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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 S5M 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, CO, 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.



December 18, 2018 Renewable Energy Project
(Section B)

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 S5M 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.



December 18, 2018 Renewable Energy Project
(Section B)

Table of Appendices

I o1 (<N o) A o] o 1T g Ve [ Tol YU PURPRRROt v
LI L1 [N e) ST = U T Y ST UUURRNt vi
TADIE OF TABIES ...ttt ettt ettt st b e s bt bt e e s e s re e e r e r e r et an e nnenreenre s vii

Appendix A: Solar RENEWADIE ENEIZY SOUICE ......cccuiiiiiiiieeciee e ettt e esttee e ettt e e sete e e e saaeeeessseeesnsaeesssseeeeansseeessseeessnseeenan 1
Appendix Al: Solar System IMplementation COSt.........uuiiii i e e e e e e e e e e ebrbre e e e e e e eebaaaeeaeas 6
APPENAIX A2: EQUATIONS «.vttiiieiiii ittt e ettt e e e e ee ittt e e e e e e e e bt eeeeeeeeesatbaaeeeaeeaaataaaaeaaeeaaansaaseaaseessansasaasaeeesanssarneanns 8
Appendix A3: COSt SAVINES Graphs.....cocc ittt e e e st e e e st e e e sataeeesaeaeeesteeeeanseeeessnneeessseeeanes 10
Appendix Ad: Solar Panel COMPAiSON .....cccuuiiiiiee e eccciiieee e e e e eectte e e e e e e e esttareeeeeeesebbaaeeeaeeesansssseeeeeesassssssenssassenninsees 12
AppPendixX AS: INVEItEr COMPATISON ...uiiiiiiieicciiieeeeeeecectteee e e e e eeeitteeeeeeeeessttareeeeeeasasstasaaaeeessasssseeesesssnssssesesessenssnsees 13
ApPPENdiX AB: LOCATIONS @NT ATBAS ...uiieeeiiiiieiiiieeitieeesitteeeeteeeereteeeestaeeessaeeessteeeeassaeeeaseaaeassesesasseeessssneeesnsseeennnes 14
Appendix A7: IronRidge Racking APPlICATION .....cceeiie it ee e e e e e e ste e e e aae e e enaeeeennes 15
Appendix A8: Solar Panel Specification SNEELS .........coccuiii ittt e et e e et e e aae e e eabe e e enes 16
Appendix A9: Inverter SPeCifiCation SNEELS .........cuii ittt e e e e et e e e etr e e e e aae e e ebreeeennns 18
APPENIX AL0: CO2 EMISSIONS ..eeruveiiiieeitereiieeiteesteeeiteesteesteesbeesbeesbeesubeesbeesaseesabeessteesaseessseesaseessseesnsesssseesnsesnsees 22
APPENAIX ALL: SOIAr REFEIENCES .....vviieeeiiie e ettt et et ee e e ettt e e e et e e e s taeeestaeeeesnsaeeesaseaeeansseseansseeesssseeeeasseeeanes 23

Appendix B: Geothermal Renewable ENEIZY SOUICE......uiiii ittt e e e e e e et trr e e e e e e e s etbe e e e e e e e e snarereeaeas 25
Appendix B1: Technology of @ GEOthermal SYStEM ........coiciiiiiiiiiee e ree st e e e e e rreeeennes 29
AppPendix B2: CoIIEZE CaSE STUMIES ....cccccuiiiiiieeecciieeeetee e see e ettt e e e etee e e s eae e e s taeeessnsaeeesssaaeeasssesesasseeessssneeesnsseeeannes 30
Appendix B3: Calvin CoSt Case STUAY ..eiiiiiiiiiiiiiee ettt ettt e e e e et ee e e e e e e e st ba s e e e e eeesatbbbeeaaeeseasssseesaassennnnsees 31
ApPPENdiX BA: SYStEM ANAIYSIS.......eeiiiiieei it e e e e e e e e st e e e e e e e e e s bbb a e e e e e e e e bbtbeeeaeeeaatataeeaaaeeaannnraes 33
Appendix B5: Geothermal CoSt MOAEIING........eii i ee e e s e s reee e e et e e e e ente e e e snnaeeeesreeeennes 35
Appendix B6: GEOthermal REFEIENCES ........cccuiii et e e e e e st e e e st e e e e s teeeesnseeeessnaeeeesreeennes 41

Appendix C: Wind RENEWADIE ENEIEY SOUICE ...coiiiiiiiiiieeee ettt ettt e e e e e e ttee e e e e e e et aa e e e e e e e s eatbaaeeeeeeesnnrsaeneeas 42
Appendix C1: Grand Rapids Wind SPeed Data........ccccuuiiiiiiieicciiiieee ettt e e eertere e e e e e e s raar e e e e e e e e eavsaeeeaeeseennnnes 46
Appendix C2: Wind Turbine Decision and LOCAtION ........eiieeiieeiiiiiiccieecctee e srtee e esee e reee e s tve e e s snte e e s snnneeesnaeeeennes 47
Appendix C3: ADES 335 TUrbing SPeCifiCatioNS........cceccuiiiiiiiieeeciie et ettt e et e e et e e e e stb e e e e eabeeeeeanaeeeesbeeennnes 48
APPENAIX CA: WINA REIEIENCES ... itieeeeiiie ettt ettt e ettt e e ettt e e e e ta e e e ebaee e e tbeeeeesbaeeeeabaaaeebseseeassaeesassasaeensreseannes 49

Appendix D: Biomass RENEWaDIE ENEIZY SOUICE ......oiicuiieeiiiieeceieeeesteeeestteeesstee e ssateeesstteeesnaseessnsaeessnsseeesnssseesnnsens 50
Appendix D1: Biomass COMPATiSON DAta ......ccueeiiiiieeiiiiieiiieeesiieeeesieeessaeeeesstaeeeessseeessseesessseesasssesessssneessnsseessnnes 54
Appendix D2: BIOMass REFEIENCES .....ccccuiii ettt e ettt e e et e e e et e e e e tbe e e e abaeeeebbeeeesbaeesssaaesansaeaeannes 56

