front 

side of the assembly roof. The HRV also requires intake from outside and exhaust to 

the mechanical room. 

3.4.4 HVAC Supply 

 With the selection of the air source heat pump system, we then had to calculate 

the amount of air supply into each room of the building. In order to calculate the amount 

of supply for each room, our group followed certain guidelines to produce the greatest 

efficiency. First, we found the amount of cubic feet per minute (CFM) of supply air for 

each room with an approximation of one CFM per one square foot. The two main rooms 

that need supply air are the assembly area and the workshop. To make the 

arrangement of ductwork simple, we chose to have two different ASHP units. The 

required unit for the assembly area is a 4-ton split system, open ductwork ASHP. This 

will supply 1,600 CFM for the approximately 1,630 square foot assembly area. The 

second unit is also split system, open ductwork but is only a 2-ton ASHP to supply 800 

CFM for the approximately 850 square foot area. The 4-ton unit will be located in a 

secured, sealed room in the garage area. The 2-ton unit will be located in a separate 

but secured, sealed room in the workshop area. This is to prevent any dangerous gases 

or materials getting into the intake and supply air.  

When determining the size of the ductwork to supply each room, we used the 

Friction Chart for Round Duct from the 2017 ASHRAE® Handbook - Fundamentals (I-P 

Edition). The assumed friction loss was based on a guideline of 0.1 inches of water per 

100 feet. The guideline was from the equal friction method which creates an "initial 

guess" for duct sizing by establishing a constant pressure loss per unit of duct length. 
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This length is selected for the "critical path," which is the longest branch in an air 

distribution system. It is predicted that the longest span will have the highest total 

pressure loss. However, the longest span is not necessarily the run with the greatest 

friction loss because shorter spans may have more elbows, fittings, and other flow 

restrictions (4). The figure used to determine the duct size is shown below. 

 

(Figure 15. Friction Chart) 

The assembly area requires 1,600 CFM which translates to a 16-inch duct 

diameter. The initial 30 feet of supply air ductwork consists of two supply ducts which 

would dispense 1,600 CFM and then 1,200 CFM. We chose to continue with 16-inch 

duct through to the 1,200 CFM supply duct to make less size transitions in the ductwork. 

After the 1,200 CFM vent, the ductwork decreasing in size to 12-inch diameter. The 

remaining 20 feet of ductwork also has two supply ducts with one being at the very end 
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of the ductwork. The first supply duct of the 12-inch diameter ductwork would dispense 

800 CFM and the final supply duct a CFM of 400. 

 For heat supply to the other smaller spaces like the restrooms, kitchen, and 

vestibule, our design plans to include electric baseboard heaters that can regulate the 

amount of heat needed for those spaces. By including the baseboard heaters, we are 

eliminating the need for additional ductwork. The smaller spaces may not need 

additional heat because of the infiltrating air from the assembly space, so by having 

manually controlled baseboard heaters and no additional ductwork, we are relieving 

extra costs for the building.  

3.4.5. HVAC Layout 

 As previously discussed, the proposed design calls for two separate units to 

supply air to two different areas. The two mechanical rooms are located at the desired 

locations based on visual appeal of the main entrance to building. The two heat pumps 

require both an interior and exterior unit, so by having the mechanical rooms at their 

proposed spots, the exterior units will be away from the parking lot making it a more 

attractive entrance way. Below is figure 16 showing the HVAC layout including the HRV 

above the restrooms.  
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(Figure 16. HVAC Systems Layout) 

3.5 Egress 

Effective egress is essential to building safety, so it is a vital part of the building 

design. For designing means of egress, the first step is to determine the occupancy 

load. AAS is a Group B occupancy, with occupancy load less than 50 (IBC 2015, 

1004.1).  

3.5.1. Number of Exits 

 For group B occupancy, only one exit is required if the maximum common path of 

egress travel distance is less than 100 feet with a sprinkler system.  
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Story Occupancy  Max occupant load 
per story 

Maximum common 
path of egress travel 

distance (feet) 

First story above or 
below grad plane 

B 49 100 

(Table 13. Number of Stories) 

3.5.2. Dimensions 

The preliminary building design had two exits in the assembly area, one main exit 

and one in the shop area. This design gave us a maximum travel distance of 72 feet 

from the upper right corner to the main exit. However, 72 feet is close to the maximum 

of 100 feet, so another exit was added. Three exits decreased the maximum travel 

distance to 64 feet. The new floor plan with exit access travel distance is shown below 

in figure 17. 

  

 

(Figure 17. Max travel Distance) 
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4.0. Conclusion 

 The overall goal of this project was to produce an energy efficient design for an 

education center for the Aldrich Astronomical Society. Through the analysis of 

architectural, structural, and mechanical systems, various codes were explored in order 

to achieve suitability. The proposed design fulfills the requirements set by the AAS and 

stresses the goal of achieving net zero energy. We hope our design inspires the 

organization and aids in the construction of their future building. 
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Appendix A: Lighting Spec Sheet 

Lighting Fixture A 
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Lighting Fixture B
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Lighting Fixture C 
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Appendix B: Roof Truss Calculation 
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Appendix C: Roof Truss Risa Model Result 

Main Building Roof Truss (Not Include the Garage Roof) 

Axial Force 

 
 

Shear  

 

Moment 
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Deflection 
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Member Force Analysis
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Member Stress Analysis 
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Garage Roof Truss 

Axial Force

 

Shear

 

Moment
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Deflection

 

 
 

Member Force Analysis

 



59 
 

Member Stress Analysis
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Appendix D: Foundation Calculation 
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Appendix E: Written Wall Insulation Calculation 
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Appendix F: Heating and Cooling Load Calculation Manual
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Appendix G: Site 
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Appendix H: Full Drawing Set 

 






















