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Introduction 

What is the largest possible reduction in Calvin College’s annual energy costs from a $5M initial 
investment in renewable energy? Renewable energy systems are essential for Calvin College to 
reduce greenhouse gas emissions and achieve carbon neutrality to meet the Carbon 
Commitment that President Le Roy signed in December 2017. Also, a significant cost reduction 
could be a positive result of transitioning to renewable energy sources such as geothermal, wind, 
solar, and biomass. Four renewable energy sources were studied throughout the semester to 
determine a feasible renewable energy plan for Calvin with a $5M investment. 

Method 

Initially, the large team was split into sub-groups to cover each of the renewable energy sources, 
with a management team to cover finances, CO2 emissions, and coordination of the other four 
teams. As renewable energy sources were deemed infeasible, disbanded group members were 
allocated to other energy sources or tasks for the remaining weeks in the semester. 

The solar team studied the feasibility of adding a solar panel system to Calvin’s campus. This 
required research on the annual sunlight rates for the Grand Rapids area and the distribution of 
sunlight throughout the year. Various solar panel technologies and locations were discussed as 
shown in Appendix A. 

The geothermal team began with research on increasing the efficiency of the various heating and 
cooling systems on campus with a supplementary geothermal system. The underground loops 
act as a heat pump system using water to transfer heat. In the heating mode, the fluid is 
circulated through the earth’s surface to absorb heat from the ground to be used to supplement 
the system. In cooling mode, the fluid discharges heat into the earth’s surface. A geothermal 
system can be feasible due to the extreme air temperature differences and the approximately 
constant ground temperature. More on the feasibility of a geothermal system can be found in 
Appendix B. 

Next, the wind team researched the feasibility and cost savings of implementing a variety of wind 
turbines on Calvin’s campus. This team studied the annual wind rate experienced in the Grand 
Rapids area and the zoning requirements to add such a large turbine in a suburban area. These 
feasibility and specifications of this energy source is found in Appendix C. 

The biomass team researched the technologies available for energy production from a biomass 
incinerator or an anaerobic digester. The biomass team consulted the dining hall staff and the 
physical plant to determine Calvin’s annual food waste. Project feasibility was verified on an 
economic and fuel availability basis based on the energy production on a per mass basis of 
Calvin’s food waste. Further information on the feasibility of implementing a biomass system on 
Calvin’s campus can be found in Appendix D. 
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Results and Alternative Solutions 

Following thorough research on each of these energy sources, the team determined that a solar 
panel system supplemented with additional renewable energy sources would be the best use of 
a $5M investment into Calvin’s commitment to reducing greenhouse gas emissions and 
becoming carbon neutral. The proposed $3.68M solar panel system is comprised of 5889 solar 
panels spanning roof tops throughout campus. This system will result in annual savings of 
$183,750 and has a pay-back period of 16 years. This system will provide Calvin with 
approximately 10% of its yearly energy usage or 2.12 GWh/year. 

This system is limited by the roof space availability that is suitable to withstand the weight of 
numerous solar panels. Therefore, this system is maxed out at $3.68M. The remaining $1.32M 
can be invested into a series of alternatives summarized below and discussed in detail in 
Appendix E. 

The first option, Alternative A, is comprised of a 75 hp geothermal system in Commons Lawn. 
This will supplement the aging Kewanee Boilers, which currently have a 65% efficiency rate. 
Implementation of a geothermal system will provide a total estimated annual savings of $11,195.  

Alternative B encompasses either the placement of a single 335 kW turbine and/or a series of 
smaller 1.5 kW turbines placed around campus. These smaller turbines would only cost about 
$1,500 each and would pay themselves back in approximately 19 years. The downside to this 
system is the lengthy payback period that presents potential financial infeasibility and the 
constraint of space. 

Finally, Alternative C consists of using the remaining $1.32M to purchase carbon credits for 
approximately $10/ton to negate Calvin’s carbon emissions for approximately 5.25 years when 
implemented in addition to a solar panel system. This would be a short-term solution to reduce 
Calvin’s carbon footprint but would not reduce energy cost. 

Conclusion 

Given a $5 million investment in renewable energy, meant to save on energy costs while reducing 
the carbon footprint at Calvin College, the maximum annual savings is $183,750. The most 
efficient investment is in solar panels, which have the highest annual energy savings per dollar 
spent of any of the technologies that were studied. Unfortunately, this would require rooftop 
mounting of the panels, and there is currently not enough rooftop space to invest the entire 
budget into solar. The maximum amount that can be invested in solar is $3.7 million, and several 
proposals for using the remaining $1.3 million were developed; investing in wind, geothermal, 
and carbon credits. Wind and geothermal would provide a marginal additional cost savings, while 
carbon credits would be purchased solely to offset Calvin’s carbon footprint. 
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Introduction 
Solar power is energy from the sun that can be converted into electricity. The solar market has 
grown quickly in the last few years, becoming one of the most common forms of renewable 
energy. Calvin College would benefit from the installation of photovoltaic solar panels, not only 
because of the savings in electricity costs, but because it emphasizes Calvin College’s 
commitment towards becoming more carbon neutral.  

Method 
To determine feasibility of spending the $5M budget on solar, a spreadsheet was created that 
considered the cost of solar panels, racking, inverters, installation, labor, utility connection, and 
a federal rebate. These calculations can be found in Appendix A1. 

 
The spreadsheet uses a variety of inputs, such as the number of solar panels, number of strings, 
efficiencies, labor cost and time, panel specifications, and inverter specifications. These inputs 
are used to calculate the effective area of the panels, total required area, system power, string 
power, number of inverters and system costs. 

 
To determine the electricity produced by the solar panel system, the incident radiation for every 
hour of every day for an entire year was calculated. These radiation calculations require the 
geographical location of the system and include weather reduction coefficients. The radiation 
equations provided the electricity production in watt-hours per meter squared. Multiplying by 
the effective solar panel area of the system, the solar panel efficiency, inverter efficiency, wiring 
and other module efficiencies provides the electricity produced for each hour. This can then be 
summed to find daily, monthly, and yearly electricity production. Some of the equations used can 
be found in Appendix A2, with the rest being found in the solar radiation resources. 

 
From the annual electricity production, the annual savings can be found using the effective yearly 
rate at which Calvin College purchases electricity from the grid. Considering the increasing cost 
of electricity, solar panel degradation, and maintenance, the payback period for the capital 
investment and the lifetime savings can be found. The equations and calculations can be found 
in Appendix A2 and A3. 
 
Case studies from Northwestern University and Princeton University, which have similar climate 
patterns to Calvin College, were used to validate the calculations. The energy produced in their 
systems and the costs were scaled to the proposed budget of $5M. The System Advisor Model, 
or SAM, was also used as a tool to validate the numbers calculated from the Excel spreadsheet 
the solar team created. It incorporates geographical location, taxes, and all system costs, and 
provides information such as annual energy usage, payback period area, and total cost. This 
system yielded similar values to the spreadsheet model. Also, using the solar map data from NREL 
(National Renewable Energy Laboratory), the annual electricity production was verified. The 
NREL data was provided in kWh/m2/day, multiplied by the effective solar panel area, efficiencies, 
and the days per year.
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Solar Panel Selection 
The panel type was selected based on its efficiency when compared to the cost. Polycrystalline, 
monocrystalline and thin solar panels were compared using the website Wholesale Solar. 
Appendix A4 shows a cost per watt and area per watt comparison between the best solar panel 
option found for each type. Thin solar panels are the cheapest option, but they have a short 
lifespan and a low efficiency rate, so they were not used. Monocrystalline panels have a longer 
lifetime and a high efficiency rate of 20%, but they are the most expensive option. Polycrystalline 
are cheaper but have a slightly lower lifetime and an efficiency of 15%. For this project, 
Polycrystalline was selected, because the price per watt of electricity produced was cheaper. The 
exact solar panel recommended and used in the calculations is the CS6K-275P from Canadian 
Solar. The Canadian Solar panel specification sheet is shown in Appendix A8. 
 

Inverter Selection 
The type of inverter was selected from a list of possible industrial inverters found through 
company websites. The necessary criteria for the inverters were that it had an output voltage of 
240 VAC and an input voltage of 200-400 VDC. Because the standard voltage in the United States 
is 120 VAC, a transformer will be needed to convert the 240 VAC from the inverter into a useable 
voltage. The selection was made based on the price of the inverter, the maximum wattage it was 
able to process, and its weight. The four best inverters, two from Sunny Boy and two from 
SolarEdge, were selected and compared. As shown in Appendix A5, when comparing the different 
options, the Sunny Boy Model SMA 7.7kW has the best cost/watt, $0.009 better than the next 
best, however, the cost/pound is $4.70 more expensive than the next best. Because of this, the 
Sunny Boy Model SMA 6.0kW was chosen and used in calculations. The specification sheet for 
this inverter is shown in Appendix A8.  
 