Appendix E: Alternative Option A - Geothermal SYStEM ... e e e e arer e e s 57

Appendix F: Alternative Option B - SMall Wind TUIDINES ........ceiiiiii ettt e e e e e 60

Appendix G: Alternative Option C— Carbon Credits........uuii it srae e e st e e e nre e e ennneas 62
Appendix G1: Carbon Credit REFEIENCES. .......uuiiii ittt e e e e et e e e e e e e st baaeeeeeeeeenbasaeeeaeesennnenes 64



December 18, 2018 Renewable Energy Project
(Section B)

Table of Figures

Figure A3.1: Solar System Cost SaVings Per MONTN ........couiiiiiiiiec et e e e e srran e e e e e eeaan 10
Figure A3.2: Monthly Electricity Produced from Solar System vs. Calvin Electricity Load ..........ccccoveveeiiiciiiiineeeeenn. 10
Figure A3.3: Solar Panel System Payback PEriod.......c.uioo ittt e e e e e e e e anarae e e e e e eeaas
Figure A3.4: Lifetime Savings from Solar Panel SYStEM..........uiiiiiiiiiiiiiiie et e e e e e e e e narae e e e e eeeaa
Figure A4.1: Comparison Of SOIar PAn@l TYPES ......uuuiiiiieiicciiiiie ettt e e e e e e ba e e e e e e e e baea e e e e e e eeeansbaneaaseennns
Figure A5.1: Comparison of Solar INVErter OPLiONS.......cccuiiiieiee e ettt e st e e see e s e e e st e e e snteeesenseeessnseeesennns
Figure A6.1: Rooftops Utilized on Calvin College’s CamPUS ........ccccuiieeeiiiieiiiee e cieeeesete e sree e e streeessseee e ssnneeeesnsaeesennes
Figure A7.1: The Iron Ridge APPlICAtioN ......eii it e e ettt e s e e e ee e e s rae e e e st e e e e enteeesannneeesnseeesannns
Figure A10.1: CO2 Tonnes of CO2 EMIiSSiONS SAVEA PEI YEAN .....cceicuiieeeciieeeeieeeestteeeeseereesseeeeeesteeesssseeeessnsaeessnseeesannes
Figure B1.1: Heating and Cooling with a Ground Source Heat Pump

Figure B2.1: Large Scale College Case Study of Installation Cost vs. BUilding Size .........cccoecuiieeeiiiiieeiiiee e 30
Figure B2.2: Small Scale College Case Study of Installation Cost vs. BUilding Siz€ ..........ccoeiiieeeiiiieeciiiee e 30
Figure B3.1: Calvin College Annual Savings for @ S5MM INVESTMENT ......ccvevvieiieieiieeeteeere e cee st ereeereeve e eteesseeren 31
Figure B3.2: Total Cost of Heating and CooliNg OPtioNS........cccuiiiiiuiiiieiiiee ettt ettt e e st e e e eare e e eeabae e e sabreeeeanes 31
Figure B3.3: Usage Cost as @ FUNCLION Of SYStEM TYPE cuuviiiieiiii ettt et eee e ste e s e e s s enae e e e sabeeeeeanes 32
Figure B3.4: Natural Gas Prices (Estimated from DTE Energy and the Energy Information Admin.) .......ccccceevvveennnes 32
Figure C1.1: Calvin Wind Speed Probability.......ccceeiciieieiiiie sttt s e st e e et e e s nae e e e snteeeennnes 46
Figure C1.2: GRR Airport Wind Probability Data ........cccceccuiiiieiiiieeiiee e srteee et e s seree s svae e e e st e e s snre e s svaeeessnseeesnnnns 46
Figure C2.1: ADES 335 WiNd TUIDINE.....uuiiiiiei ettt e e e e e e ettt e e e e e s esaebaaeeeeeeesansbaaseeeeessanssenaeaeesennans 47
Figure C2.2: Potential Locations for the ADES 335 TUIDINE........cciiiuiiiiciee ettt ettt e e tre e e ave e e e saba e e eeanns 47
Figure C3.1: Power Curve for the ADES 335 Wind TUIDINE .......oii ittt ettt aree e et eanes 48
Figure D1.1: Percentage Scale of Electrical Load of NMU Power Plant Yearly Energy Production ..........cccceeeevveeennes 54
Figure D1.2: Biomass POWET PrOJECES ..ttt a e 54
Figure D1.3: Methane Production for Ideal Biodigester Compared to Calvin’s Consumption ........cccccceevveriereneennnen. 55
Figure E1: “Mini Bald Spot” Geothermal Field at Carleton College.........covuiiiiiriiiiiienee e 59
Figure E2: Proposed Geothermal Field on Calvin’s COMMONS LAWN ..cccuviiriiiiiiieriieeiiieniee ettt st 59

Vi



December 18, 2018 Renewable Energy Project
(Section B)

Table of Tables

Table Al.1: System Implementation Costs anNd WEISHT ........coiii it e e rare e e e e e e e eannees 6
Table AL.2: SYStemM SPECITICATIONS .ot e e e e et e e e e e e e e et b eeeeeeeeesaabaaseeaeeeeaasssaseeeaeesenannnnes 6
Table A1.3: System Outputs aNd REGUITEMENTS......ciii ittt e e e e et e e e e e e esbbae e e e e e e seenaraaeeeeeesennnnnnes 7
Table A4. 1: Solar Panel Property CRart ...ttt e e e e ettt e e e e e e s baa e e e e e e e esabbaaeeaaeesennsssaesaaaesensnsens
Table A5.1: Solar Inverter Property Table

