
 

  

PHASE III REPORT 

Overwintering Honeybees: Detailed Design 

APRIL 10TH, 2019 

Alex Madsen 

Manel Ajbouni 

Yu Tim Leung 

Shengnan Chen 

Son Le 



 

                                                                                        

 

        Phase III Report 

i 

 

EXECUTIVE SUMMARY 
sWarm Solutions was tasked by the Alberta Beekeepers Commission (ABC) to design a smart 

overwintering building for the storage of 6000 honeybee colonies. The key objectives of the project were 

to design a building that could overcome current honeybee overwintering challenges in order to improve 

the survival rates of honey bees in the winter and allow Alberta to continue to thrive as Canada’s largest 

honey producing province.  

Out of the three concept designs generated in Phase II, based on the specifications stated in Phase I, the 

“Return Air” design was chosen by sWarm Solutions to be transformed into the final product. This design 

was further refined and analyzed in Phase III. These refinements include reconfiguring the honeybee 

stacking scheme to reduce the storage dimensions and building costs, optimizing the amount of air 

recirculation to keep the CO2 concentration at a safe level for the honeybees, and remapping building 

sensors to provide more emphasis on the coverage of the stacks. The analyses performed in this phase 

include recalculations of the building’s heat loss, HVAC parameters, and simulations of the air flow and 

ambient temperature of the storage area. Additionally, a study of the hourly outdoor weather in several 

locations across Alberta was performed to determine the most cost-efficient operating schedule for 

overwintering. Building and equipment costs were estimated to be $493,700, and the annual operating cost 

was estimated to be $8,500 per winter, dependent on location. 

The final product will consist of a building that can store 6000 colonies in 300 stacks, in complete darkness, 

that could be loaded with any conventional forklift. It features an HVAC system that is able to maintain an 

interior temperature of 4 degrees Celsius with low humidity and an acceptable CO2 concentration level. 

This is the optimal environment to keep the honeybees in a state of “pseudo-hibernation” which allows 

them to conserve their energy and live through the winter.  The HVAC system will be operated under three 

different modes, designed to handle all climate scenarios to a good degree.  

Activities done in Phase III included detailed design and analysis, poster design, presentation delivery, and 

report preparation. They combined to a total of 254 engineering hours expended, a 13.2% reduction from 

the estimate from Phase II. Overall, a total of 629 engineering hours were expended for this project, 

incurring a cost of $57,330. This is a 5% reduction from the estimated value.  
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1.0 INTRODUCTION 
“Overwintering” honeybees is a method that is practiced by beekeepers in colder climates. It consists of a 

set of measures that help preserve the population of honeybees. This is done by forcing the honeybees in a 

state of pseudo-hibernation by keeping the hives cool and in complete darkness. These measures can be 

accomplished by a range of methods, from insulating the beehives with plastic to storing them indoors in 

buildings. The current accepted practice is to wrap the hives in insulation, however this can be dangerous. 

If the winter goes longer than expected, the honeybees’ initial serving of food can run out. The insulating 

wrap prevents any further food from being added, and the lack of sensors prevent a beekeeper from noticing. 

Storage buildings aim to tackle this issues, in addition to better controlling the environment the bees are in. 

sWarm Solutions, an Edmonton based start-up, was tasked by the Alberta Beekeepers Commission to 

design an overwintering storage building concept for use in Alberta. The final design must house 6000 

colonies, maintain cool temperatures, and have a proper ventilation system. Furthermore, the beekeepers 

must have a reliable, yet mostly hands-off method, of monitoring the honeybees’ health and building 

environment. The objective of sWarm Solutions is to improve honeybees’ survival rate and help Alberta 

continue to prosper as Canada’s largest honey producing province.  
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2.0 DESIGN REFINEMENT 
After further analysis of the chosen conceptual design from Phase II, three major improvements were 

conducted. 

2.1 Building Size 
Based on a recommendation from the client, the beehive column configuration was changed. Each column 

will now contain two rows of beehive stacks instead of one. This has allowed for the reduction of the size 

of the building which was deemed as beneficial to the design as it would lead to lower heating costs. 

Furthermore, it was found that the hive stacks interfere with both the internal frame of the building and the 

ducts, which led to a height increase of the building. The size of the mechanical room also increased from 

initial design after determining exact HVAC equipment needed, requiring more space than previously 

anticipated. Finally, the vestibule size was changed to better comply with the new building dimensions. A 

summary of changes is laid out in Table 1. 

         Table 1: Building size refinements 

Area 

Initial Dimensions  

(ft x ft) 

Final Dimensions 

(ft x ft) 

Main Storage Area 136 x 110 110 x 100 

Mechanical Room  20 x 10 40 x 20 

Vestibule  10 x 8  12 x 6 

2.2 HVAC Adjustments 
Detailed biological data regarding honeybee respiration was provided by the client early in Phase III, 

sourced from a recent presentation by the University of Manitoba. This new data provided sWarm Solutions 

new design limitations that had to be adjusted for. One key detail was the mass of CO2 released per 

honeybee hive, said to be 3 – 11 g/hr [1]. It was found that with the Phase II proportion of recycled air 

(90%), the CO2 levels within the building could not be controlled and the honeybees would soon run out of 

oxygen. To keep the CO2 levels under control, the air exchange rate was doubled from 4 air changes per 

hour to 8 air changes per hour, and the return air proportion reduced to 30%. With these new parameters 

the steady-state CO2 levels in the building remain at an acceptable level of ~800 ppm under standard 

operating procedure. Refer to Appendix C for calculations. 

Doubling the air exchange rate caused the required power of the supply fans to greatly increase, 

exponentially increasing the cost of the required supply fan. It was found that in order to save cost, two 

separate smaller supply fans in parallel were more cost effective than a single large fan. Thus, the intake 

branch was split in two. Refer to HVAC layouts shown in Section 3.2 and Appendix C for more details of 

this split. 
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2.3 Building Sensor Locations 
The building sensors were initially placed at locations where there was less air flow and thus considered 

worst case conditions, for example the corners of the building. The reasoning behind this was that if proper 

readings were measure at these locations, one can assume that the locations of interest (beehive stacks) are 

being properly regulated. After feedback from Phase II was received, it was clarified that it is more 

beneficial to place the sensors at the beehive colonies to directly monitor areas of interest. Figure 1 shows 

the contrast between Phase II and Phase III building sensor layouts. 

 
Figure 1: Phase II (left) and refined Phase III (right) sensor layouts. Circles indicate building sensor locations in Phase II on left 

while X's indicate hive stacks with building sensors near them in Phase III. 
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3.0 DESIGN OVERVIEW 
Refer to Figure 2, Figure 3, and Table 2 for a high level overview of the honeybee overwintering building. 

Figure 4 shows the design process of Phase III. 