Location 
The placement of solar panels was determined by considering the rooftop space on the buildings 
at Calvin College. The buildings chosen must be able to hold the required weight capacity and, 
ideally, have rooftops that are at optimal angles for receiving sunlight with little tree coverage. 
Through talking to Professor Leonard De Rooy, it was determined that the dorms and the Track 
and Tennis Center cannot be used because they are not strong enough to hold the required load. 
Many of the dorms are also surrounded by trees, so this would not be an ideal location even if 
the rooftops could withstand the load.  The Venema Aquatic Center and Van Noord Arena are 
the best options for solar panels because of their large open roofs that face south, allowing for 
the optimal amount of power generation. The Hekman Library, Covenant Fine Arts Center, new 
Commons building, North Hall, DeVries Hall, DeVos Communication Center, and Prince 
Conference Center were also determined as possible locations. These locations and rooftop areas 
are shown in Appendix A6. The areas of the rooftops were determined using a Google Maps area 
calculator tool. Free standing structures in the parking lots were also considered but were not 
pursued in this project because of the expense and the problems with snow removal. The Prince 
Conference Center parking lot is set up at the optimal angle for free standing structures, but it is 
not used enough to make the cost worth it.  
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Racking 
There are various options for solar panel racking, including non-rotational fixed tilt racking, 1 axis 
tracking, and 2 axis tracking. Due to the cost per watt at the time of studying solar tracking racking 
systems, the non-rotational fixed racking was chosen. 

 
After discussing this topic with Professor De Rooy, the distance between roof beams on the 
buildings capable of handling the additional load is 6.75 ft. Using this information, along with the 
number of panels and placement of the panels, racking was accomplished using the online 
application IronRidge Racking. Chosen panel manufacturer, model, and orientation (portrait vs 
landscape) were selected in the application as well as zip code, snow load, wind speed, building 
height, configuration of panels (sub arrays, tilt angle), and attachment span were entered so the 
application would yield racking cost, weight, watts and $/watt to verify the number previously 
calculated. A screenshot of the application can be found in Appendix A7. 
 

𝑪𝑪𝑪𝑪𝟐𝟐 Emissions for Solar Power Generation System 

A study was done on the 𝐶𝐶𝐶𝐶2emissions associated with the proposed solar power generation 
system. This study investigated the 𝐶𝐶𝐶𝐶2emissions from the life cycle of a mono-crystalline silicon 
PV panel as well as the racking and installation associated. A study by Fthenakis wrote that the 
amount of electricity required to produce 1𝑚𝑚2 of mono-crystalline silicon solar panel is 
approximately 250kWh (this includes the mining and production of mono-crystalline silicon, 
wafer, cell, and module). The solar power generation system proposed to install approximately 
5889 panels with the total area of 9658𝑚𝑚2. The total 𝐶𝐶𝐶𝐶2emission from manufacturing the solar 
panels were calculated to be 4,442,903 lbs. of 𝐶𝐶𝐶𝐶2, with the assumption that the solar panels 
were manufactured using the electricity from Consumer’s with their 𝐶𝐶𝐶𝐶2 emission rate of 1840 
lbs. of 𝐶𝐶𝐶𝐶2/MWh. The 𝐶𝐶𝐶𝐶2 emission from the racking of the solar panels was also calculated 
based on the total amount of aluminum used. The proposed system required 19.8 metric tons of 
aluminum. Gautam cited that the average aluminum production (also includes the mining and 
processing of aluminum) consumes 14.65 MWh/tons of aluminum. Assuming again that the 
aluminum was produced using Consumer’s electricity, the total emissions from the racking would 
be approximately 533,939 lbs. of 𝐶𝐶𝐶𝐶2. The total 𝐶𝐶𝐶𝐶2 emission from all sources associated with 
the solar panel system was then calculated to be 4,976,843 lbs. of 𝐶𝐶𝐶𝐶2.  

The “payback” period for the embodied 𝐶𝐶𝐶𝐶2 emissions of the solar panels and the racking system 
was also calculated. The proposed solar power generation system had the capacity to produce 
approximately 2100MWh/year, which is equivalent to a savings of 3,864,210 lbs. of 𝐶𝐶𝐶𝐶2 per year. 
It was then determined that the time to payback the 𝐶𝐶𝐶𝐶2 emission is approximately 1.3 years. 
Figure A10.1 shows the tonnes of 𝐶𝐶𝑂𝑂2 emission saved per year. Year zero shows the embodied 
𝐶𝐶𝐶𝐶2 of the system. 
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Feasibility and Recommendation 
The maximum rooftop area available on campus is 5.00 acres as shown in Appendix A6, of which 
4.94 acres is used. Utilizing this area would allow for 5889 solar panels and produce 2.115 GWh/yr 
of electricity, which is approximately 10% of Calvin’s annual electricity consumption. This would 
cost a total of $3,700,000 in 2018$, which factors in installation, racking, and utility connection 
cost. Since this doesn’t use the entire $5M budget, the remaining funds could be used for 
geothermal, wind, carbon credits, or investments to be used in the future. The estimated payback 
period for this system would be approximately 16 years, which is less than the 30-year life of the 
solar panels. The total savings in electricity would be $183,750 annually. 
 

Conclusion 
Utilizing the 5.00 acres of available rooftop area on Calvin’s Campus is recommended, because it 
yields the most savings and the system can be paid back within its lifetime. As the plans for the 
new Commons building are determined, it is recommended that solar panels are incorporated 
into these plans so that the roof is designed and oriented correctly for solar panel usage. Having 
solar panels on buildings where they can be seen, such as the Venema Aquatic Center, is 
important because potential students, alumni, and visitors can see that Calvin is making a step 
towards renewable energy sources and becoming more carbon neutral, something that is going 
to become more and more important in the coming years.  
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Appendix A1: Solar System Implementation Cost 
 

Table A1.1: System Implementation Costs and Weight 

Location Total Cost [2018$] Racking Cost 
[2018$] 

Decl. Dist. 
Weight 
[PSF] 

Weight/Attach 
[lbs] 

Weight 
[lbs] 

Devos Center  $            334,948.31   $              40,228.44  3.10 47.50 25879 
Gym Overhang  $            204,663.74   $              17,571.96  3.10 44.30 13441 
Prince 
Conference  $            243,711.18   $              23,476.00  3.10 47.4 17010 

Van Noord 
Arena  $            458,479.60   $              50,035.00  3.10 45.40 36490 

Venema 
Aquatic Roof  $            439,209.84   $              46,957.00  3.10 47.20 34820 

Venema 
Aquatic 
Overhang 

 $            117,947.73   $                7,402.00  3.10 44.90 5378 

North Hall  $            328,275.22   $              34,577.88  3.10 47.40 24884 
Library Roof 
Upper  $            511,813.10   $              57,385.00  3.10 47.40 41571 

Devries Hall  $            243,897.85   $              23,871.85  3.10 47.40 17103 
CFAC  $            226,065.75   $              21,499.00  3.10 44.00 15371 
Commons  $            573,148.20   $              64,371.75  3.10 44.00 47284 
Total System  $        3,682,160.52   $            387,375.88   - -  279231 

*Weight includes racking, clamps, wiring, inverters, and solar panels. Declared distributed weight is given in pounds per square foot. 

 
Table A1.2: System Specifications 

Location Number of Panels Columns Number of 
Strings 

Number of 
Inverters 

Devos Center 525 25 21 3 
Gym Overhang 285 15 19 2 

Prince Conference 360 12 30 1 
Van Noord Arena 775 25 31 3 
Venema Aquatic 

Roof 740 20 37 2 

Venema Aquatic 
Overhang 114 19 6 2 

North Hall 525 7 75 1 
Library Roof 

Upper 880 16 55 2 

Devries Hall 360 12 30 1 
CFAC 325 13 25 2 

Commons 1000 20 50 2 
Total System 5889 184 379 21 
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Table A1.3: System Outputs and Requirements 

Location Electricity Produces 
(GW-hr/yr) 

Effective Panel 
Area (Acres) 

Required Area 
(Acres) 

Actual Rooftop 
Area (Acres) 

Devos Center 0.189 0.213 0.44 0.45 
Gym Overhang 0.102 0.115 0.239 0.24 

Prince Conference 0.129 0.146 0.302 0.31 
Van Noord Arena 0.278 0.314 0.65 0.65 
Venema Aquatic 

Roof 0.266 0.3 0.62 0.62 

Venema Aquatic 
Overhang 0.041 0.046 0.096 0.1 

North Hall 0.189 0.213 0.44 0.44 
Library Roof 

Upper 0.316 0.357 0.738 0.75 

Devries Hall 0.129 0.146 0.302 0.31 
CFAC 0.117 0.132 0.272 0.28 

Commons 0.359 0.4052 0.838 0.85 
Total System 2.115 2.3872 4.937 5 
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Appendix A2: Equations 
To calculate the incident radiation on each solar panel for every hour of every day for an entire 
year, the following equations were used. The first step in these calculations is knowing the 
latitude, longitude, Greenwich mean time, local time zone, and the surface angles. With this 
information, the declination angle, equation of time, solar altitude, zenith, and azimuth angles 
can be calculated. The angles determine the intensity of the radiation on the surface.  