Table A6.1: Rooftop Areas of Calvin College’s CamMPUS .......ceicuiiieeiiiieieiee e sttt e e e site e e see e e srreeeesntaeeeenneeesnseeeessseeeennnns 14
Table B4.1: Calvin BOiler PEIrfOIMANCE ......uuiiiiiiie et eeees ettt e et e e st e e e et e e e sasae e e snteeeentaeessaneeeesnnseeeennseeesnnnns 33
Table B4.2: Calvin Chiller PErfOrMANCE .......eiiiiiiieeeciee st eeee e s e e e s e e e seae e e st e e e esntaeesenneaeesnnseeeennseeennnnns 33
Table B4.3: MOAEIING PAramELers ........uiiiiiieiiiciiieeeciieesetee e sttt e e ettt e e et e e e s ateeeesstaeesensaeeessaeeeassaeesanseeeesnsnesesssenennnnns 33
Table BA.4: MOl CalCUIRTIONS ....eeiiiiiiie ittt sttt e e sttt e e s sab et e s sabae e e sbbeeesabaeessanbeeesabbaeesnabeeesnanee 33
Table BA.5: COSt CalCUIAtIONS..cciitiieieiiiie ettt et e e st e e st e e e s eabte e e sbbeeeeaabeeessanbeeesbbaeeeanbeeennanee 34
Table B4.6: Carbon Emissions CalCUIAtioNS .........iiieiiii ittt ettt e e et e st e e sbbe e e e sabaeeseanee 34
Table C3.1: Turbine OULPUL CalCUIRtIONS ...cccceeiiiiieee e e e e e st e e e e e e st ba e e e e e e e sesbaaaeeeeeesessnenns 48
Table C3.2: Cost and RevenUE CalCUIatioNs.........iiieiiiieiiiee ettt sttt e e et e e s sabte e e sabbeeeesabeeesnanne 48
Table E1.1: KEY MOUE] PAramEters.......ciiicuieeiiiiieieiieeeectteeestteesestteeeseaaeaeesaeeesassteeesassaeessnsseesasseeesanssesesssseesansseeesnnns 58

vii



December 18, 2018 Renewable Energy Project
(Section B)

Appendix A: Solar Renewable Energy Source

Alexander Cooper, Katie Diekema, Grace Fasipe, and Daniella Sugijanto
Engineering 333B: Thermal Systems Design
Dr. Matthew Heun: Calvin College Engineering Department

December 18, 2018



December 18, 2018 Renewable Energy Project
(Section B)

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 S5M 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 Al.

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 S5M. 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/m?/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.

CO, Emissions for Solar Power Generation System

A study was done on the CO,emissions associated with the proposed solar power generation
system. This study investigated the CO,emissions 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 1m? 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 9658m?. The total CO,emission from manufacturing the solar
panels were calculated to be 4,442,903 Ibs. of CO,, with the assumption that the solar panels
were manufactured using the electricity from Consumer’s with their CO, emission rate of 1840
Ibs. of CO,/MWh. The CO, 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 Ibs. of CO,. The total CO, emission from all sources associated with
the solar panel system was then calculated to be 4,976,843 Ibs. of CO,.

The “payback” period for the embodied CO, 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 Ibs. of CO, per year.
It was then determined that the time to payback the CO, emission is approximately 1.3 years.
Figure A10.1 shows the tonnes of CO, emission saved per year. Year zero shows the embodied
CO, 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 2018S, which factors in installation, racking, and utility connection
cost. Since this doesn’t use the entire S5M 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 Al: Solar System Implementation Cost

Table A1.1: System Implementation Costs and Weight

Decl. Dist.
. Racking Cost . Weight/Attach | Weight
L Total 201 Weigh
ocation otal Cost [2018S] [2018$] eight [1bs] [Ibs]
[PSF]

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

S 458,479.60 | $ 50,035.00 | 3.10 45.40 36490
Arena
venema $ 439,209.84 | $ 46,957.00 | 3.10 47.20 34820
Aquatic Roof
Venema
Aquatic S 117,947.73 | § 7,402.00 | 3.10 44,90 5378
Overhang
North Hall S 328,275.22 | $ 34,577.88 | 3.10 47.40 24884
Library Roof $ 511,813.10 | $ 57,385.00 | 3.10 47.40 41571
Upper
Devries Hall S 243,897.85 | S 23,871.85 | 3.10 47.40 17103
CFAC S 226,065.75 | $ 21,499.00 | 3.10 44.00 15371
Commons S 573,148.20 | $ 64,371.75 | 3.10 44.00 47284
Total System S 3,682,160.52 | S 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 Num!oer of | Number of
Strings 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 240 20 37 )
Roof
Venema Aquatic 114 19 6 ’
Overhang
North Hall 525 7 75 1
Library Roof 380 16 55 5
Upper
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 | Effective Panel | Required Area | Actual Rooftop
(GW-hr/yr) Area (Acres) (Acres) 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 0.266 0.3 0.62 0.62
Roof
Venema Aquatic 0.041 0.046 0.096 0.1
Overhang
North Hall 0.189 0.213 0.44 0.44
Library Roof 0.316 0.357 0.738 0.75
Upper
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.

Iy = A- 07577 (A2.1)

360(d — 2) (A2.2)

A=13672(1+0.033-cos (T)
X = ——+ (0.50572 - |96.07995 — §,,|) 16364 (A2.3)
cos (By)

ID:'rect = ID‘NCOS {Bincident:] (A_z-4)

1+ cos (Osurface) A28
Ipiffuse = IpyCOS (6x) 5 ( )

1 + 08 (Bsurface) A2.6
Leflected = PanplpnCOS (Gx) 2 e ( )
Liotal = Ipirect + IDEffuse + IR&ercted (A_'z",r)

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.