 
Figure 2: Final honeybee overwintering building - external view 

 
Figure 3: Final honeybee overwintering building - exploded view of primary parts 
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         Table 2: Legend for Figure 3 

Item Number Part Quantity 

1 Building structure 1 

2 Standard door 4 

3 Forklift door 1 

4 Internal building frames 8 

5 Roof 1 

6 Main building HVAC equipment 1 

7 Beehive stack 300 

8 Solar Heater 1 

 

 
Figure 4: Phase III detailed design flow chart 
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3.1 Building Design 

3.1.1 STACK CONFIGURATION 

The six thousand colonies stored inside the building are organized in three hundred stacks, where each stack 

holds twenty colonies in five layers. Each layer consists of a standard 48” x 40” pallet with four 19⅞” x 

16” x 19¼” Langstroth hives. A factor of safety (FOS) calculation was performed to check the feasibility 

of this stacking configuration, and returned a FOS in an order of over a hundred for the bottom stack. Thus, 

it was concluded that the chance of failure in directly stacking hive pallets is slim, and that shelving to store 

the hives was not necessary. Refer to Figure 5 which shows the overall dimensions of an individual stack, 

and Appendix A for the stacking calculations. 

 
Figure 5: Layout and dimensions of a single hive stack 

3.1.2 BUILDING LAYOUT 

The building contains a main storage area, a vestibule, and a mechanical room. The purpose of the vestibule 

is to ensure complete darkness remains inside the building when individuals wish to enter, and can also be 

used to store bee suits and any sanitization process required. The mechanical room stores HVAC equipment 

while the main storage area houses the 6000 beehive colonies. A separate, larger sliding door is located on 

the building for a forklift to enter, but is not meant for regular usage as it will allow light in. Refer to [F] 

for the final layout. 

3.1.3 INSULATION 

The insulation package of the building is a combination of fiberglass and purlins that are encased by steel 

wall panels. The insulative materials are held together using banding, thermal spacers, and thermal tape. 

The building walls will be insulated with a thermal resistance value (R-value) of 30, and the roof will be 

insulated with an R-value of 40 by containing an extra layer of R10 insulation. The building’s overall heat 

loss was estimated to be 106,000 BTU/hour, which can be found in Appendix B. An example of the roof 

insulation guide is shown in Figure 6. 
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Figure 6: Building roof insulation detail [2] 

3.1.4 BUILDING LOADING METHODS 

The rows between the beehives do not directly contain enough space for an average forklift (~4 ft) [3]. The 

forklift will only be used to add the beehives during the early winter season and remove them during the 

spring. This was specified by the client, as beekeepers have no requirement to pick individual hives or 

pallets out of the building during the overwintering process. During loading, the hive pallets will be stacked 

row by row starting from the furthest corner, moving towards the forklift door. During unloading, the 

opposite process will be utilized. Thus, space for a forklift between rows was not required. 

3.2 HVAC Design 
Refer to Figure 7 for the overall layout of the HVAC system to be installed in the honeybee overwintering 

building. 
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Figure 7: Overall HVAC layout - isometric view. 1 = storage room duct network, 2 = intake duct detail, 3 = return air line, 4 = 

heating water loop 

3.2.1 AIR SYSTEM 

Refer to Figure 8 for the final storage room ducting layout of the honeybee overwintering system. The 

system consists of 2 supply fans supplying air at 26,400 CFM, 4 exhaust fans exhausting a total of 18,480 

CFM, and a return fan recycling air at a rate of 7,920 CFM (30%). The 30% recycled air is returned to the 

supply air intakes and serves to raise the temperature of incoming outside air, reducing heating costs. This 

air is mixed and then heated to 0°C. The remaining temperature difference is made up by the heat generated 

by the honeybees. In each diffuser branch, manual butterfly dampers are installed to balance the flow to all 

areas of the building. In addition, filters are installed in supply and return intakes to reduce the potential 

risk of damage to equipment such as fans and heating coils. Per SMACNA duct guidelines, hangers 

supporting the ducts will consist of paired ⅜” threaded rods, spaced at 8-foot intervals [4]. Refer to Table 

3 for the duct sizes in each section. Refer to HVAC calculations in Appendix C and Equipment Schedule 

in Appendix I for more details. 
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Figure 8: Main storage area duct layout 

Table 3: Legend of Figure 8 and relevant design parameters of duct branches in main honeybee storage area 

  

Section 

Size 

[in x in] Airflow Rate [cfm] Velocity [fpm] 

Pressure loss  

[inWg/100 ft] Length [ft] 

1 75 x 45 26400 1200 0.0255 67 

2 55 x 45 19200 1200 0.0293 30 

3 45 x 35 12000 1174 0.0374 30 

4 30 x 25 4800 984 0.0421 15 

5 -10 30 x 20 3600 930 0.0435 15 

R 38 x 28 7920 1149 0.0457 85 
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Each wall-mounted exhaust fan has a small section of duct on the outside of the building. This is to prevent 

light from getting into the honeybee storage area, and it is further recommended the interior of these ducts 

be painted or otherwise made in a dark colour that absorbs light to prevent light from reflecting through. 

Refer to Figure 9 for a visual description. 

 
Figure 9: Double-bend exhaust duct for light prevention 

Within the mechanical room, the air intake is split in two sections, each with its own fan, heating coil, and 

return air mixing. Refer to Figure 10 and    Table 4 for further clarity. 

 
Figure 10: Split air intake detail 
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   Table 4: Legend of Figure 10 and relevant design parameters of air intake system in mechanical room 

Section Size [in x in] Length [ft] 

Airflow rate 

[cfm] 

Velocity 

[fpm] 

Friction loss 

[inWg/100ft] 

1 75 x 45 5 26400 1160 0.0255 

2, 3 50 x 45 15 13200 773 0.0136 

Return Line 

Connections 
30 x 22 16 3960 926 0.0406 

3.2.2 HEATING WATER SYSTEM 

The heating water system in this building was designed to be a simple recirculating hot water loop, 

consisting of a boiler and two pumps in series in order to feed two terminal units: the heating coils raising 

the temperature of the incoming air. Figure 11 presents the layout of the heating water system, and Table 5 

the pipe sizing details. The boiler is powered by natural gas and provides 845,000 BTU/hr, while the pumps 

are 1/6 HP each, providing 14 GPM flow through the system. 

 
Figure 11: Top view (top) and side view (bottom) of heating water system 
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    Table 5: Legend for Figure 11 showing relevant pipe design parameters 

Section Diameter [in] Length [ft] 

Flow rate 

[GPM] 

Friction loss 

[inWg/100ft] 

1 1 34 14 1.8 

2 3/4 12.6 7 1.2 

3 3/4 41 7 2.0 

3.2.3 MODES OF OPERATION 

Table 6 describes the three modes of operation and the conditions upon which they occur. The method of 

switching between modes will be hardwired in-duct sensors connected to actuated dampers in the duct lines 

and the fan motors. However, the exact control design must be finalized at a later date as per Section 8.2 – 

Future Design Considerations.  

Table 6: Building modes of operation 

Mode 

Condition of 

Occurrence Description 

Standard 

Operation 

Intake air temperature is 

below 0°C 
 System operates as usual, with all fans, boilers, and 

pumps on. 

Cooling Mode Intake air temperature is 

above 0°C 
 Supply and exhaust fans shut off, conserving the 

temperature inside. Boiler shuts off 

o CO2, humidity, and temperature slowly 

build due to honeybee respiration 

Emergency 

Exhaust Mode 

CO2 above 2500 ppm 

(barring failure, this 

mode will only engage 

while in cooling mode) 

 Return fan turns off, supply and exhaust fans turn on 

for one full cycled air exchange (7.5 minutes). Boiler 

remains off. 

