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Executive Summary 

The life sciences building is a classroom and lab building for the York College of 

Pennsylvania.  It also has several administrative and teacher offices.  Along with the life 

sciences building there is a greenhouse building that also has laboratories.  Because 

there are so many labs and computer labs in this building there electrical load is most 

likely higher than some regular school buildings, making the cooling load higher.   

A VAV system is used to condition the office spaces.  Fan coil units are used to 

condition the lab and classroom spaces.  The fan coil units were selected for the labs 

and classrooms because they are better at ventilation than VAV systems.  These 

systems are supplied with chilled water from a centrifugal chiller and supplied with hot 

water from three gas-fired boilers.  Of great importance to the client are low operation 

costs, long equipment life, low maintenance, and ability for systems to be modified.   

To help optimize the systems a ground source heat pump system will be analyzed to 

replace just the chillers and just the boilers.  This study is being done to see which 

system, cooling or heating, would be more feasible to replace with ground source heat 

pumps.  Along with this chilled beams will be employed to replace the fan coil units that 

condition the labs and classrooms.  The AHUs for the fan coil units utilize a heat wheel 

to recover energy from the exhaust air.  A run-around coil system will be analyzed to 

replace this to compare the energy savings of each.  

Along with these studies a construction management breadth will be done to optimize 

the number of boreholes and their depth for each of the GSHP systems.  Also included 

in this will be a life cycle cost analysis of the heat pumps and construction schedule 

changes.  Another study being done will be an electrical breadth.  This will be done 

because there is new equipment being added to the mechanical systems.  New 

panelboards, feeders, feeder sizes, and switchboard sizes will need to be analyzed for 

the GSHP systems. 
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With the following analyses being done the best option for the life sciences building is to 

replace the chiller system with ground source heat pumps.  Along with this chilled 

beams can be used to replace fan coil units because they reduce the supply air.  

However, the run-around coil system was found to use more energy than the already 

existing heat wheels. 
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Existing Project Conditions and Information 

The Appell Life Sciences Building houses offices, classrooms, and laboratories for the 

York College of Pennsylvania.  It is approximately a 102,000 SF building attached to 

another building that houses offices and classrooms, Campbell Hall.  Also attached to 

the building is a Business Administration Wing which houses offices. The life sciences 

building also has a separate greenhouse building that is about 50-100 ft NW of the life 

sciences building. There are many different types of loads to be considered with the life 

sciences having computers, printers, lab equipment, etc. 

The following site plan, Figure 1, shows the outline of the life sciences building and the 

location of the greenhouse building closeby. 

 

Figure 1:  Site Plan (Life Sciences and Greenhouse Buildings Outlined) 
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Design Objectives and Requirements 

The purpose of any HVAC system is to properly ventilate the building for the specified 

occupancy while maintaining a comfortable temperature and humidity level for the 

buildings occupants.  The life sciences building has a large amount of laboratories that 

require appropriate ventilation and exhaust.  The design of the systems for the 

laboratories allowed for proper ventilation and exhaust with having heat recovery 

wheels in the air handling units that service the laboratories.  These are required 

because of the high exhaust rates that laboratories have.  The rest of the requirements 

for the systems were met by the design engineer.  The systems were also designed 

with the budget of the college in mind. 

Equipment Summary   

The primary systems for the life sciences building include VAV for offices, FCU’s for 

laboratories and classrooms, and Wall Hung Radiation Units and Evaporative Coolers, 

heating and cooling respectively, for the Greenhouses.  These systems are supplied 

with chilled water by a water-cooled centrifugal chiller, seen in Table 1.  There are two 

cooling towers on the roof that supply water to the chiller, seen in Table 2.  They are 

supplied with hot water by three gas-fired boilers, seen in Table 3.  The chiller and 

boilers are located in the central plant in the basement of the life sciences building.  

Along with the chiller and boiler there is a plate and frame heat exchanger used as a 

water-side economizer, seen in Table 4.  Also located in the central plant are the chilled 

water and hot water pumps, seen in Table 5.  They are run on a primary secondary 

loop.  The secondary pumps, seen in Table 6, for the greenhouse building are located in 

the basement mechanical room of that building because of limited space.  

Air Handling Units provide air to the VAV boxes and FCU’s for the spaces in the life 

sciences building.  There are five AHU’s total for servicing the different spaces included 

in the life sciences building, seen in Table 7.  The main air supply for the greenhouse 
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building labs is from FCU’s, seen in Table 8, with OA brought in from directly outside.  

For the greenhouses heating is done by Wall Hung Radiation Units, seen in Table 9.  