E; = & eotal Aeffecrfve.i “liotal (AE.S)
Aaffecrive.i = #pﬂ.}’l:?ES i Apaneis (A-z'g)

These values were summed to find the monthly and yearly electricity production. From this the
annual electricity savings can be found.

1.98 [M$/yr] N (A2.10)
22.08 [GWh/yr] '

Savings =



December 18, 2018 Renewable Energy Project
(Section B)

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.

Costgr = Cgpal + Cpermit T Cinsp + Cor + € + Cpgp + Cye + Cracke (A2.11)
Crypaqr = 1f 1500 - Arequirea < 2000, then 2000, otherwise 1500 A, qyired (A2.12)
$6.25 A2.13

Coermit = $72 + w * Cpanels - #panels ( )

Cor = (Ppanets - #Panels) + (Pryerter - Hinverters) (A2.14)

C, = (Ppor ~ Liabor - EDANELS) + (Papor - tiaper - HiNVerters (A2.15)

Chai = 37.52(#panels) + 68,686 (A2.16)

Cyc = Plaportiapor #panels (A2.17)

Crack = 64.885(#panels) — 513.25 (A2.18)

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.

COStfinaI = Ccont:'n,qent + Cgr — 0.3 Cpp (A-z'lg)
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Appendix A3: Cost Savings Graphs
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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
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Figure A3.4: Lifetime Savings from Solar Panel System
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Appendix A4: Solar Panel Comparison
$3.00
$2.50 Sun Power
$2.00
; LG NeONR LG
= $1.50
8
£
$1.00
® Canadian Solar
$0.50
$0.00
0 0002 0004 0006 0008 001 0012 0.014 0.018  0.02
Area (Mm2/W)
Figure A4.1: Comparison of Solar Panel Types
Table A4. 1: Solar Panel Property Chart
Manufacturer Canadian Solar LG NeONR LG Sun Power
(Polycrystalline) | (Monocrystalline) (Thin)
Panel Model CS6K-275P 260Q1C-A5 SPR-R-Flex-100
Power Output [W] 275 360 100
Price [$] 195 590 253
Area [m?] 1.640 1.727 1.734
Price per Watt [$/W] 0.71 1.64 2.53
Area per Watt [m?/W] 0.0059625 0.00479784 0.0173

12
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Appendix A5: Inverter Comparison
470,00
Solarbdige
£60.00 .
£50.00
B $40.00
2
B
ESE—D.DD Sunny Boy Solarfdge
& Sunny Bay -
& 42000
£10.00
) “-E-EI.J.E 5019 5019 40.20 £0.20 5021
Price per Watt
Figure A5.1: Comparison of Solar Inverter Options
Table A5.1: Solar Inverter Property Table
Inverter Manufacturer | Inverter Model Max Wattage (W)
SolarEdge SE11400A 11400
SolarEdge SETE00H 7600
Sunny Boy SMA B.0KW 6200
Sunny Boy SMA T TEW 7950
Weight (Ib) Price Price/\Watt (3/\W) |Priceflb (5/lb) Watt/Pound (W/lb)
558.4 52.250.00 30197 525.45 125959276
262 51.550.00 20.204 25916 2900763359
57 5120141 50.194 521.08 108.7719298
57 5146962 30.185 325.78 139.4736842

13
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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

. Actual Rooftop Area
Location
(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

14
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Appendix A7: IronRidge Racking Application

Flat Roof AE DESIGN quore

PROJECT ATTACHMENTS SPLICES

NAME LOCATION MSRP (-0.0%) WATTS. SIWATTS MODULES u
Venma Aquatic Roof Grand Rapids, MI $ 55917 203,500 $0.27 740 740 222

Project Info

‘VenmaAquaticRoof ‘ |49546 Grand Rapids, Ml M0 WV |wen 40 N |psF

Building

0-6°

Module

‘ Canadian Solar - | | CS6K-275P (40mm) - ‘ D-

64.96" x 39.06" x 1.57" (1,650 x 992 x 40mm)

Figure A7.1: The Iron Ridge Application
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Appendix A8: Solar Panel Specification Sheets

CS6K-265|270|275|280P

Canadian Solar's modules use the latest innovative
cell technelogy, increasing module power output and
system reliability, ensured by 15 years of experience
in module manufacturing, well-engineered module
design, stringent BOM quality testing, an automated
manufacturing process and 100% EL testing.

linear power output warranty
KEY FEATURES

@ product warranty on materials
Excellent module efficiency of and workmanship

upta: 1711 %
MANAGEMENT SYSTEM CERTIFICATES*
High PTC rating of up to: 92,14 % 150 9001:2008 / Quality management system
150 14001: 2004 / Standards for environmental management system
QHSAS 18001:2007 / International standards far occupstional heaith & safety

Outstanding low irradiance PRODUCT CERTIFICATES™

performance of up to: 96.5% [EC £1215 / [EC £1730: VDE /TUW-Rheinksnd / CE / MCS / CEC AL/ INMETRO / CGC
UL 1703/ 1EC 81215 performance: CEC listed (US) / FSEC (US Ploridal
UL 1703 CSA / 1EC 61701 EDZ VDE / [EC 62716: VDE

IPEB junction box far leng-term NI 8177 Reaction to Fire; Class 1
weather endurance [EC BO0GS-2-68: 5GS
Take-e-way

OGOO®®

Heavy snow load up to 6000 Pa, % =

wind load up to 4000 Pa * %’@t ce C M@gaw
* Foase contact your lecal Canadian Sl ar sales v prisentative for the specific product
cartificanas applcabio in your markat
CANADIAN SOLAR INC. is committed to providing high quality
solar products, solar system solutions and services to customers
around the world, As a leading PV project developer and
manufacturer of solar modules with over 21 GW deployed around

the world since 2001, Canadian Solar Inc, (MASDAG): CSIQ) is ane of
thee mast bankable solar companies worldwide.