3.3 Sensor Design 

3.3.1 HIVE SENSORS 

The selected sensors for monitoring the in-hive environment are built by Nectar Technologies Inc., a 

Canadian start-up based in Montreal. These sensors are known as BeeCons and are placed inside a hive to 

measure real-time data on parameters relevant to the health of hives such as internal temperature, humidity, 

sound frequency, and activity. Data from multiple BeeCons are received through Bluetooth by BeeHubs 

located on the roof. The data gathered by the BeeHubs is transmitted through a cellular network to the 

analyzing platform which allows beekeepers to monitor their hives [5]. A 10% distribution of hive sensors 

over the six thousand colonies was recommended to obtain sample data that represents the entire population, 

meaning that six hundred BeeCons exist in the building, two per hive stack. 

3.3.2 BUILDING SENSORS 

In contrast, the selected building sensor SHTC3 is a commercially-available product that measures both the 

temperature and humidity inside the building. Its compactness (2 mm x 2 mm x 0.75 mm), low power 
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consumption, and compatibility with mobile or wireless applications make it an ideal choice for the design. 

In addition, while strict control over the ambient temperature and humidity is not necessary, building 

sensors were mapped as shown in [F] to provide accurate monitoring of the storage area. It should be noted 

that these sensors are external to the HVAC equipment and do not control any system; just monitor. 
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4.0 COST ANALYSIS 

4.1 Construction Cost 
Refer to Appendix E for a cost breakdown of the building. In addition, refer to Appendix G for the quote 

provided by Olympia Steel Buildings of Canada. The final construction cost was found to be $493,700. 

ABC did not provide a budget, however sWarm Solutions worked to produce a final cost that was as 

affordable as possible. 

4.2 Operation Cost 
In Phase II, the operational cost was compared by using energy requirements during the coldest weather in 

winter. For Phase III, a more accurate estimation was created by running hourly weather data through the 

calculations in question, for every hour in winter. As a specific location was not provided by the Alberta 

Beekeepers Commission, three locations representative of North, Central, and Southern Alberta were 

checked: High Level, Stony Plain, and Brooks. These specific locations were primarily driven by the 

availability of data. Refer to Figure 12 and Figure 13 for plots of the electrical and natural gas power 

consumed over the course of a winter. Refer to Appendix D for the MATLAB script. The cost of electricity 

on a farm was found to be 6.32 cents per kWh [6], while the cost of natural gas was found to be $1.91 per 

GJ [7]. 

 
Figure 12: Sum cost and consumption of electricity over the course of winter, using 2017/18 data 
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Figure 13: Sum cost and consumption of natural gas over the course of winter, using 2017/18 data 

 Refer to Appendix E for a calculation of long term cost when compared to the primary alternative 

overwintering technique, the insulating wrap. From this analysis, it was found that the payback period of 

this building is only 4.02 years, at which the cumulative cost would have been $604,000, or $25 per hive 

per winter. Assuming a 10 year minimum lifetime of the HVAC equipment, savings in this period total 

$732,000 when compared to the insulating wrap alternative. 
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5.0 DESIGN CONSIDERATIONS 

5.1 Sustainability and Environmental Impact 
A solar air heater is introduced to this building to use solar energy to raise the intake temperature of the air 

system. This reduces heating costs and makes the building more sustainable due to the renewable energy 

source. In addition, the steel structure allows the support of solar panels should ABC desire them. 

These methods help reduce the environmental impact of the overwintering building. In Alberta, a large 

proportion of electricity generation comes from fossil fuels. As such, it is vital that grid electricity usage in 

addition to natural gas usage be minimized where possible. There should be no major environmental impact 

of the building on the land, as the building will likely be on farmland and not require any atypical chemicals 

or pollutants to construct or operate. 

5.2 Adaptivity 
The overwintering building is designed for use in winter (4-6 months). As such, it was important to ABC 

and sWarm Solutions that this large building be available for alternate use in the summer period. Per Section 

3.1.1, it was found that no shelving is needed to store pallets of honeybees, minimizing clutter that would 

need to be removed. In addition, the concrete slab floor, steel frame building, ventilation system, and forklift 

door allows for alternate uses involving hanging or securing heavy equipment; leaving the opportunity for 

the building to be used in some part of the summer honey production. 

5.3 Winter Optimization 
A major source of savings for the overwintering building is the lack of cooling system. Instead of installing 

an expensive cooling system capable of keeping a warehouse at 4 degrees Celsius, a second mode was 

defined (see Section 3.2.3). While this has the advantage of savings, it leaves the honeybee storage area at 

risk of high CO2, humidity, and temperatures if a winter experiences warm temperature for long 

consecutive periods of time. Thus, it is recommended this building be used in extreme cold environments 

only, preferably in areas with minimal chinooks. To compensate for this expected usage, the building is 

designed to consistently maintain 4 degrees at temperatures as low as -40 degrees Celsius by containing a 

strong boiler and heavy insulation in the walls and roof. 

5.4 Failure Modes Analysis 
Refer to Table 7 for a failure modes analysis of the overwintering building. The highest risk priority number 

(RPN, Equation 1) was found in the case of a power outage. This is due to its high severity of shutting off 

all fans, in addition to its potential frequent occurrence assuming the location of the building is rural. As 

such, this drives a recommendation to have a generator on hand. Note that sensors are battery powered and 

will not be affected. Severity and occurrence rankings are assigned according to tables provided by Dr. 

Lipsett [8]. 

 

𝑅𝑃𝑁 = 𝑆𝑒𝑣𝑒𝑟𝑖𝑡𝑦 × 𝑂𝑐𝑐𝑢𝑟𝑟𝑒𝑛𝑐𝑒  Equation 1 
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Table 7: Failure modes and effects analysis (FMEA) 

Component 

Potential 

Failure Mode 

Potential Effect(s) 

of Failure 

S 

e 

v 

Potential Cause(s)/ 

Mechanism(s) of Failure 

O 

c 

c 

R 

P 

N Recommended Action(s) 

Electrical 

system 
Loss of power 

All electric 

equipment fails 
8 

Local city electrical system 

down, panel fails, main 

power feed to building fails 

7 56 
Recommend generator be available 

on hand 

Supply Filters 

#1 and #2 
Partial blockage 

Reduces air flow to 

main storage room 
5 Fouling of filter 7 35 Replace filters on a regular basis 

Supply Filters 

#1 and #2 

Complete 

blockage  

No fresh air is 

provided 
8 Severe fouling  2 16 Replace filters on a regular basis 

Return Line 

Filter 
Partial blockage 

Reduces rate of air 

flow through return 

line 

2 Fouling 7 14 Replace filters on a regular basis 

Heating Coils 

#1 & #2 

Air is not heated 

to 0 degrees 

Storage room may 

not maintain 

warmth. 

4 

Fouling in tubes, partial 

blockage in tubes for water 

and/or supply air, water/air 

leakage [9] 

3 12 

Reduce fan speeds or temporarily 

turn off supply and exhaust fan. The 

honeybees heat will raise the 

temperature as it is larger than the 

building's heat loss. 