 

A represents the varying intensity of solar radiation with respect to the day (d) of the year. X 
represents the air mass ratio, which accounts for the shift in the solar rays after they hit the 
atmosphere and compensates for the curvature of the earth. When the air mass is positive, there 
is sunlight and when its negative, it is night. To determine the electricity produced for each hour 
of every day, the effective solar panel (or string) area and efficiencies were multiplied by the total 
radiation. 

 

These values were summed to find the monthly and yearly electricity production. From this the 
annual electricity savings can be found. 
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Based in inflation and interest rates, as well as the increase in cost to produce electricity, the 
payback period was found by finding the integer number of years until the savings equaled the 
total capital investment. The before rebate cost was found using the following equations. 

 

Considering the federal rebate of 30% of the total costs of the renewable energy system and 
contingency costs of 15%, the following equation provides the final cost of the system. 
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Appendix A3: Cost Savings Graphs 
 

 
Figure A3.1: Solar System Cost Savings Per Month 

 

 

 

Figure A3.2: Monthly Electricity Produced from Solar System vs. Calvin Electricity Load 
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Figure A3.3: Solar Panel System Payback Period 
 

 

Figure A3.4: Lifetime Savings from Solar Panel System 
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Appendix A4: Solar Panel Comparison 

 

Figure A4.1: Comparison of Solar Panel Types 
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Price per Watt [$/W] 0.71 1.64 2.53 

Area per Watt [m2/W] 0.0059625 0.00479784 0.0173 
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Appendix A5: Inverter Comparison 
 

 
Figure A5.1: Comparison of Solar Inverter Options 

 

 

Table A5.1: Solar Inverter Property Table 
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Appendix A6: Locations and Areas 
 

 
Figure A6.1: Rooftops Utilized on Calvin College’s Campus 

 

Table A6.1: Rooftop Areas of Calvin College’s Campus 

Location Actual Rooftop Area 
(Acres) 

Devos Center 0.45 
Gym Overhang 0.24 

Prince Conference 0.31 
Van Noord Arena 0.65 

Venema Aquatic Roof 0.62 
Venema Aquatic Overhang 0.10 

North Hall 0.44 
Library Roof Upper 0.75 

Devries Hall 0.31 
CFAC 0.28 

Commons 0.85 
Total 5.00 
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Appendix A7: IronRidge Racking Application 
 

 

Figure A7.1: The Iron Ridge Application 
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Appendix A8: Solar Panel Specification Sheets 
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Appendix A9: Inverter Specification Sheets 
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Appendix A10: CO2 Emissions 

 

Figure A10.1: CO2 Tonnes of CO2 Emissions Saved per Year 
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Introduction 
Geothermal systems can broadly be split into two categories, power-producing systems and 
geothermal heat pump systems. Geothermal heat pumps are the most common type of system 
as they rely on the relatively constant temperature of the earth to heat or cool a building. A 
system diagram using a ground source heat pump can be seen in Appendix B1 through Figure 
B1.1. These systems can be further broken down into two types, closed and open loop systems. 
Closed loop systems utilize loops of water-filled plastic piping buried in the ground through either 
horizontal trenches or vertical bores, much like the coils on the back of a refrigerator or freezer. 
The fluid in the coils never interacts directly with the environment. Open loop systems use one 
or more wells where water is pumped into and removed from an underground reservoir. The 
water is free to mix with the environment as it is warmed or cooled by the earth. 

 
In a geothermal heating system, a refrigeration cycle is used to concentrate the low temperature 
heat into more usable high temperature heat. Because refrigeration cycles are designed to 
transfer thermal energy from one place to another, rather than generating thermal energy, 
geothermal systems may be more efficient than other heating or cooling options. 

 
Method 

To determine the approximate size of a $5M geothermal system, case studies from nineteen 
other colleges that had implemented geothermal systems were examined. The projects ranged 
in cost from $350,000 to $78M. From the case studies, it was determined that the most common 
systems were closed-loop systems with most utilizing vertical bores. Others used horizontal bores 
or a combination of both. A difference was found in the cost of small-scale projects and that of 
campus size projects. From these case studies, models for each of these cases were formed by 
graphing the cost of installation for the systems vs. the square footage of the buildings in which 
they were implemented, as seen in Figure B2.1. Note that the point for Calvin College on Figure 
B2.1 is the cost of a geothermal system that would heat and cool the whole campus. The small-
scale case study can be seen in Figure B2.2 in Appendix B2. 

 
Calvin College Cost Model 

These cost models were then adapted for Calvin. The cost of a campus-wide geothermal system 
was divided by the heating and cooling capacities of Calvin to find an equivalent cost of heating 
or cooling with geothermal on a $/hp or $/ton basis, which is seen in Table B4.3 in Appendix B4. 
Once this was known, a system could easily be sized for a $5M investment. Using the efficiency 
of the geothermal heat pumps, the price to run them at the current electric rates was found. This 
cost was compared with the current cost to run the existing chillers using electricity and the cost 
to run the current boilers with natural gas for Calvin, which can be seen in Figure B3.2 and Figure 
B3.3 in Appendix B3 as well as Tables B4.5 and B4.6 in Appendix B4. The difference was 
understood as the savings.  

 
After sizing the geothermal system for $5M, it was determined that the system could supply 16% 
of Calvin’s heating capacity and 20% of Calvin’s cooling capacity using the small-scale model. The 
reason for the difference in capacities is that Calvin heats the buildings for a longer part of the 
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year.  In addition, when Calvin is cooling the buildings, classes are often not in session, which 
results in fewer bodies in the building and less equipment being run, i.e. computers and lighting. 
The given cost for heating Calvin was $888,000 per year in natural gas and estimated as $405,473 
for cooling. Using the small-scale cost model for Calvin, a net savings of around $14,500 per year 
would be achieved. 

 
Varied Cost Case Studies 

There were two main cost case studies conducted.  The first was using the small-scale cost model. 
This case study assumed that it cost $6,260 to install each ton of heating / cooling capacity.  As 
seen in Figure B3.1 in Appendix B3, the small-scale case study would save $14,549 per year in 
heating but have a loss of $296,602 per year in cooling for a total loss of $282,053 per year. The 
second cost case study used the campus scale cost model. The geothermal system would save 
$7,967 per year in heating but would cost $278,474 per year for cooling, resulting in a net loss of 
$270,507 if the system were used for cooling as well as heating. Table B4.4 in Appendix 4 shows 
the geothermal heating and cooling system that could be installed with a $5M budget. 

 
One of the main factors making cooling such a loss is the fact that the chillers that Calvin currently 
has installed are more efficient than geothermal systems for cooling. The performance of the 
chillers that Calvin currently uses can be seen in Table B4.2 in Appendix B4. One reason why the 
heating savings are so small is that natural gas is currently cheap and plentiful. Additionally, the 
boilers at Calvin are more efficient than many of the boilers being replaced in the other 
geothermal college case studies. The performance of the Calvin boilers is seen in Table B4.1 in 
Appendix B4. This means that for geothermal to become more cost effective, the price of natural 
gas would need to increase. While geothermal systems are more energy efficient than using the 
current boilers, the type of energy they use (electricity) costs much more than raw natural gas, 
keeping them from being economically viable. The price of natural gas would need to increase by 
nearly $0.15/100ft3 from the current average of $0.53/100ft3 for a payback period within the 
assumed system lifetime of 25 years. This can be seen in Appendix B3 through Figure B3.4. 
 