Cooling for the greenhouses is done by a combination of natural ventilation and 

Evaporative Coolers, seen in Table 10.  

Table 1:  Chiller 

Evaporator Condenser
EWT/LWT EWT/LWT

CH‐1 400 0.57 53.99/44 85/94.19

Symbol Capacity kW/ton

Chiller

 

Table 2:  Cooling Towers 

  

Symbol Capacity (GPM) EWT/LWT (⁰F) Airflow (CFM) Fan HP
CT‐1 700 95/85 62,790 10
CT‐2 700 95/85 62,790 10

Cooling Towers

 

Table 3:  Boilers 

Symbol Output MBH GPM Thermal Efficiency
B‐1 2640 250 88%
B‐2 2640 250 88%
B‐3 2640 250 88%

Boilers

 

Table 4:  Heat Exchanger 

GPM EWT/LWT (F) GPM EWT/LWT (F)
HX‐1 200 57/45 700 43/46

Hot Side Cold SideSymbol

Heat Exchanger
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Table 5:  Life Sciences Building Pumps 

Symbol GPM Impellar Size Water Temp Motor HP Note
CHWP‐1 960 7.75 45 15 Primary
CHWP‐2 900 11.25 45 40 Secondary
CHWP‐3 900 11.25 45 40 Secondary
CDWP‐1 1200 10.5 85 15 Condenser Water
CTWP‐1 700 11.625 95 40 Cooling Tower
CTWP‐2 700 11.625 95 40 Cooling Tower
HWP‐1 250 5.625 180 2 Boiler Circulator
HWP‐2 250 5.625 180 2 Boiler Circulator
HWP‐3 250 5.625 180 2 Boiler Circulator
HWP‐4 1000 8.875 180 10 Primary
HWP‐5 1000 8.875 180 10 Primary
HWP‐6 400 11.5 180 20 Secondary
HWP‐7 400 11.5 180 20 Secondary

Pumps

 

Table 6:  Greenhouse Building Pumps 

Symbol GPM Impellar Size Water Temp Motor HP Note
CHWP‐4 60 6.75 45 2 Secondary
HWP‐8 85 6.75 180 3 Secondary
HWP‐9 85 6.75 180 3 Secondary

Pumps

 

Table 7:  Air Handling Units 

Total MBH Sensible MBH
AHU‐1 4200 1300 215.3 133.3 112.2 7.5 2
AHU‐2 6900 6900 380 218 256.6 15 7.5
AHU‐3 8000 8000 410.2 253.7 219.9 15 5
AHU‐4 8100 8100 497.4 267.6 309.5 15 5
AHU‐5 7550 7550 409.4 236.6 234.3 15 5

Air Handling Units

Symbol Supply CFM Min. O.A. CFM Cooling Coil Capacity Heating Coil Capacity 
MBH 

Supply Fan HP Exhaust Fan HP

 

 

 



Final Report  2011

 

11  Josh Martz | Mechanical Option | April 7, 2011 

 

Table 8:  Greenhouse Building Fan Coil Units 

Total MBH Sensible MBH
FC‐1 1200 420 47.6 31.1 58 1
FC‐2 800 200 27.5 19.3 35.3 3
FC‐3 200 80 7.3 5.3 12.1 1
FC‐4 1600 560 54.4 37.7 75.6 1
FC‐5 200 50 6.8 4.9 11.5 1
FC‐6 1200 420 47.6 31.1 58 1
FC‐7 1200 300 37.8 27.2 53.7 1
FC‐8 200 50 6.8 4.9 11.5 1
FC‐9 600 60 11.6 10.8 21.8 1
FC‐10 1600 0 36.9 32.9 62.6 1

Heating Coil 
Capacity MBH 

Supply Fan HP

Fan Coil Units

Symbol Supply CFM  O.A. CFM Cooling Coil Capacity

 

Table 9:  Greenhouse Wall Hung Radiation Units 

Symbol Length BTUH GPM Height
WH‐1 20 feet 10,840 1.1 16 inches
WH‐2 15 feet 8460 2.8 16 inches
WH‐3 26 feet 14664 2.8 16 inches
WH‐4 4 feet 2256 2.8 16 inches
WH‐5 4 feet 2256 2.8 16 inches
WH‐6 4 feet 2160 1 16 inches
WH‐7 4 feet 2160 1 16 inches
WH‐8 4 feet 2160 1 16 inches
WH‐9 4 feet 2160 1 16 inches
WH‐10 3 feet 1620 1 16 inches
WH‐11 3 feet 1620 1 16 inches
WH‐12 4 feet 2216 1.9 16 inches
WH‐13 4 feet 2216 1.9 16 inches
WH‐14 18 feet 9972 1.9 16 inches
WH‐15 6 feet 3324 1.9 16 inches
WH‐16 6 feet 3240 1 16 inches