*Far detalad nPsralinn, gaas raler 1o the britalation Manual

CAMADIAN SOLAR INC.
545 Speedvale Avenue West, Guelph, Ontario N1K 1E6, Canada, www.canadiansolar.com, support@canadiansolar.com
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EMGIMEERING DRAWING {mm}) CSEK-ZBOP / IV CURVES
Rear View Frame Cross Section A-A
1 1 II:
— L
g'i— : X AR\
] —— T LAY
: ! 1
b — T
; 0 T
 pr—1 i
Maounting Hole T : % IIIH
 — o E—
4T W 13 N 3B N ¥ & 3 W@ 13 WM BB M M SO
.| | L rr B
W W foa |
J‘J [ = B
AL 1 [ B e W
ELECTRICAL DATA | STC* MECHANICAL DATA
CSEK 265P 270 275P 2BOP Specification Data
Mominal Macx. Power (Prmax) 266W 270W 275W 280W Cell Type Paoly-cr line, & inch
Opt. Operating Voltage (Vmp) 306V 30.8Y 310V 313V Cell Arrangement B0 (6%10)
Opt. Operating Current (Imp) 8.66A B75A BEBA B95A Dimensions 1650892 <40 mm
Open Circuit Voltage (Voc) 37.7¥ 379V 380V 382V {65.0239.121.57 in)
Short Circuit Current (Isc) 923A 932A 945A 952A Weight 18.2 kg (40.1 Ibs)
Madule Efficiency 16.19% 16.50% 16.60% 17.11%  Front Cover 3.2 mm tempered glass
Operating Temperature -A0°C ~ +85°C Frame Material Anodized aluminium alloy
Max, Systern Voltage 1000 V {1EC) or 1000V {UL) }Box IPEB, 3 diodes
Madule Fire Performance TYPE 1{UL 1703) or Cable 4.0 mm? {IEC), 12 AWG (LIL),
CLASS C(IEC 617300 1000 mm (39.4 in)
Max. Series Fuse Rating 154 Connector T4 series
Application Classification Class A Per Pallet 27 pieces, 538 kg (1186.1 Ibs)
Power Tolerance 0-+5W Per Container (47 HQj 756 pieces
* Lindar Srandard Test Condrions (STC) of iradiance of 1000 WY, specrrum Al 1.5 and
ol T At of 25°C.
ELECTRICAL DATA | NMOT* TEMPERATURE CHARACTERISTICS
CSEH 265F 2TOP 275P 2BOP Specification Data
Nominal Max, Power (Pmax)  195W 198'W 202'W 206 W  Temperature Coefficient (Pmax) -0.41 % /*C
Opt. Operating Voltage (Vmp) 282V 283V 285V 2BBV Temperature Coefficient (Voc) 031 % /*C
Opt. Operating Current (Imp) 692A 700A 7O0BA 7.14A  Temperature Coefficient (Isc) 0.05 % /°C
Open Circuit Voltage (Voc) 351V 353V 354V 356%  Nominal Medule Operating Temperature (NMOT) 43 £ 2 °C
Short Cincuit Current (Isc) 7A5A T53IA THIA TEOA

* Undar Nomena| Madule Oparating Tamperatuns (NMOT), rradiance of B0 Wim',
spectrum AM 1.5, ambiert emparature 20°C, wind speed 1 ms

PERFORMANCE AT LOW IRRADIANCE PARTNER SECTION
Outstanding perfermance at low irradiance, with an i
average relative efficiency of 96.5 % for irradiances

between 200 W/im* and 1000 W/m* [AM 1.5, 25°C),

The afcasaid datashisit only provides the geniral infermation on Canadian Solar products
and, du b the and irmip almay m‘a‘ww
Canadian Salir sl represantativi 167 B updati information on sped iy
fuaturns s canfication requiremants of Canadiin Solar products i your regon

Finaue ba iincly advived that P maduley st ba handled and matsiled by quabfisd
mmmmmnummnmmmﬁumm
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Appendix A9: Inverter Specification Sheets

COMPLIANT TO UL 1741 SA
GRID SUPPORT UTIUTY INTERACTIVE INVERTER

Value-Added Improvements  Reduced Labor Unmatched Flexibility Trouble-Free Servicing
* Supariar ilegrofion with SMA's * Maw Insiabaticn Assistant with * SMA's proprisiory OpiTrac™ * Twopan endasure concept
MLPE Pawers Salution epct peceds va imarphens Global Peak lchrclogy misgobes oll s fev umple, axpedited
» Woekd's st Securs Power Supply” minkerres fims in the Held shode with sase sercing
new clfers up o 2,000 W * Iniegraied daconnect simplilies = Multiple inclapsnden MPPTs = Enhonced AFC] mchnalogy reduces
» Full grid monagemant capabiliies equipment siacking and spoeds accammodaie hundreds af lelsa wipping whis improving
angura @ ulibly comphant sokaan insiclaman sringing pessibibtias sanslivity in recl arcs
fes any mokat