Conclusion 
It was determined that a geothermal system would not be feasible for Calvin College at a campus-
wide scale as it would cost significantly more to run than the existing cooling system and slightly 
more than the existing heating system when using an averaged efficiency for all the boilers on 
campus. Given a smaller scale project, however, a geothermal system remains profitable. With a 
$5M investment, a 285 hp geothermal system could be installed to replace or supplement the 
aging boilers in the Commons power plant. Since the efficiency of these boilers is lower than the 
other boilers on campus, a geothermal system would stay profitable at this scale, saving around 
$14,500 annually under the current conditions. Additionally, around 3,000 tons of carbon 
emissions would be saved, equivalent to nearly $28,000 at the current price for carbon credits 
for a cumulative annual savings of $42,000 per year. 
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Further Considerations 
A geothermal system is projected to last about 40 years.  However, the heat pumps are only 
under warranty for 25 years.  This means that the heat pumps would likely need to be replaced 
after the 25 years to avoid a breakdown, losing the opportunity to recoup some of the heat pump 
costs after a 25-year study period. The water loops, however, should outlast the heat pumps, 
providing some cost that can be recouped in a 25-year study. While heat pumps are not cheap, 
the bulk of the cost of a geothermal system comes from the installation costs of the water loop. 
This analysis does not account for any hidden costs such as unexpected maintenance or issues 
run into during the construction phase. It also assumes that the heat pumps and water loop last 
the whole 25 years without requiring any replacement. If there was a defect in the construction 
of the water loop, it would greatly reduce the viability of a geothermal system. 

 
Geothermal systems, unlike solar, wind, or biomass systems, are an energy multiplier. They take 
energy and multiply the output. As a result, the savings from installing a geothermal system are 
completely dependent upon the price of electricity and the price of natural gas because the 
difference between the two determines the profit. 
 
Due to the long life of geothermal, very few systems have approached the end of their usable 
life.  As a result, little is known about the end of life of a geothermal system. One issue is what 
happens to the system after it is no longer in use.  It is not known whether the geothermal system 
must be ripped up at the end of its life or if it would be abandoned in the ground. 
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Appendix B1: Technology of a Geothermal System 
 

 

Figure B1.1:  Heating and Cooling with a Ground Source Heat Pump 
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Appendix B2: College Case Studies 

 

Figure B2.1: Large Scale College Case Study of Installation Cost vs. Building Size 

Figure B2.2 shows the results for the small-scale case study. A project of $5 million would be 
consistent with the scale of other small-scale geothermal installations. 

 

Figure B2.2: Small Scale College Case Study of Installation Cost vs. Building Size 
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Appendix B3: Calvin Cost Case Study 

 

Figure B3.1: Calvin College Annual Savings for a $5M Investment  

 

 

Figure B3.2: Total Cost of Heating and Cooling Options  
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Figure B3.3: Usage Cost as a Function of System Type 

 

 

Figure B3.4: Natural Gas Prices (Estimated from DTE Energy and the Energy Information Admin.) 
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Appendix B4: System Analysis 
 

Table B4.1: Calvin Boiler Performance 
 Heating 

(hp) 
Heating 
(BTU/hr) Type Efficiency 

Weighted 
Efficiency 

SB (Hurst) 800 26,866,000 Hurst 78.00% 35.15% 
Commons (Kewanee) 666 22,714,000 Kewanee 65.00% 24.76% 
Library (Hurst) 300 10,042,500 Hurst 78.00% 13.14% 
Total 1766 59,622,500   73.05% 

 

Table B4.2: Calvin Chiller Performance 

 Cooling 
(ton) Cooling (kW) Power Rating 

(kW) kW/ton COP 
Weighted 

COP 
SB 1 850 2989 512 0.60 5.84 1.21 
SB 2 1000 3517 524 0.52 6.71 1.64 
Commons 1250 4396 708 0.57 6.21 1.89 
Library 1000 3517 534 0.53 6.59 1.61 
Total 4100     6.35 

 

Table B4.3: Modeling Parameters 
Model Cost / hp Cost / ton Cost / sqrft 
Small Scale $ 17,536  $ 6,260.40  $ 14.33  
Campus Scale $ 32,024  $ 11,432.60  $ 26.16  
Full $ 31,971  $ 11,413.54  $ 26.12  

 

Table B4.4: Model Calculations 
 Heating  Cooling  

Load 0.0008 hp/ft^2 0.0019 ton/ft^2 
Load (BTU) 27.3476 BTU/ft^2 22.6663 BTU/ft^2 
Installation Cost $ 17,536  $/hp  $ 6,260  $/ton 
Capacity/million$ 57 hp/million$ 160 tons/million$ 
Installed Capacity 285 hp 799 tons 
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Table B4.5: Cost Calculations 
 Annual Cost 

to Run 
Efficiency 
or COP 

Input 
(kW-hr/yr) 

Output 
(kW-hr/yr) 

Cost per 
Output 
($/kWh) 

Cooling $ 315,235  6.35 2,251,677 14,290,770 $ 0.0221  
Geothermal Cooling $ 611,837  3.27 4,370,266 14,290,770 $ 0.0428  
Heating $ 906,300  65% 49,590,000 32,233,500 $ 0.0281  
Geothermal Heating $ 674,379  3.27 7,493,100 24,502,436 $ 0.0275  

 

Table B4.6: Carbon Emissions Calculations 

 Carbon per Output 
(kg/kWh) CO2 Cost ($/kWh) Total Cost 

($/kWh) 
Cooling 0.1194 $ 0.001  $ 0.0232  
Geothermal Cooling 0.2318 $ 0.002  $ 0.0450  
Heating 0.3538 $ 0.003  $ 0.0314  
Geothermal Heating 0.2318 $ 0.002  $ 0.0297  
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Appendix B5: Geothermal Cost Modeling 
Background 
The following analysis is intended to help inform leadership at Calvin College decide how best to 
invest five million dollars in renewable energy projects. This analysis seeks to determine an initial 
cost estimate for converting different buildings on campus to geothermal heating and cooling. 
 
Analysis 
To determine estimates of how much it would cost to install geothermal systems at Calvin, a 
spreadsheet of other successful college geothermal projects has been compiled with data for the 
cost of the project and the number of square feet that it supplies, among other variables. Linear 
regression models are fitted to the data to form a prediction model. The square footage of 
buildings at Calvin are fed through this model and cost estimates are found for conversion to 
geothermal heating and cooling for each. 

 
Read in the Data 
 
geothermal <-read.csv("GeothermalSmall.csv") 
 geothermal <-geothermal %>% 
 subset(school!='Lake Land College') %>% #Remove Outliers and Projects with Insufficient Data 
 subset(school!='Hamilton College') %>% 
 subset(school!='Oberlin College') %>% 
 subset(school!='Drury University') %>% 
 subset(school!='Rice University') %>% 
 subset(school!='Harvard University (Closed Loop)')%>% 
 subset(cost_2018usd>1) 
  
geothermal_campus <-geothermal %>% 
 subset(scale=='Campus') 
 geothermal_smallscale <-geothermal %>% 
 subset(sqrft<200000) #Select Projects Intended for Less Than 20,000 ft^2 
  
head(geothermal,3) #Return the first few rows of data. 
##    school                                     state  no_students  year   cost_milusd savings_yr 
## 1 Ball State University             IN      22500             2012   70                 2000000 
## 2 University of Notre Dame   IN      12292             2018   40                 NA 
## 3 Carleton College                   MN   2105                2018   38                 2000000 
##    savings_yr_2018usd savings_25yr_2018usd cost_2018usd cost_per_sqrft 
## 1 2252325                     56308121                        78831369       28.66595 
## 2 NA                               NA                                     40000000       21.05907 
## 3 2000000                    50000000                         38000000       28.16042 
##      type                                       no_bores depth_ft bore_per_sqrft   sqrft         scale 
## 1 VerticalHorizontalClosed     1800         450          0.2945455           2750000 Campus 
## 2 VerticalClosed                        1303        300           0.2057998          1899419 Campus 
## 3 VerticalHorizontalClosed      305          520           0.1175327          1349412 Campus 
 
calvinsqrft <-read.csv("CalvinSquareFootage.csv") #Data From Physical Plant 
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head(calvinsqrft,3) #Return the first few rows of data. 
##    constr_date       location              sqrft         function. 
## 1 1910                   Manor House    8,712       President's House 
## 2 1954                   Ravenswood      4,354      Guest House 
## 3 1961                   Beets/Veenstra 54,142    Residence Hall 
##     notes 
## 1 Remodeled in 1995 and 2012 
## 2 Some remodeling  in 1995 
## 3 
 
calvinsqrft <-read.csv("CalvinSquareFootage.csv") #Re-imported for function reasons. 
 