Wall Hung Radiation Units

 

Table 10:  Greenhouse Evaporative Coolers 

Symbol Supply CFM Supply Fan HP
EC‐1 2400 1
EC‐2 2000 1
EC‐3 2400 1
EC‐4 2400 1
EC‐5 3200 3

Evaporative Coolers
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Design Conditions 

The outdoor design conditions used for the energy model are for Harrisburg, PA, which 

is the closest location from the ASHRAE Fundamentals to the site of the building.  The 

conditions can be seen below in Table 11. 

Table 11:  ASHRAE Design Conditions 

Heating Design    
Temperature
10.4 F DB 92.8 F DB 74.7 F WB

Design Conditions
Cooling Design 
Temperature

 

System Operations and Schematics 

Airside: 

Note:  These operations are for occupied cycles. 

For the VAV system for the life sciences building, the supply fan is turned on minimum 

than set to maximum in about a 60 second period.  After this the supply fan will be 

modulated to maintain the supply duct static pressure setpoint in AHU-1 and AHU-3.  

For ventilation control the outside air and return dampers are modulated to maintain the 

minimum outdoor airflow setpoint.  The economizer will take control of the dampers 

when a greater airflow is needed for space cooling.  The economizer will also take 

control whenever the outdoor air temperature falls below the setpoint of 55 F.  For the 

cool down cycle the supply air should be fixed to maintain 55 F.  For the warm-up cycle 

the supply air temperature should be fixed to maintain 70 F.  For the Reheat-VAV 

boxes, on a rise in space temperature the supply air will be modulated to cooling 

maximum.  On a decrease in space temperature the supply air will be modulated to the 

cooling minimum.  For a continuous fall in space temperature, the supply air will be 

modulated to the heating setpoint and the unit reheat coil control valve will be 
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modulated to maintain the setpoint.  For the parallel-fan powered, the only difference is 

that on a continuous fall in space temperature the unit fan will be started and the 

heating coil control valve will be modulated to maintain the heating setpoint. 

Fan coil units will be served by AHU’s 2, 4, and 5.  The unit supply and exhaust fans will 

run continuously.  Prior to starting fans the outside and exhaust air dampers should be 

opened.  The AHU’s are equipped with energy recovery wheels because of the high 

exhaust rates of the laboratories.  For a rise in outdoor air enthalpy greater than return 

air enthalpy, or for heating, close the bypass dampers and turn on the energy recovery 

wheel.  Whenever the outside air temperature is below 40 F the same process should 

be followed.  For supply air temperature when the outdoor air temperature is above 55 

F, the setpoint should be 55 F.  When the outdoor temperature is below 55 F the 

setpoint should be a minimum 55 F and maximum 68 F.  For the fan coil units 

themselves, the unit fan should operate continuously.  On a rise in space temperature, 

the cooling coil control valve should be opened to maintain the space cooling setpoint.  

For a fall in space temperature, the heating coil control valve should be opened to 

maintain the space heating setpoint.  For ventilation the return air damper should be 

closed to its minimum position.     

Waterside:  

Hot Water Heating System 

There are three boilers to supply hot water to the systems.  The boilers use internal 

controls to maintain the water temperature setpoint in the boiler.  The setpoint in the 

boiler shall be 2 F greater than the hot water supply temperature.  The lead boiler pump, 

HWP-1, should be started first and after a time delay the lead boiler, B-1, should be 

started to run continuously.  When the hot water supply temperature falls by at least 5 F 

below the setpoint the first lag boiler pump, HWP-2, and boiler, B-2, should be started.  

This should only happen after the lead boiler has been running for at least 10 minutes.  
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The same sequence is to happen for the second lag boiler pump, HWP-3, and boiler, B-

3.  This should only happen if the lead and first lag boiler have been running for at least 

10 minutes.  After a rise in temperature of 2 F above the setpoint and after a time delay 

of 10 minutes the last boiler and pump started should be stopped.  This should happen 

until only the lead boiler and its associated pump are operating.  The hot water supply 

temperature should be 180 F if outdoor air temperature is 0 F, and it should be 140 F if 

the outdoor air temperature is 60 F.  The three hot water pumps associated with the 

boilers are circulators for the boilers. 

The hot water supply pumps are run on a primary secondary loop.  The primary pumps, 

HWP-4 and HWP-5 shall be run on a central plant hot water system operating schedule.  