Pump #1 & #2 

(Heating water 

Loop) 

No Flow in 

pump 

Heating of air is 

halted 
4 

Broken coupling and/or pipe, 

loss of power in motor, 

broken motor [10] 

2 8 

Reduce fan speeds or temporarily 

turn off supply and exhaust fan. The 

honeybees heat will raise the 

temperature as it is larger than the 

building's heat loss. 

Boiler 
No Supply Gas 

Flow 

Heating of air is 

halted 
4 

Broken duct, overheating, no 

gas from supply tank [11] 
2 8 

Reduce fan speeds or temporarily 

turn off supply and exhaust fan. The 

honeybees heat will raise the 

temperature as it is larger than the 

building's heat loss. 
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Component 

Potential 

Failure Mode 

Potential Effect(s) 

of Failure 

S 

e 

v 

Potential Cause(s)/ 

Mechanism(s) of Failure 

O 

c 

c 

R 

P 

N Recommended Action(s) 

Heating Coils 

#1 & #3 

Air is not being 

heated  

Storage room may 

not maintain 

warmth. 

4 

Broken tubes, complete 

blockage in tubes for water 

and/or supply air, no water 

from boiler and/or no supply 

air [9] 

2 8 

Reduce fan speeds or temporarily 

turn off supply and exhaust fan. The 

honeybees heat will raise the 

temperature as it is larger than the 

building's heat loss. 

Supply Fan #1 

and #2 

1 fan stops 

working 

Not enough 

ventilation is 

provided. 

4 

Damage to electrical circuit 

powering fan, motor 

damaged [12] 

2 8 
Turn off return fan to prevent 

buildup of CO2 and humidity 

Supply Fan #1 

and #2 

Both fans stop 

working 

No fresh air is 

provided 
8 

See above, if both occur at 

same time 
1 8 No recommended action.  

Natural Gas 

System 

Loss of natural 

gas 
Boiler stops heating 4 

City natural gas system 

down, gas leak 
2 8 No recommended action 

Building Wall 

or Roof 
Wall breaks 

Air escapes, light 

gets into honeybee 

storage 

7 Natural disaster 1 7 No recommended action 

Pump #1 & #2 

(Heating water 

Loop) 

Flow is below 

14 GPM  

Longer time to heat 

air through heating 

coils.  

2 

Degraded impeller and/or 

motor, loose gasket and/or 

coupling, leak in pipe line 

[10] 

3 6 

No recommended action provided 

fix occurs relatively quick. 

Honeybees can tolerate temporarily 

cold weather. 

Boiler 

Feedwater flow 

is lower than 

required or non-

existent 

System cannot 

maintain water 

levels and will stop 

heating air if levels 

too low 

3 Degraded pipes, leak [11] 2 6 

No recommended action provided 

fix occurs relatively quick. 

Honeybees can tolerate temporarily 

cold weather. 

Forklift Door Door jams open 
Light gets into 

honeybee storage 
6 

Forklift collides with door, 

door otherwise damaged 
1 6 No recommended action 

Boiler 

Supply Gas flow 

is lower than 

required 

Longer time to heat 

air through heating 

coils.  

2 
Degraded duct, leak, 

corrosion [11] 
2 4 

No recommended action provided 

fix occurs relatively quick. 

Honeybees can tolerate temporarily 

cold weather. 
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Component 

Potential 

Failure Mode 

Potential Effect(s) 

of Failure 

S 

e 

v 

Potential Cause(s)/ 

Mechanism(s) of Failure 

O 

c 

c 

R 

P 

N Recommended Action(s) 

Exhaust fans  
1 fan stops 

working 

More air is supplied 

than exhausted 
2 

Damage to electrical circuit 

powering fan, motor 

damaged 

2 4 Turn off return fan 

Exhaust fans  
All fans stop 

working 

No air is exhausted 

out of building 
4 

See above, if all occur at 

same time 
1 4 

Relieve pressure build-up by 

opening a door 

Exhaust fans  
3 fans stop 

working 

Much more air is 

supplied than 

exhausted 

3 
See above, if all occur at 

same time 
1 3 

Turn off 1 supply fan and return fan 

to prevent overpressuring building 

Return Line 

Fan 

Fan stops 

working 
No air is recycled 1 

Damage to electrical circuit 

powering fan, motor 

damaged 

2 2 No recommended action.  

Exhaust fans  
2 fans stop 

working 

More air is supplied 

than exhausted 
2 

See above, if both occur at 

same time 
1 2 

Turn off 1 supply fan to prevent 

overpressuring building 

Return Line 

Filter 

Complete 

blockage  

Halts recycling of 

air 
1 Severe fouling  2 2 Replace filters on a regular basis 

Solar Air 

Heater 

Glass panel 

breaks 

Air bypasses solar 

air heater 
1 Item falls on solar air heater 2 2 No recommended action 
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5.5 Building Simulations 

5.5.1 AIR CIRCULATION 

To check if the current design has sufficient air circulation around the hives, a simplified model of the 

storage building was created to perform a 3D Computational Fluid Dynamics (CFD) analysis. This was 

done in SolidWorks to visualize the flow of air inside the building. Figure 14 shows the resultant flow 

trajectories, in which flows are represented by coloured lines, the colours indicating the flow velocity.  

 
Figure 14: Air circulation simulation, flow trajectory and velocity 

It can be seen that the airflow covers most of spaces inside the building, indicating that most of the stacks 

are receiving sufficient air flow except for those toward the middle, which is acceptable considering the 

fact that this simulation is describing a worst-case scenario where the effects of ceiling fans were not taken 

into account. 
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6.0 DESIGN COMPLIANCE 
Refer to Table 9 for the design compliance matrix of this project. Refer to Table 8 for a description of the 

1-5 scale of importance. Only one change was made to the specifications in Phase III, with regards to the 

allowable CO2 levels in the building. In discussions with Dr. Martin Currie, head of entomology at the 

University of Manitoba, it was found that honeybees can tolerate much higher levels of CO2 than previously 

thought [13] [1]. This change is reflected in item A.4 of Table 9. 

              Table 8: Design compliance matrix importance rating explanation 

Importance 

Rating 

Description 

5 Required; must have 

4 Important 

3 Should have 

2 Optional 

1 Unimportant; nice to have 
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Table 9: Design compliance matrix 

Item Description Specification 

Design 

Authority 

Im
p

o
rta

n
ce 

 

Design Compliance 

Improvements (Y/N) Notes 

A Functionality 

A.1 
Smart 

Monitoring 

The system must allow beekeepers to monitor the 

honeybee’s environment without entering the 

building. Monitoring will be assisted via sensors and 

software.  

Client 5 Y 

Hive sensors allow for direct 

monitoring of bees, and building 

sensors track building temperature 

and humidity 

No changes from Phase II. 

A.2 Heating 

The system must be able to maintain a maximum 

temperature of 4 degrees Celsius in order to keep the 

bees from leaving their hives. 

Client 5 Y 

Under cold conditions the system will 

maintain the internal temperature at 4 

degrees C. As long as winter 

temperatures do not stay warm for 

long the temperature will remain 

reasonably low. Refer to Section 8.1. 

Intake air lines were split in 2, requiring 

a second heating coil. The heating 

capacity as a whole did not change. 