Create a scatterplot with a linear regression overlay. 
The following three plots explore if there is a relation between cost and the scale of installation. The first 
plot contains all data while the other plots break this into small and campus scale projects. For example, 
some colleges have installed geothermal systems for only a few buildings (existing or new) while some 
have installed a geothermal system large enough for the entire campus. 
 
gf_point(cost_2018usd ~sqrft,data =geothermal,  
 title ="Cost as a function of Square Footage",  
 xlab ="Square Footage", 
 ylab ="Cost in 2018 US Dollars") %>% 

 gf_lm() 
 
gf_point(cost_2018usd ~sqrft,data =geothermal_campus,  
 title ="Cost as a function of Square Footage for Campus Scale Projects",  
 xlab ="Square Footage", 
 ylab ="Cost in 2018 US Dollars") %>% 

 gf_lm() 
 
gf_point(cost_2018usd ~sqrft,data =geothermal_smallscale,  
 title ="Cost as a function of Square Footage for Small-Scale Projects",  
 xlab ="Square Footage", 
 ylab ="Cost in 2018 US Dollars") %>% 

 gf_lm() 
 
Check possible predictors for collinearity. 
When fitting linear models, it is important to check that there is no relationship between predictors and 
that they do not contain the same information. Collinearity increases the uncertainty in model coefficients 
and may make it hard to fit a model. This is done using a pairs plot, which gives correlation scatterplots 
and values, and using variance inflation factors (VIFs). 
 
geopairs <-geothermal %>%select(sqrft,no_bores,depth_ft) 
ggpairs(geopairs) #Check using a pairs plot. 
geolmvif <-lm(cost_2018usd ~sqrft +no_bores +depth_ft, data =geothermal, na.action =na.fail) 
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 vif(geolmvif) #Check using variance inflation factors. Numbers over 4 signify a problem. 
##  sqrft           no_bores    depth_ft  
## 12.899854 12.299938  1.412502 
 
Create a model with independent predictors for information criteria testing. 
The “Number of Bores” variable is removed due to high correlation with the number of square feet 
supplied by the system. 
 
geolmtest <-lm(cost_2018usd ~sqrft +depth_ft, data =geothermal, na.action =na.fail) 
  
vif(geolmtest) #VIF values signify no collinearity. 
##  sqrft        depth_ft  
## 1.050848 1.050848 
 
Compare models using information criteria. 
 
dredge(geolmtest, rank ="BIC") 
## Global model call: lm(formula = cost_2018usd ~ sqrft + depth_ft, data = geothermal,  
##    na.action = na.fail) 
## --- 
## Model selection table  
##      (Int)            dpt_ft   sqr        df   logLik        BIC       delta  weight 
## 3 -2296000                  27.40    3    -182.631   372.5   0.00   0.689 
## 4 -6714000    11900   27.13   4     -182.228   374.0  1.59    0.311 
## 1 16520000                               2     -202.608  410.0  37.56  0.000 
## 2 -10420000  69620                3     -202.225  411.6   39.19  0.000 
## Models ranked by BIC(x) 
 
The model with only square footage as a predictor is chosen due to the lowest BIC value, the 
simplicity of only one predictor, and the availability of data on square footage for when the model 
is used for cost predictions. 
 
Model Assessment 
Now that the model form has been chosen, models for the different datasets are created and 
model assessment is performed to determine if a linear regression model is acceptable for the 
data. 
 
#Create Models with a Zero Intercept 
geolm <-lm(cost_2018usd~0+sqrft, data =geothermal, na.action =na.fail) 
geolm_small <-lm(cost_2018usd ~0+sqrft, data =geothermal_smallscale, na.action =na.fail) 
geolm_campus <-lm(cost_2018usd ~0+sqrft, data =geothermal_campus, na.action =na.fail) 
  
summary(geolm) 
##  
## Call: 
## lm(formula = cost_2018usd ~ 0 + sqrft, data = geothermal, na.action = na.fail) 
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##  
## Residuals: 
##     Min   1Q Median      3Q Max  
## -9610238 -3249863 -1198093  -259820 7005113  
##  
## Coefficients: 
##           Estimate   Std. Error   t value   Pr(>|t|)     
## sqrft  26.119      1.234          21.17     1.23e-09 *** 
## --- 
## Signif. codes:  0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1 
##  
## Residual standard error: 4533000 on 10 degrees of freedom 
## Multiple R-squared:  0.9782, Adjusted R-squared:  0.976  
## F-statistic: 448.3 on 1 and 10 DF,  p-value: 1.229e-09 
 
summary(geolm_campus) 
##  
## Call: 
## lm(formula = cost_2018usd ~ 0 + sqrft, data = geothermal_campus,  
##    na.action = na.fail) 
##  
## Residuals: 
##                  2                 3              5                 6               11  
## 6885128 -9693112  2696328 -1357396 -4354859 -5364637  
## Coefficients: 
##           Estimate  Std. Error  t value   Pr(>|t|)     
## sqrft  26.162    1.716         15.24     2.2e-05 *** 
## --- 
## Signif. codes:  0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1 
## Residual standard error: 6296000 on 5 degrees of freedom 
## Multiple R-squared:  0.9789, Adjusted R-squared:  0.9747  
## F-statistic: 232.3 on 1 and 5 DF,  p-value: 2.205e-05 
 
summary(geolm_small) 
##  
## Call: 
## lm(formula = cost_2018usd ~ 0 + sqrft, data = geothermal_smallscale,  
##    na.action = na.fail) 
##  
## Residuals: 
## 10            12        13            14          16  
## 121915   72672 -313663  398248 -282210  
##  
## Coefficients: 
##           Estimate    Std. Error   t value   Pr(>|t|)     
## sqrft  14.326       1.339         10.7        0.000432 *** 
## --- 
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## Signif. codes:  0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1 
## Residual standard error: 298700 on 4 degrees of freedom 
## Multiple R-squared:  0.9663, Adjusted R-squared:  0.9578  
## F-statistic: 114.6 on 1 and 4 DF,  p-value: 0.0004318 
 
Check Constant Variance 
For a linear-regression model, it is assumed that the residuals have constant variance (y-axis 
spread) over all fitted values (x-values). 
 
There may be some concern when looking at this plot as the variance clustered around zero 
seems larger than that for greater fitted values. This is likely due to the minimal data for larger 
projects. 
 
xyplot(resid(geolm) ~fitted(geolm), xlab ="Fitted Values", ylab ="Model Residuals") 
xyplot(resid(geolm_small) ~fitted(geolm), xlab ="Fitted Values", ylab ="Model Residuals") 
xyplot(resid(geolm_campus) ~fitted(geolm), xlab ="Fitted Values", ylab ="Model Residuals") 
 
Check Residual Distribution 
It is assumed that the residuals will roughly follow a normal distribution. This assumption holds 
for the full model and roughly for the small and campus scale models given the small number of 
datapoints. 
histogram(resid(geolm), xlab ="Model Residuals",fit ="normal") 
histogram(resid(geolm_small), xlab ="Model Residuals",fit ="normal") 
histogram(resid(geolm_campus), xlab ="Model Residuals",fit ="normal") 
 
Check Residual Independence 
The assumption that the residuals are independent of each other should be checked. This is done 
using an ACF plot. This assumption seems to hold as the values are between the blue fence lines. 
acf(resid(geolm)) #Sort by state / region / etc. first 
acf(resid(geolm_small)) 
acf(resid(geolm_campus)) 
 
Predict Cost Using the Given Model 
Given that the model asessment conditions have been satisfied, the model may be used to 
predict the installation costs for geothermal systems at Calvin. The data is written to a .csv file 
for download and analysis in Excel. 
 
preds_full <-predict.lm(geolm, newdata =calvinsqrft,  
    interval ="prediction",level =0.95, se.fit =FALSE) 
preds_small <-predict.lm(geolm_small, newdata =calvinsqrft,  
    interval ="prediction",level =0.95, se.fit =FALSE) 
preds_campus <-predict.lm(geolm_campus, newdata =calvinsqrft,  
    interval ="prediction",level =0.95, se.fit =FALSE) 
  
costfit <-cbind(calvinsqrft, preds_small) %>% 
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 select(-lwr,-upr) 
  
names(costfit)[names(costfit)=="fit"] <-"cost_estimate_small" 
  
costfit <-cbind(costfit, preds_campus) %>% 
 select(-lwr,-upr) 
  
names(costfit)[names(costfit)=="fit"] <-"cost_estimate_campus" 
  
costfit <-cbind(costfit, preds_full) %>% 
 select(-lwr,-upr) 
  
names(costfit)[names(costfit)=="fit"] <-"cost_estimate_full" 
  
head(costfit) 
##          constr_date    location               sqrft   function 
## 1       1910                Manor House     8712   President's House 
## 2       1954                Ravenswood       4354   Guest House 
## 3       1961                Beets/Veenstra  54142 Residence Hall 
 
##      notes                                                 cost_estimate_small 
## 1   Remodeled in 1995 and 2012       124810.24 
## 2   Some remodeling in 1995             62376.47 
## 3   <NA>                                                 775651.50 
 
##     cost_estimate_campus cost_estimate_full 
## 1  227925.7                         227545.6 
## 2  113910.5                         113720.6 
## 3  1416477.6                      1414115.3 
 
write.table(costfit, "calvin_costfit.csv", sep=",",row.names =FALSE) 
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Appendix B6: Geothermal References 
Cheney, Sarah, and Jay Egg. “10 Myths About Geothermal Heating and Cooling.” National 

Geographic, National Geographic, 24 Apr. 2018, 

www.nationalgeographic.com/environment/great-energy-challenge/2013/10-myths-

about-geothermal-heating-and-cooling/. 