The lead hot water pump, HWP-4, should be started and run continuously.  Upon a 

failure of this pump, the lag pump, HWP-5, should be started on a time delay as the 

lead pump is de-energized and removed from the sequence.  The primary hot water 

pumps should be alternated on cumulative run-time, or at least on a monthly basis.  

The secondary pumps for the life sciences building, HWP-6 and HWP-7, should be run 

according to the Life Sciences hot water system operating schedule.  The lead 

secondary pump, HWP-6, should be started and ramped up to the minimum speed of 

25 Hz.  The pump speed should be modified to maintain the minimum chilled water 

building differential pressure setpoints.  Upon a failure of the lead pump the lag pump, 

HWP-7, should be started on a time delay while the lead pump is de-energizied and 

removed from the sequence. 

The greenhouse building secondary pumps, HWP-8 and HWP-9, should be run on a 

similar sequence to that of the life sciences building secondary pumps.  These two 

secondary pumps supply hot water to the greenhouse wall hung radiation units and fan 

coil units. 
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Chilled Water Cooling System 

The chiller, CH-1, for the life sciences building can either be run on a refrigeration cycle 

or a free-cooling cycle.  The chiller will be operated when the outdoor air temperature is 

at or above 50 F.  First start the chillers associated evaporator, CHWP-1, and 

condenser, CDWP-1, water pumps.  These pumps will operate continuously with the 

associated chiller operation.  After they have been running the chiller will be started.  

The chiller itself will be started and run based on things such as schedule, load demand, 

and temperature.  The chiller will have controls that will help it maintain the chilled water 

supply setpoint of 44 F.  The condenser water temperature should maintain a 

temperature of 60 F when entering the chiller.  If the temperature of that water rises 

above 60 F the control vale, CV-1, should be opened to the cold well in the sump tank.  

This will supply colder water to the chiller.  When the temperature of the water gets to 

60 F the control valve can be closed again. 

The secondary pumps, CHWP-2 and CHWP-3, for the chilled water system will operate 

according to a user-defined operating schedule.  The lead secondary pump will be 

started and ramped up to minimum speed of 25 Hz.  The pump speed should be 

modulated to maintain the minimum chilled water building differential pressure setpoint.  

When the lead secondary pump fails the lag pump will be started after a time delay to 

prevent a false failure.  The lead pump will then be removed from the sequence.  If both 

pumps are working they should be alternated about every month to maintain a longer 

life.  The secondary pump, CHWP-4, for the greenhouse building will operate 

continuously according to the schedule for cooling.  From the secondary pump the 

supply water goes to the evaporative coolers and fan coil units in the greenhouse 

building.   

When cooling with a refrigerant cycle control valves, CV-2, CV-4, and CV-6 should be 

closed.  The control valves, CV-3, CV-5, and CV-7 should be opened.  During a free 

cooling cycle the opposite should happen, control valves that were open for refrigeration 
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will close and ones that were closed will open.  The free cooling cycle allows for the use 

of a heat exchanger, HX-1, as a waterside economizer.   

Cooling Tower Water System 

Chiller Mode: 

The cooling towers and cooling tower pumps will be operated according with the chilled 

water and free cooling user-defined schedules.  When the temperature in the cooling 

tower water sump rises above the setpoint of 70 F, the lead cooling tower pump, 

CTWP-1 should be started.  It should be started after a time delay of 5 minutes. On a 

continued rise in temperature above 72 F the lag cooling tower pump, CTWP-2, should 

be started.  This should run until the temperature of the water decreases to 70 F, then 

turned off. 

Waterside Economizer Mode:  

When the temperature of the water in the cooling tower sump rises above the setpoint 

of 41 F, cooling tower pump, CTWP-1, should be started after a 5 minute time delay.  

When the temperature in the sump reaches below the setpoint of 39 F the pump can be 

stopped.  If this pump should fail then stop it and start pump CTWP-2 as if it were the 

first cooling tower pump. 

Schematics 

The following figures, Figure 1 and Figure 2, are a hot water heating schematic and 

chilled water schematic, respectively. 
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Figure 2: Hot Water Piping Schematic 
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Figure 3: Chilled Water Piping Schematic 
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Mechanical System First Cost 

The mechanical systems first cost for the life sciences building will be taken from the bid 

cost given by the lead design engineer on the project.  The price for mechanical 

systems in the greenhouse building was $870,720.  The cost for mechanical systems in 

the life sciences building was $4,150,000.  This brings the total cost of mechanical 

systems to $5,020,720.  The cost per square foot for mechanical systems ends up 

being about $49.22/sf.   