A.4 Ventilation 

The system must ensure proper ventilation to 

prevent the accumulation of excess carbon dioxide 

that could potentially suffocate the honeybees. 500 

ppm is an acceptable level of CO2. Building should 

maintain CO2 under 1000 ppm under normal 

conditions and not permit any higher than 3000 ppm. 

[1] 

Client 5 Y 
System maintains a CO2 level of 

~800 ppm under standard conditions.  

The air changes per hour (ACH) rate was 

doubled from 4 to 8 to increase 

ventilation and reduce build up of CO2 

and humidity. In addition, the percentage 

of return air was reduced to 30% due to 

high build-up of CO2. 
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Item Description Specification 

Design 

Authority 

Im
p

o
rta

n
ce 

 

Design Compliance 

Improvements (Y/N) Notes 

A.5 Humidity 

The system must maintain a dry environment (30%-

40% humidity) in order to prevent the spread of 

disease. Additionally, if the humidity is below 30%-

40%, the honeybee’s food source will become too 

dry and inedible.  

Client 4 Y 
Average humidity throughout winter 

is between 30 and 40%. 
No changes from Phase II. 

A.6 Darkness 

To ensure honeybees remain in their hives, total 

darkness must be achieved for the entirety of 

overwintering. 

Client 5 Y 

Building is subjected to total 

darkness. A vestibule is used for 

beekeepers to enter to prevent light 

and the exhaust ducts have two 

elbows to prevent light from entering. 

No changes from Phase II. 

A.9 Flexibility 

Equipment or features of the building should be 

removable to enable alternate uses in non-winter 

months. 

sWarm 

Solutions 
2 Y 

There are no equipment or fixtures 

permanently affixed to the floor of the 

main storage space. 

No changes from Phase II. 

A.11 Feeding   The system allows bees to be fed more than once  
sWarm 

Solutions 
1 Y 

The hives will not be insulated or 

covered, allowing beekeepers to add 

food if needed (i.e in the case of a 

long winter) 

No changes from Phase II. 

B Building 
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Item Description Specification 

Design 

Authority 

Im
p

o
rta

n
ce 

 

Design Compliance 

Improvements (Y/N) Notes 

B.1 Entrances 

The main doors must be large enough to allow 

access for forklifts to move hive pallets in and out. 

Entrances for forklifts should be at least 4 m wide 

and 3 m high. 

Client 5 Y 
Forklift door is 4.6 m, large enough 

for a standard forklift or larger.  
No changes from Phase II. 

B.2 Building Size 

The building should be at least 15 feet tall and must 

be able to overwinter 6,000 or more honeybee hives. 

Each hive consists of 2 stacked Langstroth boxes. 

Langstroth boxes are transported on pallets which 

can hold 4 hives. 

Client 5 Y 
Building is capable of fitting 6000 

colonies  

The height of the building was increased 

from 15 ft to 18 ft to provide more room 

for the HVAC equipment and the 

beehive  stacks. 

B.3 Flooring 

A concrete floor and foundation should be 

implemented to prevent pests from entering the 

building via burrowing. 

Client 4 Y 
Building will include concrete floor 

and foundation. 
No changes from Phase II. 

B.4 

Protection 

Against 

Wildlife 

The building should provide adequate protection 

against any animals that could possibly get attracted 

by the honey (rodents, bears, etc). 

Client 3 Y 

Building has a concrete base to 

prevent burrowing animals and walls 

prevent animals getting in. 

No changes from Phase II. 
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Item Description Specification 

Design 

Authority 

Im
p

o
rta

n
ce 

 

Design Compliance 

Improvements (Y/N) Notes 

B.7 Insulation 
Building should be insulated from outside by means 

of insulation with an R-value no less than 20. 

sWarm 

Solutions 
4 Y 

The insulation will be R30 for the 

wall and R40 for the roof 
No changes from Phase II. 

C Others 

C.1 Cleanability 

The system and building must be cleanable, with 

surfaces that are resistant to chemicals when 

sanitization takes place during the summer. 

Client 3 Y 

The surface of the building will be 

concrete which is resistant to standard 

cleaning chemicals. Ducts are 

standard and can be cleaned using 

standard duct cleaners. 

No changes from Phase II. 

C.2 Maintenance 
The system must require minimal maintenance and 

be easily maintained by an individual.  
Client 4 Y Equipment is standard 

Specification removed individual 

portion. It is unrealistic an HVAC system 

can be easily maintained by an individual 

with no training. 

C.3 
Construction 

Cost  

The current bee overwintering approach of wrapping 

the hives with improvised insulation, although not 

efficient, is relatively inexpensive ($100 for 4 hives); 

as such, the system must not cost significantly more 

than existing methods when considered over a long-

term period.  

Client 5 Y 

Payback period is under 5 years, at 

which point the building becomes 

cheaper than the wraps on a per-hive 

basis 

No specific improvements to cost – 

improvements to other systems affected 

this. 
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Item Description Specification 

Design 

Authority 

Im
p

o
rta

n
ce 

 

Design Compliance 

Improvements (Y/N) Notes 

C.3A 
Operation 

costs 

Cheap operation costs associated with heating the 

building and the electronics  
Client 5 Y 

Operation costs of the building are 

low when compared to warehouse 

operation costs. 

No specific improvements to cost – 

improvements to other systems affected 

this. 

C.4 Viability 
The system must be feasible and reliable; system 

errors must be prevented or minimized. 
Client 5 Y System is viable. 

An FMEA was conducted that shows all 

failure modes and how they are 

prevented and detected.  

C.5 
Codes and 

Standards 

The building and system must be designed to meet 

all applicable standards as per Table 6. 

Authority 

Having 

Jurisdiction 

5 N/A 

Alberta farm buildings with low 

human occupancy are exempt from 

building codes [14].  

No changes from Phase II. 

C.6 Simplicity 
System must be simple to be operated and monitored 

by an individual. 

sWarm 

Solutions 
3 Y 

The building and hives will be 

monitored by the beekeepers from 

their cellular devices. Operation of 

building systems is automatic. 

No changes from Phase II. 
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Item Description Specification 

Design 

Authority 

Im
p

o
rta

n
ce 

 

Design Compliance 

Improvements (Y/N) Notes 

C.7 Sustainability 
System can be environmentally friendly and 

sustainable. 

sWarm 

Solutions 
2 Y 

Solar heater are used in the design 

which is a renewable method that can 

help reduce heating costs. 

Furthermore, solar panels are 

available to be implemented on the 

building due to it’s relatively flat roof. 

Solar heater was adapted to the return air 

concept to make the design more 

sustainable and reduce heating costs. 
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7.0 PROJECT MANAGEMENT 
Refer to Figure 15 for the estimated and actual time spent on each phase, in addition to the final 

presentations. Table 10 summarizes the hours spent and finalized engineering costs. Maintaining the same 

rate in Phase III as others, Junior engineers are charged out at $90 per hour, while Intermediate Engineers 

are charged out at $150 per hour. 