SUNNY BOY
3.0-US / 3.8-US / 5.0-US / 6.0-US / 7.0-US / 7.7-US

Reduce costs across your entire residential business model

The residential PV market is changing rapidly, Your battem line matters more than ever—so we've designed a superiar
residential selution 1o help you decrease costs at every stoge of your business eperations. The Sunny Bey 3.0-U5/3.8-
US/5.0-U5/6.0-U5/70-U5/77-US join the SMA lineup of field-proven solar technology bocked by the world's #1
service team, along with o wealth of improvements. Simple design, impraved stocking and ordering, value-driven sales
support and sireamlined installation are just some of the ways that SMA helps your business operate more efficiently.
And, Sunny Boy's superior infegration with the innovative Power+ Selution means installers have even more Fexibility in
addressing their loughest challanges,

woarw, SAA-Amaerica. cor
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e Sunny Bay 105 Sunery Boy 1.EUS Sumny Boy S.0-US
mav 240w eV OV eV 10V
Input [DC)
Mo usoble B poswer J100 W 300w 450'W 4000 W 5150w 5150w
M. B vellogs 00V
Ristacd MAPP vobage nesge 155-480V 195 - 480 ¥ 20 - 480V
MPMT cperating valloge ongs 100 - 550
Min. D vokags / son whage 100V / 125V
Mo eperciing input currens per MPFT oA
Mo shon circel comant par MPPT 18a
Membar of MPPT tracker f sking par MPPT eacker 271 arn
Oubput [AC]
AL mamingl power 3000 W 2000w 3330w 1800 W 5000w S000'W
Mo, AT appansnl posear 2000 VA 3000 VA 3320 WA 3800 v 5000 VA SO0 WA
Maminal veltege / odjusiable A/ @ 280V @ 08V - 0¥/ ® WAV 240V
AL voliogs rongs 183 - 229Y 210 - 284 ¥ 183 - 29w 201 - 244V 183 - 229V 211 - 24V
AC grid feaquancy &0 Mz / 50 Mz
M. cetpet cumanl 1454 125 A la0A Tada 40 A 2404
P Factor jcas gl 1
Olutgeat plansins ' i consictions /2
Hamonics <4
Efficiency
Mo afficiancy 97.2% 974% L3 975% 972% 7SR
CEC aficisncy PEN PE5% MR 245% W% Lo
Protosan divices
L divcomnect devica L]
DoC reverse polarity proteciion -
Greouind feuhl messtening / Giid monsering .
AC shal gircull prchicion .
Alpacki wsiittei il correl mon g ueit (RCWU) L
A Fonlt eireu imemoptar [AFCI| .
Prosecice class / overveliogs colegany I
General data
Dimascians (W 7 H /D s mm [in] 515. 7304198 (211 52052 7.8
Pockiging dimansian [W / M/ Df in mes jis) S00 % BO0 & 300 (214 %31 5 118)
Winght / packagieg weight 26 kg |57 1B/ 30 kg 86 B
Ol parcsing harmgranciuis mngs -25°C . +460°C
Pt amisiion (ypcal] 2% dhja)
Imtamal pevwer consumgicn of sight =5 W
Tapahogy Thistafes maar s
Cooling concepi Conveciian
Features
Etharnal pom 2
Sacua Powed Supply LN
Display [2 » 14 charachen) .
WLAN L]
Sensor module /! Extemal WLAN antenng o/ao
Wernsaty: 10 /15 /20 years LR
Cartheates and apprevals UL 1740, UL 1594, UL 14998, BEET 547, FOC Par 15 |Closs & & B, CANSCEA VI22 107.1.1
® Seedard leotwus O Optianal legkesss  — Mol ovailble Dot ot raminal eandions  NOTE US invanars thip with geoy ks * Mol functianal with Powars Salutian
Type dusignatcs 5830 15P US40 SB3.815PUS40 SBS5 0 FSRUS 40
Accessonas
Eameraal WLAM arisra

mm 9P

ENLANT %40

T 1, = 00 Y]
i [, = APE Y|
=~ lia ¥, =S80 Y]

|

[Y] [T [ (1] ]
Dhlgait porssr / Batad powas
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nput (BE)

Muixs wsoble D powar

Mo DT Vedioge

Resgd MPF ¥ekage rangas

MPPT cparaling valloge nongs

Min. DC vobage / sian wohaga

Mo oparoiing inpul curend per MPPT
Muxe. shert cirost comant par MIFT
Pumbar af MPPT inocker / siing par MPPT reocker
Output (AL)

AL mamingl porear

Mo AT appanent pewar
Paaminal veltogs / odjusiabla

AL vollage rangs

AL giid roquascy

Mo cesipeai curmani

Power fastor eas )

Ouged phaisics J ling contacions
Harmanics

Efficsency

DL rewerse polanily proseciion

Geound feult mesitonng / Giid moniesing
AL shenl cifcull profecion

e Pl cireul intenopher [AFCI|
Presecicn class /' overvoliogs comgany
Gansnal data

Dimaeaions (W / H / ] i mim [in]
Puckogieg Dimensions (W / H / D} in mem fin]
Waight / peciogieg weight

Opaiafing lemgaraiung fangs

s amisscn (Fypcall

Intamal pewer consumpice o sight
Tapslegy

Caolng concegl

Features

Ethamei poms

Sacwe Power Supply

Dasploy [2 = 1& charachars)

WLAN

Senser module / Exemnal WLAN anlenna
Worrasiy: 10 /15 / 20 yean.

Sunmy Bery S0.U%

eV 0¥

3400 W 200 W

220 - 480V

5200'W
5200 VA
WAV .
183 - 229V

S000W
AD00 Vi
0N .
211 - 284 ¥

2504 1504

72%
S4.5%

TE%
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Sunny Boy 7708
mv MOV oav |
4900 'W £900 W 7950'W
400V
245 480V
100 - 550
100V [ 125¥
104
18A
3/

270 - 480

aaal W
&l Vi
WAV -
183 - 229V

THEOW
LT
240V / w
210 - 4V

A&40'W FOO0 W
LT FOO0 VA
Hav/ e 40¥/ »
182 - X9V 211 - 284V
&0 Mz /30 Hz
20a 92A W0A JX0A
1
152
<d%

IR
5N

FI% 75%

AN

S75%
Lk

el
2‘I'IIOI

535 730« IS (211 « 2050 7 H)
&00 x 800 5 300 (224 =315« 1 18|
26 kg |37 Ibj / 30 kg (66 &)
- 25°C . +80°C
A5 dBiA
< 5W
T hewmoirlass.
Fon