Data from Previous Tech Reports 

Design Ventilation Requirements 

To verify that the life sciences building is providing the proper ventilation air for its 

occupancy, an ASHRAE 62.1 analysis was done on each of the air handling units.  For 

this analysis the rates from each diffuser and areas of spaces were tabulated to see if 

the ventilation rates matched or were close to the minimum from ASHRAE Standard 

62.1. 

The overall rates from the tabulation were as follows: AHU-1, 1151 OA cfm; AHU-2, 

5974 OA cfm; AHU-3, 1632 OA cfm; AHU-4, 4644 OA cfm; and AHU-5, 4196 OA cfm.  

The design documents specify the following rates for each AHU:  AHU-1, 1300 OA cfm; 

AHU-2, 6900 OA cfm; AHU-3, 8000 OA cfm; AHU-4, 8100 OA cfm; and AHU-5, 7550 

OA cfm.  The rates for the air handling units serving the labs could be a lower than the 

design because they were oversized to make an adequate amount of outdoor air was 

supplied to the laboratories.  AHU-3 design is a much larger value than that of the 

calculated value.  This could be because this particular AHU services two floors and 

needs to be oversized for this reason.  It also could be oversized like this because the 

offices it serves are located on the two floors that have multiple laboratories. 
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Design Heating and Cooling Loads 

 The heating and cooling loads for the life sciences building were simulated using 

Carrier HAP.  As seen from Table 12 below, the computed loads and the design 

document loads are relatively similar.  The computed cooling load is within 2% of the 

documented cooling load.  The computed heating load is much lower than the 

documented load, being within 31%.  This could be due to the fact that the systems that 

I ran for the greenhouses could be much different than the systems that were run for the 

design documents.  The greenhouses were most likely modeled inaccurately because it 

was difficult to model wall hung radiation units and horizontal unit heaters in Carrier 

HAP.   The heating load from the greenhouses should have made the overall heating 

load larger, because they are enclosed in glass and the area the building is located 

normally has a large heating load for the winter months. The computed supply air rate is 

within 6% of the documented supply air rate.  The computed ventilation rate is within 

25% of the documented ventilation rate.  This is most likely from AHU-3 which serves 

the second and third floor offices.  The ventilation rate from the design documents is 

lower than the computed rate.  The model for this system that was computed was taken 

from the design documents saying that AHU-3 needed the same amount of outdoor air 

as total supply cfm.  This value was input into the system for ventilation cfm so this 

could be why they are different.   

Table 12: Load and Ventilation Comparison 

Cooling (ft2/ton) Heating (BTU/hr‐ft2) Supply Air (cfm/ft2) Ventilation (cfm/ft2)
Design Document 325.9 32.75 0.61 0.41

Computed 320.6 22.4 0.65 0.55

Load and Ventilation Comparison
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Annual Energy Usage 

The designer annual energy usage is not available for this report because an energy 

analysis was not run by the design engineer.  This is because none of the systems, 

envelope or HVAC were in question.  The annual energy consumption was calculated 

using the same model that was used for the load calculations.  With the exception of the 

gas-fired boilers, the rest of the building is powered by delivered electric power. 

Table 13 below shows the energy usage for the entire year separated into different 

loads for the building. 

Table 13: Annual Energy Consumption 

Load Electricity (kWh) Natural Gas (kWh) Total (kWh) % of Total

Gas‐Fired 2637639 2637639 31
Electric Heaters 190608 190608 2

Chiller 1991808 1991808 23
Cooling Tower 727097 727097 8

Condenser Pump 56390 56390 1

Supply Fans 221632 221632 3
Pumps 1573235 1573235 18
Lighting 703482 703482 8

Receptacles 487998 487998 6
Total 8589889 100

Annual Energy Consumption

Heating

Cooling

Auxiliary

 

The values above were computed using the energy model with equipment inputs taken 

from the design documents for the building. 

From this analysis it can be seen that the largest load is from heating at 31%.  This 

could be due to a number of things including, the buildings location, orientation, and 

boilers being the main supply for hot water to all the various systems in this project.  
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The buildings location is in York, PA, which can have very cold winters.  The orientation 

of the building is mostly north, which is not the best for winter solar gain.  The boilers 

supply a large amount of hot water to ahu’s, fan coil units, horizontal unit heaters, wall 

hung radiation units, vav boxes, and cabinet unit heaters. 

The second largest load is from cooling at 23%.  This is most likely because of the large 

amounts of various equipment in the computer labs, office, laboratories, and 

workroom/mail facilities.  