“Energy in Buildings.” OpenLearn, The Open University, www.open.edu/openlearn/nature-

environment/the-environment/energy-buildings/content-section-3.5. 

“Feature Your Project.” CARBON PRICING: Setting an Internal Price on Carbon | The Gold 

Standard, www.goldstandard.org/get-involved/make-an-impact. 

“Grand Rapids, MI Electricity Rates.” Electricity Local, 

www.electricitylocal.com/states/michigan/grand-rapids/. 

“GSHP System Performance Monitoring Results.” Ground Energy Support, 30 Aug. 2013, 

groundenergysupport.com/wp/performance-monitoring-cops/. 

“How Much Does a Geothermal Heat Pump Cost? - CostHelper.com.” CostHelper, 

home.costhelper.com/geothermal-heat-pump.html. 

“U.S. Energy Information Administration - EIA - Independent Statistics and Analysis.” Factors 

Affecting Gasoline Prices - Energy Explained, Your Guide To Understanding Energy - 

Energy Information Administration, 

www.eia.gov/consumption/residential/data/2015/index.php?view=consumption#by%2

0End%20uses%20by%20fuel. 
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Introduction 
The overall goal was to determine the largest possible reduction in Calvin’s annual energy costs 
from a $5M investment in wind energy. To do this, turbines were first analyzed based on size, 
power output, cut in speed, and cost. Next, wind data was collected from Gerald R. Ford Airport 
(GRR) and from Calvin’s campus. This data was analyzed with the power curve from the selected 
wind turbine to determine how much energy savings it could produce in a year. In addition, there 
were heavy space restrictions on where the wind turbines could be located on Calvin’s campus. 
Only 1 or 2 turbines would fit (one in Devos field and the other in the Gainey Sports Complex) 
which is not enough to generate a significant amount of energy.  
 

Methods and Data Analysis 
Wind data was gathered from both the Gerald R. Ford Airport (GRR) and the Bunker Center. The 
Bunker Center had wind readings approximately 30 ft above ground with trees close by. This data 
was put into a formula to approximate the wind speed at the height of the selected turbine (ADES 
335), which was 118 ft tall. The new approximated wind speeds were then used to create a wind 
probability graph (see Figure C1.1 in Appendix C1). This graph gives the probability that the wind 
will be at a certain speed at any given time. The probability data was combined with the wind 
turbine’s output (see Figure C3.1 in Appendix C3) at that given speed to give the real-world power 
output of the turbine. The data from GRR was already in the form of probability data (see Figure 
C1.2 in Appendix C1) which just needed to be extrapolated to the height of our turbine. The data 
showed that the ADES 335 would produce 30 MWh/yr using Calvin’s wind data, which is shown 
in Table C3.1. When the turbine output was calculated with the GRR data, the power output was 
calculated to be 575 MWh/yr. These numbers are very different and present some risk when 
deciding if wind turbines are feasible on Calvin’s campus.  

 
Turbine Selection 

The two types of turbines that were considered for installation on Calvin’s campus were vertical 
and horizontal axis wind turbines. If a vertical axis wind turbine was to be used on campus, several 
of them would have to be placed on roof tops. Vertical axis turbines typically cannot produce 
large amounts of power due to their design. The applications of these turbines tend to require 
lower power output. The ideal spot for vertical axis turbines would be on top of existing buildings 
such as the Science Building and Hiemenga Hall. According to Professor De Rooy, the older 
buildings were not designed to have an extra load placed on their roofs. The added cost of 
reinforcing the roof and the turbulent air that buildings create made vertical axis turbines 
impractical.  
 
Research into traditional turbines lead to the decision to use mid-sized turbines. The larger 
commercial turbines would be too large for an on-campus project due to lack of open space and 
height restrictions. The maximum height allowable by the city of Grand Rapids is 200 feet. 
Another consideration for choosing a wind turbine is the noise created during operation. The city 
of Grand Rapids allows a maximum of 60 decibels during operation but allows for a higher output 
during storms or utility outages. With these restrictions in mind, the ADES 335 wind turbine was 
chosen, seen in Figure C2.1 in Appendix C2. This turbine is unique in the sense that it has just one 



December 18, 2018  Renewable Energy Project 
(Section B) 

 

44 

blade as opposed to having three, like on standard turbines. This turbine was selected based on 
its excellent power curve. It has a lower cut-in speed than most turbines considered, which is 
essential in a relatively low wind speed region. The ADES 335 has a maximum height of 180 ft, 
which abides by the city height ordinance. Using data provided from the manufacturer at a height 
of 65 feet, the data was extrapolated to approximate the sound experienced at ground level from 
this turbine at a hub height of 120 ft. Using wind speed data from the area, the maximum sound 
level during normal operations came out to be 57.7 decibels, which falls just under the maximum 
allowable noise level. Using information from the manufacturer and other online sources, the 
cost of the turbine and installation would be $650,000/turbine. This allows for multiple turbines 
to be purchased while still staying within the $5M budget that was given. 
 

Financial Analysis 
Using the power output numbers from Calvin and the GRR, the annual electricity savings can be 
converted to cost savings. The cost savings were done with the average price of electricity in 
Grand Rapids, which is $0.11/kWh. The ADES 335, using Calvin’s wind data, would save $3,400 
per turbine, per year in electricity costs. Unfortunately, the cost of maintaining the turbines 
would be $13,000 (Table C3.2 in Appendix C3), which is more than the money saved in electricity 
costs. This option would never “pay for itself,” and would instead be a constant loss of money.  
 
The data from GRR gives an annual cost savings of $26,500 per year after subtracting 
maintenance costs. Factoring in the $650,000 cost of buying and installing each turbine, the 
payback period of each turbine is 24.5 years. This is a longer payback period than desired because 
the lifespan of a wind turbine is generally expected to be 25 years. This means the financial 
benefits of placing turbines on campus will be negligible.  
 
However, the government has introduced incentives to installing wind turbines. The incentives 
were introduced with The American Recovery and Reinvestment Act of 2009. This act includes 
the 1603 Program, which allows up to 30% of the upfront cost of the turbines to be reimbursed 
to the owner. If 30% of the turbine cost were given back to Calvin, this would lower the payback 
period to 17.2 years. With close to 8 years of life left in the turbines after their breakeven point, 
Calvin would net nearly $200,000 per turbine at their end of life.  
 
The other benefit of these turbines that cannot be calculated is the good press Calvin would 
receive from having turbines on campus. The turbines would attract students interested in 
renewable energy. Along with this, an opportunity to integrate the turbines into the engineering 
curriculum would be presented. The financial benefits of slightly increased enrollment numbers 
are beyond the scope of this project but should not be overlooked.  
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Space Constraints and Restrictions 
With wind turbines comes multiple space restrictions. The main restriction being distance away 
from any standing structure. Due to their large heights and potential for falling over, each turbine 
must be a minimum for 1.5 times its height (shown as a black circle in Figure C2.2 in Appendix 
C2) away from a standing structure. This restricts the placement of the large turbines to open 
fields (Devos Field) or inside forested areas (Gainey Fields). Based solely on being 1.5 times the 
height away from any standing structure, the turbine that has been selected can be place in the 
spots located on the map in Appendix C2, Figure C2.2. 

 
Another restriction is based on the minimum recommended distance between turbines (shown 
as a red circle in Figure C2.2 in Appendix C2). This restriction is based on creating the most 
efficiency for each turbine by limiting the turbulence from each turbine. The exact distance 
shown in Figure C2.2 in Appendix C2 is five times the blades diameter, or 180 meters. This 
restricts the number of turbines that can placed in a given location to one in most cases. More 
turbines can be placed in a region if the Gainey Field is utilized. The main issue with using the 
Gainey Athletic fields is that it requires significant deforestation of the nature preserve. Both 
restrictions stated make the use of wind turbines on campus to be ineffective.  
 

𝑪𝑪𝑪𝑪𝟐𝟐 Emissions for Wind Power Generation System 

A study was done on the 𝐶𝐶𝐶𝐶2 emissions associated with the proposed wind power generation 
system. This study investigated the 𝐶𝐶𝐶𝐶2  emissions from the life cycle of a wind turbine, which 
includes the manufacturing, transport and installation emissions. The approximate amount of 
𝐶𝐶𝐶𝐶2 emissions determined from a study by Smoucha at 420,730 lbs.  
 