 
Figure 15: Final hours spent when compared to initial estimates of engineering time 

       Table 10: Final engineering hours broken down by Phase 

Phase 

Junior Engineer 

Hours 

Intermediate 

Engineer Hours Cost 

Letter of Intent 23.5 (actual) 0 $2,115 

Phase I 119 (actual) 2 $11,010 

Phase II 229 (actual) 3 $21,060 

Phase III 207 (actual) 4 $19,230 

Final Presentation 43.5 (actual) 0 $3,915 

Total 622 9 $57,330.00 

 

Compared to the initial estimated cost of $60,390 in Phase I, sWarm Solutions saved 5%, or 34 hours. This 

savings occurred largely in Phase III, as the time taken to perform design refinements was lower than 

originally expected. Automatic calculation programs such as SMath Studio and MathCAD help greatly with 

this, as parameter changes are easily accommodated in short periods of time. 
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8.0 FUTURE WORKS AND RECOMMENDATIONS 

8.1 Recommendations for Building Use 
Using the same MATLAB script described in Section 4.2, certain parameters were tracked throughout an 

entire winter using hourly weather data. These parameters are shown in Figure 16 and Figure 17, and drove 

some of sWarm Solutions’ recommendations. Refer to Table 11 for recommendations of the future 

overwintering storage building’s uses. 

 
       Figure 16: Internal building humidity over the course of winter, using 2017/18 data 
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Figure 17: Internal building temperature throughout winter, using 2017/18 data 

Table 11: Building use recommendations as a result of hourly performance analysis 

Problem Recommendation 

CO2 and temperature are too high too 

often in the month of October 

Overwintering building should not be used until the winter is 

sufficiently cold (regularly below freezing). This was 

confirmed with ABC as beekeepers do not set a strict date on 

overwintering; it depends on the climate. 

Relative humidity varies often 

Average humidity is maintained between 30 and 40% per 

specification and acceptable for standard use. If further control 

is required recommend humidity control be installed in the 

form of in-duct nozzles and/or evaporator coils. 

Chinooks cause warm temperatures 

in the middle of winter 

The overwintering building maintains environment best in 

climates that do not generally get chinooks. If installed in a 

region with chinooks, sWarm Solutions recommends a full 

cooling system or other method of temporary cooling be on 

hand for the case of an extended period of warm temperature. 

8.2 Future Design Considerations 
While the building’s system is fairly simple, further design work regarding the controls system is required. 

The equipment used in the building is required to be integrated in order for the building to switch between 

the three modes defined in Section 3.2.3. In addition, an integrated controls system can be further connected 

to a central computer to potentially allow for further external monitoring of the equipment or even control. 

Refer to Table 12 for other future design considerations. 
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Table 12: Future design considerations 

Future Design Consideration Details 

Summer Usage The overwintering building was designed and optimized for winter. 

As such, more time could be spent on analyzing and improving the 

design to allow for better summer requirements 

Location Optimization A specific location was not provided by ABC as part of this project. 

Once this is determined, more accurate cost estimates and 

calculations can be created, in addition to further optimization based 

on the physical site. 

Electrical Systems While not in scope due to skillset, co-operation with electrical 

engineers could allow for the electrical systems to be included in the 

costs and calculations of this building. These systems would include 

lighting, power, and communications. 

Fire Suppression If desired by client, a commercial fire suppression system could be 

further looked into. 

Nectar Performance Testing Currently, the Nectar hive monitoring system is a new product. More 

work needs to be done to show proof of concept to confirm all 

technology works as advertised.   

Solar Air Heater – 

Manufacturing Analysis 

Due to time constraints, a full manufacturing analysis was unable to 

be completed and should be done to confirm viability and true cost 

before moving forward with this component. 
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9.0 CONCLUSION 
Over the last four months, sWarm Solutions developed a honeybee overwintering building with the purpose 

of lowering honeybee losses currently experienced by beekeepers across the province. The goal of Phase 

III was to refine the return air concept chosen in Phase II, and to present the Alberta Beekeepers 

Commission with a solution that met all requirements. Phase III analysis included refinement of building 

size, HVAC systems, and sensor mapping. The final design was visually communicated to the client via 

detailed drawings. Simulations were provided that confirmed operation of the overwintering building and 

checked the hourly operation of the building. Additionally, a customized solar air heater was added to 

improve the heating cost by up to 10%, and also increases the sustainability of the project. With the finalized 

design proposed to the client as a solution to overwintering of the honeybees, sWarm Solutions is confident 

that the building will improve the survival rates of honeybees through the harsh winter in Alberta. 
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APPENDIX A: HIVE STACKING CALCULATIONS 
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APPENDIX B: HEAT TRANSFER CALCULATIONS 
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APPENDIX C: HVAC CALCULATIONS 
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APPENDIX D: MATLAB HOURLY WEATHER SCRIPT 
See following pages for the MATLAB script used to calculate true operation cost and track important 

parameters throughout a winter. It requires an excel file inputting hourly temperature, humidity, wind speed, 

solar beam irradiation, and solar diffuse irradiation. It outputs an excel document with columns for electrical 

power, electrical cost, natural gas power, natural gas cost, internal temperature, humidity, and CO2 levels 

for every hour in the original data set. Weather data is compiled from the Government of Canada via 

historical weather stations and CWEEDS, a solar database released by the Government of Canada. 
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% This script calculates the energy requirements for the 

% overwintering building in different locations with hourly data 

  

function PowerAnalysis_Br(filename) 

  

%Input Variable definitions - certain variables need to be 

changed for 

%differing locations 

Q_total = 10.694; %Total airflow [m3/s] 

angle = 24; %angle of tilt of solar heater, [deg] 

p_supply = 0.7; %Proportion of supply air that is fresh 

Tr_glass = 0.83; %Transmittance of glass 

L_wall = 21.3; %Length of wall (m) 

H_wall = 4.57; %Height of wall (m) 

C_elec = 6.32; %Cost of electricity, cents per kWh 

C_NG = 1.91; %Cost of natural gas, dollars per GJ 

T_desired = 4; %Desired entering temperature 

C_min = 909; %From HEx calcs [W/K] 

T_w_in = 65; %Water temperature into HEx [C] 

Eff_boiler = 0.9; %Efficiency of boiler 

CO2_limit = 3000; %Limit at which system goes into CO2 Exhaust 

mode 

CO2_ext = 408; %Outside CO2 concentration [ppm] 

P_f_ret = 0.7755; %Operating power of return fan [kW] 

P_f_sup = 11.558; %Operating power of supply fan [kW] 

P_f_exh = 0.2237; %Operating power of a single exhaust fan [kW] 

P_f_pump = 0.1243; %Operating power of the pump [kW] 

CO2_bees = 30000; %Additional CO2 added to system from bees 

[g/hr] 

Vol_bldg = 6905; %Volume of building [m3] 

ACH = 8; %Number of air changes per hour 

q_bees = 58000; %Energy given off by bees - building heat loss[W] 

H2O_bees = 30000; %g/hr of water vapour  

HumLim = 85; %Humidity limit 

  

%Air properties (taken at average winter temperature of -10C) 

dvis_air = 16.65e-6; %Dynamic viscosity [Ns/m2] 

dens_air = 1.33; %Density of air [kg/m3] 

cp_air = 1004; %heat capacity air [J/kgK] 

k_air = 0.02375; %Thermal conductivity of air [W/mK] 

Pr_air = (dvis_air * cp_air) / k_air; %Prandtl number 

  

%Calculated variables (constants not requiring iteration) 

CO2_bees_ppm = ((CO2_bees / ACH / 44.01) / ((dens_air / 

0.02897)*... 