As seen in Chart 1 and Chart 2 below, the energy usage for natural gas and electricity 

changes throughout the year with the seasons.  For electric energy consumption the 

highest peaks are during the warmer months.  This is most likely because the chilled 

water pumps are working much harder to supply chilled water.  The natural gas 

consumption is peaked during the winter months because of the boilers. 

Chart 1:  Monthly Electrical Energy Consumption 

 Monthly E lec tric  E nerg y  C onsumption
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Chart 2: Monthly Natural Gas Consumption 
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Proposed Alternate Systems 

Mechanical System Redesign 

I have had the opportunity to learn more about the design behind the life sciences 

building by studying the design documents and completing this semester’s technical 

reports.  After research on the buildings systems they were found to be efficient, low in 

maintenance, and operating cost.  Since the design engineer has meet the 

requirements set forth by the college, the life sciences building systems were not in 

question. 

The mechanical design changes will focus on using a GSHP system to replace the 

chillers in the basement.  Along with this the GSHP system will be implemented 

separately to just replace the boilers as a feasibility study.  These analyses will be 

compared to see which one is found to be most efficient and cost effective for the 

college.  The laboratories will be conditioned using chilled beams, replacing the fan coil 

units to see if any energy consumption can be saved, along with helping to meet the 

ventilation loads required by laboratories.  To help with dehumidification when needed, 

a run-around coil system will be analyzed for the air handling units that serve the labs. 
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Construction Breadth 

Since the use of a GSHP system is being implemented the schedule cost and schedule 

will change.   An analysis of the schedule of the cost to the construction schedule and 

changing of the schedule will be done.  Excavation is a big part of adding the GSHP 

system so this will most likely add time to the construction schedule, with drilling bore 

holes and repaving the parking lot.  Along with this a life cycle cost analysis of the 

GSHP system will be done to ensure that it is efficient. 

Electrical Breadth 

Since the use of a GSHP system is being implemented there are many pumps being 

added to the system.  The adding of these pumps will change the electrical demand 

from the mechanical systems.  Changing the sizes of the feeders that will go to the 

pumps will have to be done and also more will have to be added.  The size of the main 

switchboard will most likely change, so it will have to be resized accordingly. 

Integration of Studies 

With the implementation of a GSHP system comes a high first cost and addition to 

construction time.  The construction breadth will be done to ensure that GSHP’s are a 

good choice to replace the chiller/boiler plant. Along with the implementation of the 

ground-source heat pumps should come a smaller electrical demand depending on how 

many pumps are needed.  The electrical breadth will be done to design a new electrical 

system to supply the mechanical systems. 
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Active Chilled Beams 

The objective of this study is to compare the cfm’s and energy from the fan coil units 

already in place in the building and chilled beams.  The run-around coil system was 

used to replace the heat wheels already in place to compare the energy usage of the 

two options. 

Chilled Beams 

Active chilled beams are an advanced application of an older technology, induction 

units.  They are more sophisticated, but they rely on the same technology as convection 

having cooler denser are fall to the ground and the warm air rising into the chilled beam 

to be cooled again.  Active chilled beams were chosen over passive because of their 

ability to have higher heating and cooling capacities, as well as providing ventilation air.  

Ventilation needs for passive beams must be provided in some other manner as they 

only rely on convection to cool a space.  Some advantages of chilled beams include 

their lower operating cost, high-efficiency, require low maintenance, and low amount of 

noise.  Active chilled beams also have some disadvantages including they are not as 

great at heating spaces and sometimes need supplementary heating systems.  They 

also are not well known systems by many contractors and commissioners.  One of the 

biggest disadvantages of a chilled beam is that condensation can form on them if the 

humidity is too high or the water temperature is too low.  This will cause water to drip 

from the equipment in most cases and could also damage the equipment and 

equipment in that particular space.  Image 1 below shows an active chilled beam in 

cooling and heating mode.   
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Image 1: Active Chilled Beam in Cooling And Heating Mode 

Run-around Coil System 

Run-around coil systems act as a heat exchanger between the supply air and exhaust 

air of an air handling unit.  Typically finned tube coils are placed in both the supply and 

exhaust airstreams in an air handling unit.  The coils are connected in a closed loop 

system through which an intermediate heat transfer fluid is pumped, usually water or 

glycol.  Some advantages of the run-around coil system are that the two airstreams do 

not need to be adjacent to each other, relatively space efficient, heating and cooling 

equipment sizes could be reduced, and there is no cross-contamination between the 

airstreams.  Some disadvantages of the system include it adds to the first cost because 

it requires a pump and more fan power to overcome the coil pressure drop. It also 

requires adding a pump, piping, expansion tank, and control valves for the glycol or 

water heat transfer system.  Also both airstreams must be relatively clean or filtration 

will be required.  Image 2 below shows a typical run-around coil system. 
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Image 2: Run-around Coil System 

Chilled Beam Results 

The following table has the total cfm required by the chilled beam system and the fan 

coil unit system already in place.  Also in this table are the kwh of energy used by each 

system.  From the table it can be seen that the annual energy decreases by a good 

amount, about 14%, while the supply air cfm amount decreases by about 9% from the 

fan coil units to the chilled beams.  Table 14 below shows chilled beams vs. fan coil 

units. 