3
e
.
.
oo
s/o/o

Earthcaies and appronals L 1740, UL 1998, UL 14998, IEEE1 547, FCE Pari 15 |Elass A & B, CAN/CSAVE22 107.1.]
® Susecdard luatwws  © Optional leaees — Mot ovallsble Dot an nomnel condmons  NOTE: US invarsars ihip weh gy bl * Mot hunetanal with Powar+ Saiunon
Type dusignaion S84, 015PUISA0 SB7.0.1 5PLIS40 $B7.7.1 SPUIS A

POWER+ SOLUTION

The SMA Power+ Solution combines legendary SMA

inverter performance and infelligent DC module-level

lectronics | teffective, hensi kage.

elecironics in one costeffective, comprehensive package SRR ARG

This means that you can achieve maximum solor power WITH THE

production for your customers while also realizing POWER+ SOLUTION

significant installation savings.

Unlike conventional micrainverter and DC oplimizer
systems, Power+ is foster fo install, provides more flexibility,
boasts logistical advontages, and reduces service risk.

Visit www.SMA-America.com for more information.
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SIMPLE, FLEXIBLE DESIGIN |, " Y . -
Speed the complation of customer proposals ond maximize the efficiency of your dasign
team with the Sunny Bey-US series, which provides a new level of flesibiliry in system
design by offering:

» Hundreds of sringing configurations ond multiple independent MPPTs

» SMA's proprietary OptiTrac™ Global Peak shode miligation technology

» Diverss applicafion options including an- and off-grid compatibiliry

VALUE-DRIVEM SALES EMABLEMEMT

SMA waonis to enable your soles team by arming them with on abundonce of feature,/

banafit support. Show your customers the value of the Sunmy Boy-US saries by viilizing:

» Secure Power Supply, now with 2,000 W of opportunity power in the event of a grid
ouloge, as an increased valve-odd ar vpsell oppartunity

» SMA's 35 year history and siotus os the #1 global inverter monufociurer instills homeowners
with peace of mind and the lang-erm sacurity they demand from a PV investment

» An economical salution for shade mitigation and the challenges of complex roofs

IMPROVED STOCKING AND ORDERIMNG

Ensure that your bock office business operations run smoothly and succinctly while

mitigating potential errors. The Sunny Boy-US series con help achieve cost sovings in

these areas by praviding:

» An integrated DC disconnect that simplifies equipment slocking and allows fer a single
imverter port number

» All communications integrated into the inverier, eliminating the need to arder
addifional equipment

STREAMLIMED IMSTALLATION AND COMMISSIONING

Expedite your operations in the field by laking advantage of the new Sunny Boy's
installer-friendly feature set incleding:

Diract access vio smariphone and wilization of SMAs Installotion Assistant, which
minimizes time/lobor spent in the field and speeds the path o commissioning

» Improved cammunication—no need to install addiional equipment

Integrated DC disconnect that simplifies ansite logistics and eliminates the nead ta
install o seporate disconnect unil, speeding averall instollation ime

SUPERIOR SERVICE

SMA understands the factars that contribute 1o lifetime PY awnership cost, thot's why

the Sunny Boy-US series was designed for maximum rellabilty and backstepped by an

unmatched service offering. Benefit from:

» The new Sunny Boy's two-part enclosure concept that separates the connection unit
fram the pawar unit, which allows for simple, expedited servicing

» The #1 service leam in the PY indusiry, as recognized by |MS research, with
experience servicing an installed base of more than 55 GW
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Appendix A10: CO; Emissions
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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 S5M geothermal system, case studies from nineteen
other colleges that had implemented geothermal systems were examined. The projects ranged
in cost from $350,000 to $S78M. 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 S5M 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 S5M, 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 $0.53/100ft? 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
S5M 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

Ground Source Heat Pump
Heating Mode

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

Geothermal Cost of Campus Scale College Projects

Installation Cost (2018 Dollars)

$ 100,000,000

$ 75,000,000 Ball State University
L 4
$ 50,000,000 Calvin College
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Carleton College University of Notre Dame

$ 25,000,000
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Building Size (Millions of Square Feet)
@ School Campus Scale Model: Rz = 0.971

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 S5 million would be
consistent with the scale of other small-scale geothermal installations.

Geothermal Cost of Small Scale College Projects

Installation Cost (2018 Dollars)

$ 5,000,000

$ 4,000,000

$ 3,000,000
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® University of Maine at Farmington

$-

0.05 0.1 0.15 0.2 0.25

Building Size (Millions of Square Feet)

® School Small Scale Model: R = 0.913

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

Annual Geothermal Savings for a $5 million Investment

$100,000
$14549 $7,967
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Figure B3.1: Calvin College Annual Savings for a S5M Investment

Total Cost to Run Heating and Cooling Options
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Figure B3.2: Total Cost of Heating and Cooling Options
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Usage Cost as a Function of System Type
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Figure B3.3: Usage Cost as a Function of System Type
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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 Heating . . Weighted
(hp) (BTU/hr) Type Efficiency 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 . Power Rating Weighted
(ton) Cooling (kW) (kW) kW/ton COP cop
SB1 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/ftr2 0.0019 ton/ft"2
Load (BTU) 27.3476 BTU/ft"2 22.6663 BTU/ft"2
Installation Cost $17,536 S/hp $6,260 S/ton
Capacity/million$ 57 hp/million$ 160 tons/million$
Installed Capacity 285 hp 799 tons
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Table B4.5: Cost Calculations
Annual Cost  Efficiency Input Output Cost per
to Run or COP (kW-hr/yr) (kW-hr/yr) 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 Total Cost
CO2 Cost (S/kWh
(ke/kWh]) (B/kWh) (s /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