            Vol_bldg)) * 1000000; %ppm of CO2 generated per ACH 
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%Finding glass surface area (Solar Heater) 

L_glass = H_wall / cosd(angle); %Length of glass (hypotenuse) 

A_glass = L_glass * L_wall; %Area of heat transfer 

W_SAH = H_wall * tand(angle); %Width of base of triangle 

  

%Transferring data from excel into matrices 

Temp = xlsread(filename,'Temp'); 

Hum = xlsread(filename,'Hum'); 

WSpd = xlsread(filename,'WSpd'); 

SolB = xlsread(filename,'SolB'); 

SolD = xlsread(filename,'SolD'); 

n = length(Temp); 

  

%Checking to ensure length of matrices is the same 

if isequal(length(Temp),length(Hum),length(WSpd),length(SolB)) == 

0 

    fprintf('Datasets not equal. Check excel lengths.'); 

    return 

end 

  

%Solar Air Heater - Internal Convection coefficient (doesn't 

change with 

%hourly climate data) 

Perim = H_wall + W_SAH + L_glass; %Perimeter of triangular x-

section [m] 

A_SAH = H_wall * W_SAH * 0.5; %X-sectional area of SAH [m2] 

Q_SAH = Q_total * p_supply; %Airflow thru SAH [m3/s] 

v_SAH = Q_SAH / A_SAH; %velocity of air thru SAH [m/s] 

D_h = (4 * A_SAH) / Perim; %Hydraulic diameter of SAH [m] 

Re_SAH = (dens_air * v_SAH * D_h) / dvis_air; %Reynolds # of SAH 

airflow 

Nu_SAH = 0.023 * (Re_SAH^0.8) * (Pr_air^0.4); %Nusselt # of SAH 

airflow 

h_int = (Nu_SAH * k_air) / D_h; %Internal SAH convection 

coefficient 

                                %[W/m2K] 

  

%Initial weight of water in building 

AHum = zeros(1,n-1); 

AHum(1) = 

(6.112*exp((17.67*Temp(1))/(Temp(1)+243.5))*Hum(1)*2.1674) / ... 

    (Temp(1)+273.15); 

AHum_old = AHum(1); 

                                 

%Main FOR loop, iterating per hour of winter (Oct - Mar) 

%Initial values for tracked info: 

CO2_old = CO2_ext; 
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Ins = zeros(1,n-1); 

P_elec = zeros(1,n-1); 

P_gas = zeros(1,n-1); 

CO2 = zeros(1,n-1); 

T = zeros(1,n-1); 

T_ent = zeros(1,n-1); 

CostE = zeros(1,n-1); 

CostNG = zeros(1,n-1); 

HumInt = zeros(1,n-1); 

for i = 1:(n-1) 

     

    %Gathering solar data via NREL's program 

    i_angle = spa_Br(i);1 

     

    %Picking data out of initial matrices 

    v_ext = WSpd(i) / 3.6; %Wind speed, converting to [m/s] 

    T_ext = Temp(i); 

    Hum_ext = Hum(i); 

    Ins(i) = (SolB(i)*sind(i_angle)) + (SolD(i)); %Solar 

insolation 

    %is the sum of direct and diffuse irradiation [kJ/m2/hr] 

     

    %Finding convection coefficient of outside of SAH (glass) 

        Re_ext = (dens_air * v_ext * L_wall) / dvis_air; 

        Nu_ext = 0.037 * (Re_ext^0.8) * (Pr_air^(1/3)); 

        h_ext = (Nu_ext * k_air) / L_wall; 

  

        %Total thermal resistance 

        R = (1/(h_int*A_glass)) + (1/(h_ext*A_glass)); %[K/W] 

  

        %Finding Solar energy transmitted into SAH 

        q_solar = (Ins(i)*(1000/3600)) * A_glass * Tr_glass; %[W] 

  

        %Finding heat loss out of SAH due to convection on glass 

        q_SAH_tot = q_solar; 

        %Iterative process, from initial calculations it takes 5 

        %iterations to converge 

        for j = 1:5 

            T_SAH_f = (q_SAH_tot / (Q_total * dens_air * cp_air)) 

+ ... 

                T_ext; %Calculating final temperature of SAH 

            T_avg = (T_SAH_f + T_ext) / 2; %[C] 

            q_SAH_tot = q_solar - abs((T_avg - T_ext)/R); 

%Updating total q 

        end 

                                                      
1  spa.m is an external MATLAB function released by NREL to track the position of the sun. 
https://www.mathworks.com/matlabcentral/fileexchange/59903-nrel-s-solar-position-algorithm-spa 

https://www.mathworks.com/matlabcentral/fileexchange/59903-nrel-s-solar-position-algorithm-spa
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        T_ent(i) = (T_SAH_f*p_supply) + (T_desired*(1-p_supply)); 

         

        %Entering absolute humidity                                  

        AHum_ent = 

(6.112*exp((17.67*T_ext)/(T_ext+243.5))*Hum_ext*... 

            2.1674) / (T_ext+273.15);  

    

         

    %If statement depending on temperature 

    if (T_ent(i) < T_desired) 

             

         

        %Power required from HEx 

        Eff_HEx = (T_desired - T_ent(i)) / (T_w_in - T_ent(i)); 

%HEx Eff. 

        q_HEx = Eff_HEx * C_min * (T_w_in - T_ent(i)); %Heat 

required for H. 

                                                    %coil [W] 

        P_boiler = q_HEx / Eff_boiler; %Fuel usage in boiler [W] 

         

        %Fan Power 

        P_fans = P_f_ret + P_f_sup + (4*P_f_exh); 

         

        %Calculating the increase in the CO2 concentration 

        CO2(i) = CO2_old; 

        for k = 1:ACH %air changes per hour 

        CO2(i) = CO2(i) + (p_supply*CO2_ext) - (p_supply*CO2(i)) 

+ ... 

            CO2_bees_ppm; 

        end 

         

        CO2_old = CO2(i); 

        T(i) = T_desired; 

         

        P_elec(i) = P_fans + P_f_pump; %Fans + pump 

        P_gas(i) = P_boiler * 0.0000036; %Boiler is the source of 

natural 

                                         %gas usage, convert to 

GJ 

         

                                         

        %Humidity Changes: 

        for m = 1:ACH 

            AHum(i) = (AHum_ent*p_supply) + AHum_old + 

(H2O_bees/(ACH*Vol_bldg)) - ... 

                (p_supply*AHum_old); 

            AHum_old = AHum(i); 
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        end 

         

        %Relative humidity 

        HumInt(i) = 

abs((AHum(i)*(273.15*T(i)))/(6.112*exp((17.67*T(i))/... 

            (T(i)+243.4))*10.1674)); 

                                          

    else 

        T_ent(i) = T_ext; %If entering temperature too high, open 

up solar 

                          %heater bypass. 