The “payback” period for the embodied 𝐶𝐶𝐶𝐶2 emissions of the wind power system was also 
calculated. The proposed wind power generation system had the capacity to produce 
approximately 384 MWh/year, which is equivalent to a savings of 707,544 lbs of 𝐶𝐶𝐶𝐶2 per year. 
The payback time for this value of 𝐶𝐶𝐶𝐶2 emissions rate is approximately 0.6 years. 
 

Conclusion 
In the end, implementation of wind turbines on Calvin’s Campus is not recommended. It is 
financially infeasible and extremely hard to effectively place on campus. While placing wind 
turbines would be visible symbol for Calvin’s passion and commitment to reducing their carbon 
footprint, wind turbines do not provide Calvin with an adequate return for such a large financial 
investment.  
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Appendix C1: Grand Rapids Wind Speed Data 
 

 

Figure C1.1: Calvin Wind Speed Probability 
 

 

Figure C1.2: GRR Airport Wind Probability Data 
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Appendix C2: Wind Turbine Decision and Location 
 

 
Figure C2.1: ADES 335 Wind Turbine 

 
 

 
Figure C2.2: Potential Locations for the ADES 335 Turbine 
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Appendix C3: ADES 335 Turbine Specifications 
 

Table C3.1: Turbine Output Calculations 

 

 

Table C3.2: Cost and Revenue Calculations 
Cost installed [$]      650,000 
O.M. [$/yr]   13,000 
Power per year [Kwh]   30,378 
Power cost [$/kWh]   0.11 
Cost savings [$/yr]     3,342 
Net Profit [$/yr]    -9,658 

 

  

Figure C3.1: Power Curve for the ADES 335 Wind Turbine 
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Appendix C4: Wind References 
“202: Types of Wind Turbines & Their Advantages & Disadvantages – KOHILO Wind Turbines.” 

KOHILO Wind Turbines, kohilowind.com/kohilo-university/202-types-of-wind-turbines-
their-advantages-disadvantages/. 

“CITY OF GRAND RAPIDS CHAPTER 61 ZONING ORDINANCE.” Grandrapidsmi, 2017, 
www.grandrapidsmi.gov/files/assets/public/departments/planning-department/2017-
zoning-ordinance-for-web.pdf. 

“Grand Rapids Michigan Airport Information.” National Weather Service, NOAA's National 
Weather Service, 20 Apr. 2015, www.weather.gov/grr/grrinfo. 

Mendick, Robert. “Wind Farm Turbines Wear Sooner than Expected, Says Study.” The 
Telegraph, Telegraph Media Group, 30 Dec. 2012, 
www.telegraph.co.uk/news/earth/energy/windpower/9770837/Wind-farm-turbines-
wear-sooner-than-expected-says-study.html. 

“Operation and Maintenance Costs for Wind Turbines.” Wind Turbine Towers, Danish Wind 
Industry Association, 2003, xn--drmstrre-64ad.dk/wp-
content/wind/miller/windpower%20web/en/tour/econ/oandm.htm. 

Oteri, F. “An Overview of Existing Wind Energy Ordinances.” Nrel, National Renewable Energy 
Laboratory, Dec. 2008, www.nrel.gov/docs/fy09osti/44439.pdf#page=20&zoom=100,0,0. 

“Pendular Wind Turbine.” Http://Www.ades.tv/, www.ades.tv/en/products/pendular-wind-
turbine/id/24. 

Sengpiel, Eberhard. RT60 Calculator Wallace C. Sabine Calculation Reverb Time Reverberation 
Time Sabin Formula Online Sound Pressure Sound Level - Sengpielaudio Sengpiel Berlin, 
www.sengpielaudio.com/calculator-distance.htm. 

webteam.planning@doeni.gov.uk. “Draft PPS 18: Renewable EnergyAnnex 1 Wind Energy: 
Spacing of Turbines.” Draft PPS 18: Renewable Energy | Annex 1 Wind Energy: Spacing 
of Turbines | Planning Portal, Webteam.planning@Doeni.gov.uk, 19 Mar. 2015, 
www.planningni.gov.uk/index/policy/planning_statements_and_supplementary_planni
ng_guidance/pps18/pps18_annex1/pps18_annex1_wind/pps18_annex1_technology/pp
s18_annex1_spacing.ht. 

“Wind Speed Extrapolation.” Earth and Planetary Science, 
websites.pmc.ucsc.edu/~jnoble/wind/extrap/. 

Smoucha, Emily A, and Kate Fitzpatrick. “Life Cycle Analysis of the Embodied Carbon Emissions from 14 
Wind Turbines with Rated Powers between 50 Kw and 3.4 Mw.” Journal of Fundamentals of 
Renewable Energy and Applications, vol. 6, no. 4, 2016, doi:10.4172/2090-4541.1000211.  
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Introduction 
Biomass renewable energy is energy produced from plant and animal waste matter. The waste 
can either be burned, and used to produce electricity, or allowed to decay, releasing methane 
which can then be burned for heat or electricity. Both methods of utilizing biomass release 
carbon dioxide but are considered carbon neutral because they utilize renewable resources 
(plants and animals) which are, ideally, growing and absorbing carbon dioxide at the same rate 
as they are burned. Woody biomass, such as trees and leaves, are used for burning, while food 
waste and manure are used for producing methane.  

 
Method 

For biomass energy production, there were two systems that were the focus of this team: a 
biomass incinerator and an anaerobic digester. Each system was analyzed, and the potential 
energy production of each system was calculated using data from previous biomass system 
examples, published scientific reports, as well as using data from Calvin’s Physical Plant. The 
largest possible reduction in Calvin’s annual energy costs from a $5,000,000 investment in 
biomass was investigated for both the incinerator and a biodigester. It was found that the savings 
was $220,000 and $11,755 per year for the best-case scenario for the Incinerator and the digester 
respectively.  
 

Biomass Incinerator 
The incinerator was compared to several other campuses that have biomass power, such as 
Northern Michigan University (NMU), University of Missouri, and Colby College in Maine.  A more 
detailed comparison was done with Northern Michigan University’s biomass power generation 
as it was a university in Michigan, and thus would have comparable results to Calvin College. 

 
Northern Michigan University’s unit costs $16.4 million and would save the college $1,500,000 
per year.  It would produce 18% of the university’s electricity.  This unit would use woody biomass 
waste as fuel.  When scaling the biomass cogeneration plant of Northern Michigan to that of 
Calvin College for $5,000,000, it is evident that little electricity would be produced.  It would 
provide around 10% of the electrical load that Calvin uses as seen in Figure D1.1 which would 
save Calvin around $220,000 per year if Calvin had enough fuel.  It is also very optimistic to 
assume that it would be a linear scale as the more money you put up front, the better plant that 
one could build and thus be more efficient in the electricity or steam production. 

 
The amount of fuel that Calvin would need to produce is around 415 tons per year as seen from 
a scaled comparison with NMU as seen in Figure D1.1.  Calvin produces roughly zero tons of 
woody biomass per year, and therefore would have to purchase all the fuel.  Thus, Calvin is 
essentially having to pay for this electricity and would not be saving the campus any money. 

 
Calvin has also approved of a cogeneration system that would be implemented on Calvin’s 
campus soon. Adding both a new cogeneration plant and a biomass incinerator at the same time 
does not make financial sense, especially considering that a biomass incinerator is not 
economically viable (see Figure D1.2 in Appendix D1).    
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An incinerator was not an economically wise decision for Calvin College. It would cost too much 
to install for the electricity that it would produce.  Also, the fuel in the form of a woody waste 
would have to be purchased and would result in Calvin having to pay more money, in addition to 
adding significant logistical difficulty. This would cost more than just purchasing electricity from 
the grid.  Therefore, it was recommended that Calvin does not pursue biomass in the form of a 
biomass incinerator. 

 
Anaerobic Digester 

Unlike the incinerator, the anaerobic digester would produce methane gas for the cogeneration 
power plant to run on. The produced methane would be used in conjunction with the natural gas 
Calvin College uses normally. This would cut down on Calvin’s use of natural gas that it purchases 
from the city. Ideally, the yard waste produced from the daily upkeep of Calvin’s lawns as well as 
the food waste produced from the dining halls each day would be used as fuel.  