## 12252325 56308121 78831369  28.66595

## 2 NA NA 40000000  21.05907

## 3 2000000 50000000 38000000 28.16042

H#  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
H# 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 Im()

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 Im()

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_Im()

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 <-Im(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.
H# 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 <-Im(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: Im(formula = cost_2018usd ~ sqrft + depth_ft, data = geothermal,
## na.action = na.fail)

HH -

## Model selection table

##  (Int) dpt_ft sqr df loglLik BIC  delta weight
## 3 -2296000 2740 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 <-Im(cost_2018usd~0+sqrft, data =geothermal, na.action =na.fail)

geolm_small <-Im(cost_2018usd ~0+sqrft, data =geothermal_smallscale, na.action =na.fail)
geolm_campus <-Im(cost_2018usd ~0+sqrft, data =geothermal_campus, na.action =na.fail)

summary(geolm)

H#t

## Call:

## Im(formula = cost_2018usd ~ 0 + sqgrft, data = geothermal, na.action = na.fail)
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H#t

## Residuals:

## Min 1Q Median 3Q Max

## -9610238 -3249863 -1198093 -259820 7005113

HH

## Coefficients:

Hit Estimate Std. Error tvalue Pr(>|t])

## sqrft 26.119 1.234 21.17 1.23e-09 ***
HH -

##t Signif. codes: 0 '***'0.001 '**'0.01'*'0.05".'0.1'"'1

H#t

## 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)

HH#

## Call:

## Im(formula = cost_2018usd ~ 0 + sqrft, data = geothermal_campus,
## na.action = na.fail)

HH#

## Residuals:

H# 2 3 5 6 11

H# 6885128 -9693112 2696328 -1357396 -4354859 -5364637

## Coefficients:

Hit Estimate Std. Error tvalue Pr(>|t])
## sqrft 26.162 1.716 15.24 2.2e-05 ***
it -

## 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)
#it
## Call:

## Im(formula = cost_2018usd ~ 0 + sqrft, data = geothermal_smallscale,

## na.action = na.fail)

HH

## Residuals:

## 10 12 13 14 16

## 121915 72672 -313663 398248 -282210

Hit

## Coefficients:

Hit Estimate Std. Error tvalue Pr(>|t])

## sgrft 14.326  1.339 10.7 0.000432 ***
H#it ---

38

Renewable Energy Project
(Section B)



December 18, 2018 Renewable Energy Project
(Section B)

## 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.Im(geolm, newdata =calvinsqrft,
interval ="prediction",level =0.95, se.fit =FALSE)

preds_small <-predict.Im(geolm_small, newdata =calvinsqrft,
interval ="prediction",level =0.95, se.fit =FALSE)

preds_campus <-predict.Im(geolm_campus, newdata =calvinsqrft,
interval ="prediction",level =0.95, se.fit =FALSE)

costfit <-chind(calvinsgrft, preds_small) %>%
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select(-lwr,-upr)
names(costfit)[names(costfit)=="fit"] <-"cost_estimate_small"

costfit <-chind(costfit, preds_campus) %>%
select(-lwr,-upr)

names(costfit)[names(costfit)=="fit"] <-"cost_estimate_campus"

costfit <-chind(costfit, preds_full) %>%
select(-lwr,-upr)

names(costfit)[names(costfit)=="fit"] <-"cost_estimate_full"

head(costfit)

H# constr_date location sqrft function

H#Ht 1 1910 Manor House 8712 President's House
H#H 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

nn

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, Ml 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 S5M 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
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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 S5M 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.

CO, Emissions for Wind Power Generation System

A study was done on the C0O, emissions associated with the proposed wind power generation
system. This study investigated the C0O, emissions from the life cycle of a wind turbine, which
includes the manufacturing, transport and installation emissions. The approximate amount of
CO, emissions determined from a study by Smoucha at 420,730 Ibs.

The “payback” period for the embodied CO, 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 Ibs of CO, per year.
The payback time for this value of CO, 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
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Appendix C2: Wind Turbine Decision and Location
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Appendix C3: ADES 335 Turbine Specifications
Table C3.1: Turbine Output Calculations
Wind Speed Yearly Power Output | Turbine
Wind Speed (kn) (m/s) Probability [ (kW) QOutput (kW)
20 12.14 0.018 335 5.94
16 9.71 0.215 204 43.95
9 5.46 0.581 27 15.68
2.5 1.52 0.132 0 0.00
0 0.00 0.055 0 0.00

Fower (kW)

Table C3.2: Cost and Revenue Calculations
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Cost installed

[S] 650,000

O.M.

[S/yr] 13,000

Power per year

[Kwh] 30,378

Power cost [S/kwh] 0.11
Cost savings [S/yr] 3,342
Net Profit [$/yr] -9,658
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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.”
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“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#tpage=20&z0om=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/ppsl18 annexl_wind/pps18_ annexl technology/pp
s18 annexl_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 CO; 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 ft> 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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cMu 17 134,028 227 848 Terminated
DTE 400 3,153,600 5,361,120 Terminated™®
Escanaba 25 187,100 335,070  Under development
Gwinn 20 157,680 268,056 Pending
LBWEL 300 2,385,200 4,020,840 Terminated
Mancelona 6 283,824 482,501 Terminated
Dow Corning 40 315,360 536,112 Terminated
Newberry 24 189,216 321,667 Terminated
NRU 10 78,840 134,028 Cormpleted
TCLEP 20 157,680 268,056 Terminated
Verso 25 187,100 335,070 Complete
White Pine 50 394,200 670,140 Pending
Wolverine 120 846,080 1,608,336 Terminated
Totals 1,087 8,569,908 14,568,844

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%200f%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.

58



December 18, 2018

50 @
L X
e
o0
®0

}

¥
)
o0 & .0

Renewable Energy Project
(Section B)

Figure E2: Proposed Geothermal Field on Calvin’s Commons Lawn
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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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