Table 14: Chilled Beams vs. Fan Coil Units 
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Chilled beams produce about 1000 BTU/hr/ft of cooling capacity for a space.  The 

following study shows the number of chilled beams that will be needed to condition the 

laboratory spaces.  The study will be done per air handling unit.  Table 15 below shows 

the total btu/hr of cooling capacity per AHU, the number of linear feet of chilled beam 

required, and the total number of chilled beams per AHU based on a 6 foot linear unit.  

Table 15: Chilled Beams per AHU 

 

There was no specific first cost found for chilled beams, so an installation cost that was 

found will be used to analyze first cost and life cycle cost of the chilled beams.  The cost 

used for this analysis is $0.22/(BTU/hr).  The total cost for the chilled beams came out 

to be $297,686.  A life cycle cost analysis will be done similar to that of the GSHPs in 

the construction breadth.  The annual maintenance cost will be $10,200.  The energy 

cost for the chilled beams is $13,343.  It will be analyzed over 20 years.  The life cycle 

cost for the chilled beams is $587,328. 

Run-around Coil Results 

The following table shows the energy usage in kwh of the run-around coils compared to 

the heat wheels.  The run-around coil system was found to use about 34% more energy 

than the heat wheels already in place.  This is most likely because the run-around coils 

are on average about 20% less efficient than heat wheels and also require extra power 

from the pump needed.  Table 16 below shows the comparison in energy usage. 
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Table 16 Run-around Coils vs. Heat Wheel 

 

Ground-Source Heat Pumps 

The objective of this study is to model ground source heat pump systems to replace the 

cooling equipment (chiller, cooling towers, pumps) and to replace the heating equipment 

(boilers, pumps).  These studies are being done separately because of the limited 

space available for boreholes around the building.  Also too see which system, cooling 

or heating, is more cost effective and efficient to replace according to energy usage. 

Ground Study 

A ground study for the area of the life sciences building was not done.  However, 

information on a ground study done in Elizabethtown, PA, about 20 miles from York, 

was used to help size the bore length for the ground source heat pump system.  The 

information used included ground temperature, thermal conductivity, and thermal 

diffusivity of the ground.  These preceding values can be seen in Table 17 

Table 17: Values From Elizabethtown Ground Test 

Ground Temp. 
(F) 

Thermal 
Conductivity    
(Btu/hr*ft2*F) 

Thermal 
Diffusivity      
(ft2/day) 

53 1.78 1.22 
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Sizing Method 

The method used to size the bore lengths for the GSHP system was taken from the 

2007 ASHRAE HVAC Applications Handbook.  This method includes accounting for the 

change in thermal resistance of the ground per unit length over three heat pulses.  The 

equation below calculates the required bore length for the GSHP system.  Normally 

lengths are calculated both for heating and cooling and the longer one is chosen.  For 

the following study both will be calculated and both will be used for their respective 

purposes to go along with the feasibility study of replacing just the chillers and just the 

boilers.  The three heat pulses are represented in the various thermal resistance values 

which were calculated using equations below.   Equation 1 and 2 are for calculating 

borehole lengths for cooling and heating loads, respectively.  

Cooling Length: 

                                              Lc = qa*Rga + (qlc – 3.41Wc)(Rb + PLFm*Rgm + Rgd*Fsc)                            Equation 1                           
                                                     tg ‐ twi ‐ two ‐ tp  

                                                                     2 
Heating Length: 
 
                                              Lh = qa*Rga + (qlh – 3.41Wh)(Rb + PLFm*Rgm + Rgd*Fsc)                            Equation 2              
                                             tg ‐ twi ‐ two ‐ tp  
                                           2 
Fsc= short circuit heat loss factor  
Lc= required bore length for cooling, ft  
qa= net annual average heat transfer to ground, Btu/h  
qlc,lh= building design cooling/heating block load, Btu/h  
Rga= effective thermal resistance of ground (annual pulse), h-ft-°F/Btu  
Rgd= effective thermal resistance of ground (daily pulse), h-ft-°F/Btu  
Rgm= effective thermal resistance of ground (monthly pulse), h-ft-°F/Btu  
Rb= thermal resistance of pipe and borehole, h-ft-°F/Btu  
tg= undistributed ground temperature, °F  
tp= temperature penalty for interference of adjacent bores, °F  
twi= liquid temperature at heat pump inlet, °F  
two= liquid temperature at heat pump at outlet, °F  
Wc,h= power input at design cooling/heating load, W  
PLFm= part load factor during design month 
 