 
Methane is released from digestible material in the biodigester in the form of biogas. This biogas 
contains impurities such as CO2 and water, so not all the biogas that is given off is methane. After 
researching they specific type of biomass that would produce the highest amount of biogas, the 
focus was shifted to using exclusively food waste in the biodigester. Food waste comparatively 
produces the greatest amount of biogas. Food waste gives off 14.9 ft3 biogas per pound of food 
waste given the correct environment. The average percentage of methane contained in biogas is 
60 to 65%. From Calvin’s physical plant, the amount of food waste Calvin produces in a given 
academic year is approximately 600,000 pounds. Using data and values from previous scientific 
reports on biogas production per amount of food waste and the average percentage of methane 
in that biogas, the calculated amount of methane that could be produced solely from Calvin food 
waste per year is about 1.8 million cubic feet of methane.  

 
This theoretical methane production, in comparison to the amount of natural gas that Calvin 
College needs each year, is not a significant source of fuel. The average amount of natural gas 
Calvin College uses is just shy of 180 million cubic feet of methane, which amounts to $880,000 
per year.  As can be seen from Figure D1.3, this is miniscule compared to the amount that Calvin 
produces. The amount of methane produced would save the college only $11,755 per year.  The 
difficulty with using a biodigester to produce the fuel, unlike the other renewable energy sources, 
is that it cannot be scaled up to produce more methane for the college. The amount of methane 
produced is based on the fuel for the biodigester, which is finite, coming only from the waste of 
the dining halls. An idea was proposed to collect food waste from surrounding restaurants to 
increase the amount of fuel for the biodigester, but this idea was dropped due to logistical 
difficulties and an increase in costs to transport the fuel, a fuel that is otherwise free.  

 
The final difficulty with a biodigester is that the machines that would be needed to clean the 
methane produced and separate it from biogas. This biogas contains CO2, water vapor, and other 
impurities that would harm the cogeneration system. This would require the filtration system to 
be higher quality, ensuring the methane is pure enough to not damage the cogeneration plant. 
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Therefore, there would be a significant maintenance cost, which would mitigate a portion of the 
$11,755 per year saved in energy costs.  

 
Conclusion 

A biodigester is not a viable source of methane, and therefore not a viable source of renewable 
energy. Due to Calvin College’s small size, the amount of available food waste is too small to be 
converted into a viable source of methane.  Therefore, both a biodigester and an incinerator are 
not good uses of the $5,000,000 renewable energy budget.  It would be in Calvin College’s best 
interest to focus money and resources on other renewable energy projects. 
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Appendix D1: Biomass Comparison Data 
 

 

Figure D1.1: Percentage Scale of Electrical Load of NMU Power Plant Yearly Energy Production 

 

 

 

Figure D1.2: Biomass Power Projects 
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Figure D1.3: Methane Production for Ideal Biodigester Compared to Calvin’s Consumption 
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Appendix D2: Biomass References 
Food Waste – the Source of Biogas Production Increase in the Municipal WWTPs. 

kchbi.chtf.stuba.sk/cevoze/doc/pod10/Food%20waste%20the%20source%20of%20biog
as%20production%20increase%20in%20the%20municipal%20wwtps.pdf. 

Mayer, Ally. “Anaerobic Digestion of Organic Wastes for Biogas Production.” Www.lehigh.edu, 
Lehigh University, www.lehigh.edu/~inesei/images/posterpdfs/1_5_poster.pdf. 

“Northern Michigan University Explains Why Biomass Heating Facility Is Idle.” The Biomass 
Monitor, 2 Mar. 2018, thebiomassmonitor.org/2018/03/02/news-northern-michigan-
university-explains-why-biomass-heating-facility-is-idle/. 

“An Overview of Biomass Power in Michigan.” Michiganbiomass, Michiganbiomass, Oct. 2013, 
michiganbiomass.com/docs/BiomassWhitepaper2013.pdf. 
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Proposal 

The proposal for Alternative A includes installing 75 bores in a geothermal bore field in Commons 
Lawn at an average depth of 400 feet per bore. This bore field would be connected to a 
geothermal system to aid the two aging 333 hp Kewanee boilers in the Commons power plant. 
Using the remaining $1.32M, a 75 hp geothermal system could be installed, replacing 11.3% of 
the current capacity. This system would be able to serve 92,000 square feet, roughly the size of 
the Bolt-Heyns-Timmer (BHT) dormitory. It would save nearly $4,000 and 790 tonnes of carbon 
dioxide emissions per year at the current utility rates. 

Method 

The above recommendation was formed using the geothermal cost analysis model and 
spreadsheet. The key parameters are summarized in Table E1.1. At the small-scale model price 
of $17,536/hp, a system size of 75 hp was determined. The small-scale model was used because 
the project was under the approximate threshold of $5 million. The lower boiler efficiency of 65% 
was used because the proposed geothermal system was small enough to count toward replacing 
the older Kewanee boilers without replacing some of the newer Hurst boilers. 

Table E1.1: Key Model Parameters 
Parameter Value Units 
Geothermal Budget 1.32 Million USD 
Model Small 

Scale 
 

Price of Natural Gas $ 0.53  $/100ft^3 
Boiler Efficiency 65%  

 

From the college case studies, the average bore depth was 367 feet; a depth of 400 feet is 
recommended to reduce the number of bores, though geologic studies were not explored to 
confirm if this depth is feasible for Calvin’s location. The number of bores needed for the 75 hp 
system was calculated using the average bore length needed per square foot, calculated from 
the other college case studies, and the 400 foot bore depth. 

Feasibility 

The above proposal is deemed feasible based on information from the other college case studies. 
Most notably, the feasibility of placing a 75 bore system in the area of Commons Lawn was 
confirmed by comparing with the 77 bore “Mini Bald Spot” bore field installed at Carleton 
College. Assuming the system at Carleton was properly designed and spaced, a suggested array 
of 75 bores can easily be fit in the main area of Commons Lawn using similar spacing as shown in 
Figures E1 and E2. Note that the figures are equal in scale. 
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Figure E1: “Mini Bald Spot” Geothermal Field at Carleton College 

 

Figure E2: Proposed Geothermal Field on Calvin’s Commons Lawn 
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Appendix F: Alternative Option B - Small Wind Turbines 
 

Engineering 333B: Thermal Systems Design 

Dr. Matthew Heun: Calvin College Engineering Department 

December 18, 2018 
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Proposal 

The last option for spending the remaining money after maxing out solar panels at Calvin is to 
invest in smaller scale wind turbines.  These turbines could be placed strategically around campus 
to be a power source for smaller electrical components like the street and walkway lights. Using 
smaller scale wind turbines with the remaining money would have less of space constraint due 
to the smaller overall size.  This allows them to be placed almost anywhere on campus without 
requiring the cutting down of trees to make enough space or to allow for proper wind flow to the 
turbines. The zoning laws would also not be as big of an issue due to the wind turbines not being 
tall enough to even come close to the maximum allowable height limit. 

Method 

Using the wind speed data collected from the Bunker Center, it was determined that a small wind 
turbine could power the street lights and walkway lights throughout Calvin’s campus. The small 
wind 1.5 kW wind turbines would have to be placed on top of each lamp post, as one turbine 
would not have the capability of producing the power for all street lights and walkway lights. 
Each individual light post would have to have its own wind turbine attached to it. These small 
turbines cost $1,500 each and would pay themselves back in nearly 19 years.  

Feasibility 

This alternative is somewhat infeasible since the street lights and walkway lights would need to 
be reinforced. This reinforcement is required because the wind turbines added additional 
bending loads to the posts. These small wind turbines could be added to roofs around campus. 
However, considering this system is an alternative option to be implemented in addition to the 
solar system as stated in Appendix A above, most of the roof top space capable of supporting 
such many small wind turbines, would be used already. Therefore, addition of even small wind 
turbines will not prove to be a worthwhile investment. 
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Appendix G: Alternative Option C – Carbon Credits 
 

Engineering 333B: Thermal Systems Design 

Dr. Matthew Heun: Calvin College Engineering Department 

December 18, 2018 
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Proposal 

Finally, Alternative C is to spend the remaining budget on carbon credits. The money spent on 
carbon credits is used for projects that would reduce the emissions in other areas of the world. 
Some of the example projects would be constructing a geothermal power plant in Turkey or 
starting a wind farm in India. Carbon credits cost roughly $10 USD to offset one ton of carbon 
emissions. With the remaining budget, Calvin would be able to offset their annual emissions for 
roughly five years if the price remains $10 per ton. As long as the United States doesn’t have a 
carbon tax, this option sees no financial return, unlike solar panels, which have a financial 
return and also help reduce carbon emissions. 
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Appendix G1: Carbon Credit References 
“Buy Personal Carbon Offsets Here at Terrapass.” Terrapass, 

www.terrapass.com/product/productindividuals-families. 

“What Are Carbon Credits and How Do They Work?” Conserve Energy Future, 25 Dec. 2016, 
www.conserve-energy-future.com/carbon-credits.php. 
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