     

        P_gas(i) = 0; 

         

        CO2(i) = CO2_old; 

        T(i) = T_desired; 

        P_fans = 0; 

        for k = 1:ACH %air changes per hour 

            if or((CO2(i) >= CO2_limit),(AHum_old > HumLim)) 

                CO2(i) = CO2(i) - (p_supply*CO2(i)) + 

CO2_bees_ppm; 

                T(i) = (T(i)*(1-p_supply)) + (T_ent(i)*p_supply); 

                P_fans = P_fans + ((4*P_f_exh)/ACH); %Pump turned 

off 

                 

                AHum(i) = AHum_old - (p_supply*AHum_old) + ... 

                    (H2O_bees/(ACH*Vol_bldg)); 

                AHum_old = AHum(i); 

  

            else 

                CO2(i) = CO2(i) + CO2_bees_ppm; 

                T(i) = T(i) + (q_bees/(Q_total*(1-

p_supply)*dens_air*... 

                    cp_air*(3600/ACH))); 

                P_fans = P_fans + (P_f_ret/ACH); %No pump in this 

mode 

                

                %Relative humidity 

                AHum(i) = AHum_old + (H2O_bees/(ACH*Vol_bldg)); 

                AHum_old = AHum(i); 

                 

            end 

        end 

         

        P_elec(i) = P_fans; 

        CO2_old = CO2(i); 

         

        HumInt(i) = abs((AHum(i)*(273.15*T(i)))/(6.112*... 
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                    exp((17.67*T(i))/(T(i)+243.4))*21.674)); 

         

    end 

     

   %Cost calcs 

   CostE(i) = (C_elec * P_elec(i)) / 100; 

   CostNG(i) = C_NG * P_gas(i); 

    

   fprintf('\n %i %.2f %.2f %.2f %.2f 

%.2f',i,HumInt(i),T(i),CO2(i),sum(CostE),sum(CostNG));  

     

end 

  

fprintf('\n'); 

  

%Combining data into 1 large array 

Data = vertcat(P_elec,CostE,P_gas,CostNG,T,CO2,HumInt); 

Data = transpose(Data); 

  

%Writing data to an excel file 

excelfile = 'BrooksData.xlsx'; 

xlswrite(excelfile,Data); 

  

end 
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APPENDIX E: DETAILED COST ANALYSIS
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See     Table 13 below for the cost of the final detailed design. Note that where freight and tax are considered to be zero, this indicates that these costs are already included in the unit cost.  

 

    Table 13: Construction cost analysis 

Total Cost 

Description Quantity Product/Part Unit Cost  

Extra (Freight, 

Manufacturing, 

Tax, handling, 

etc) 

Material Reference Total Price 
$493,717 

Building 

Structure  1 $145,886.00 $0.00 - Appendix G $145,886 

Grade Perimeter 524 $135/ft perimeter $0.00  
G. Zakhem, Interviewee, Chief Estimator, 

Olympia Steel Buildings Canada. [Interview]. 

20 February 2019. 

$70,740 

Concrete Slab 11,800 $7/sf $0.00 Concrete 

G. Zakhem, Interviewee, Chief Estimator, 

Olympia Steel Buildings Canada. [Interview]. 

20 February 2019. 

$82,600 

Roof Insulation (Quantity measured in s.f) 11872 $1.83 $6,435.00 Fiberglass Appendix G $28,149 

Wall Insulation (Quantity measured in s.f) 5764 $1.55 $0.00 Fiberglass Appendix G $8,911 

Energy Saver Patch Tape 2 $30.00 $0.00 - Appendix G $60 

Fuel Surcharge 1 $516.33 $0.00 - Appendix G $516 

HVAC 

Daikin Water Heating Coil 5WS-0805B-36.0-54 2 $12,000.00 $0.00 Copper Tube Appendix C $24,000 

Patterson Kelley C1050 Condensing Boiler 1 $25,499.00 $0.00 - Appendix C $25,499 

Greenheck Inline Fan AX-72-190-0618 1 $2,410.00 $0.00 - Appendix C $2,410 

Greenheck Inline Fan TBI-CA-3H30 2 $4,827.00 $0.00 - Appendix C $9,654 

Greenheck Wall-Mounted Fan SBE-1L20 4 $715.00 $0.00 - Appendix C $2,860 

Greenheck Ceiling Fan DS-8 4 $7,700 $0.00 - Appendix C $30,800 

Taco Inline Pump 2400 series 2 $340.00 $0.00 - Appendix C $680 

Ductwork 384 ft $70/ft (avg) $0.00 Copper Appendix C $26,880 

Water Piping 87.6 ft $53.49/12ft $0.00 Copper  Appendix C $5,135 

Ductwork insulation 10% of Duct Cost - $0.00 Fibreglass Appendix C $2,688 

Piping Insulation 10% of Pipe cost - $0.00 Foam Appendix C $514 

Ball Valves and Actuators 4 $28.99 $0.00 Lead Free Brass Appendix C $116 

Check Valves  2 $21.99 $0.00 Threaded Brass Appendix C $44 

Gate Valve 10 $14.62 $0.00 Threaded Brass Appendix C $146 

Duct Supply Air Temperature Gauges 2 $46.00 $0.00 - Appendix C $92 

Filter Media 2 $140/roll $0.00 - Appendix C $140 

Duct Butterfly Damper 7 $85.00 $0.00 Galvanized Steel Appendix C $595 



 

                                                                                        

 

        Phase III Report 

Page 103 of 174 

 

Installing new natural gas connection to building 1 $2,500.00 $0.00 - - $2,500 

Solar Heater Mount 600 ft HSS $8.71 per ft HSS $0.00 Aluminum HSS Appendix C $5,226 

Glass Mount 28 $400.00 $0.00 Aluminum Angle Appendix C $11,200 

Glass Sheet 28 x 23 sqft $12 per sqft $0.00 Glass Appendix C $7,728 

Sensors 

Beecons 600 $32.90 $3,956.89 - Appendix G $23,697 

Beecons Software Subscription 1 $4,998.00 - - Appendix G $4,998 

Building sensors 6 $5.50 $20.00  Appendix H $53 
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APPENDIX F: DESIGN COMPLIANCE - CLIENT 

CONFIRMATION 
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APPENDIX G: BUILDING & SENSOR QUOTES 
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APPENDIX H: SENSOR TECHNICAL INFORMATION 
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APPENDIX I: EQUIPMENT SCHEDULE 
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Equipment  Model Quantity Supplier Function  

Inlet line fan  TBI-CA-3H30 2 Greenheck Bring in fresh air 

Return line fan AX-72-190-0618 1 Greenheck Recycle air from building 

Exhaust fan SBE-1L24 4 Greenheck Exhaust air to outside 

Ceiling fan DS-8 4 Greenheck Circulate air in the building 

Water Pump 2400-30S-3P 2 TACO Pump water into water boiler  

Natural gas 

condensing water 

boiler 

C1050 1 
Patterson 

Kelley 
Heat the water 

Water heating coil 
5WS-0805B-

36.0-54 
2 DAIKIN Heat the air 

Sensor (hives) BeeCon 600 Nectar Monitoring of honeybees 

Sensor (building) SHTC3 37 
Mouser 

Electronics 

Measure ambient temperature and 

humidity inside the building 

Hub (hives) BeeHub 6 Nectar 
Collection and distribution of data 

from BeeCons. 
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APPENDIX J: 3D BUILDING RENDERINGS 
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Duct Schedule
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