Heat Pump Temperatures 
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The temperature of the ground for York, Pa is 53 F found from Figure 17 from 2007 

ASHRAE Handbook-HVAC Applications, Geothermal Energy.  The penalty temperature 

was found to be 4.7 F for boreholes 15 feet apart from Table 7 in Chapter 32 of 2007 

ASHRAE Handbook-HVAC Applications.  Temperatures in and out are shown in Table 

18 below for the cooling and heating systems. 

Table 18: Temperatures for Bore Length Calculations 

 

Thermal Resistances 

Ground source heat pumps rely on their ability to transfer and extract heat from the 

ground.  Minimizing the thermal resistances between the ground and the fluid is 

imperative for this to be effective.  Thermal resistances are calculated for three heat 

pulses, for which a value τ is defined.  The values for τ were set to one year, one month, 

and 6 hour day as suggested in Chapter 32 of 2007 ASHRAE Handbook-HVAC 

Applications.  Once these values are found they are used to calculate the Fourier 

numbers.  The Fourier numbers are then used to acquire the G-factors, (G1, G2, Gf), 

from Figure 15 in Chapter 32 of 2007 ASHRAE Handbook-HVAC Applications.  These 

G-factors, along with the thermal conductivity of the ground, are used to calculate the 

thermal resistances for three heat pulses, (Rgm, Rga, Rgd).  The following equations, 

Equation 3, 4, 5, 6, 7, & 8, below are used to calculate thermal resistances.  

                                                        Fof = 4*α*τf/db
2                                         Equation 3                             

                                                   Fo1 = 4*α*(τf – τ1) /db
2                                    Equation 4                            

                                                   Fo2 = 4*α*(τf – τ2) /db
2                                    Equation 5                            

                                                      Rga = (Gf – G1)/kg                                       Equation 6                            
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                                                        Rgm = (G1 – G2)/kg                                    Equation 7                            

                                                             Rgd = G2/kg                                          Equation 8                            

Fof = Fouriers number for τf  
Fo1 = Fouriers number for τ1  
Fo2 = Fouriers number for τ2  
α = Thermal diffusivity of the ground, m2/day  
db= Outside diameter of pipe, ft  
kg= Thermal conductivity of the ground, Btu /h-ft-°F 

These thermal resistances are used to account for the long term heating of the ground 

source.  The thermal conductivity and diffusivity are mentioned earlier from the ground 

study.  The thermal resistance of the borehole and pipe (Rb) was found using Table 6 

from Chapter 32 of 2007 ASHRAE Handbook-HVAC Applications.  The bore hole 

chosen was 6” in diameter and the U-tube pipe diameter used was 1-1/4”.  The value for 

Rb from Table 6 was found to be 0.09 h*ft*F/Btu.   

Power Input (Wc,h) 

The power inputs were found from the pumps sizes.  The power input for the GSHPs for 

cooling system was found to be 16,499 W.  The power input for the GSHPs for heating 

system was found to 14,061 W. 

Part Load Factor (PLFM) 

Without specific building performance data for the life sciences building, the part load 

factor is not known.  To ensure the ground source heat pump systems were not 

undersized the part load factor was assumed to be 1. 

Length Results 

After using the equations mentioned above the calculated length for the cooling system 

was 14,801 ft.  The calculated length for the heating system was 16,905 ft.  The depth 
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of boreholes for each will be 212 ft.  The cooling system will have 70 boreholes. The 

heating system will have 80 boreholes. 

System Layout 

Many variables were thought of for the layouts of the cooling and heating systems.  

They include the space available for the bore field, drilling cost, piping cost, and 

integration into the construction schedule.  The optimum design for the cooling and 

heating systems are mentioned above after they were found in the Construction 

Management Breadth Section of this report.  The layouts for each of the systems were 

based on the number of AHU’s in the building.  Each AHU was provided one GSHP 

based on its load required.  The greenhouse building was also provided one GSHP 

based on its load required.  The boreholes are laid out in the bore field per pump.  The 

boreholes are spaced at 15 ft apart vertically and horizontally so that they are able to fit 

in the allotted space next to the life sciences building.  The following figures, Figure 4 

and 5, below show the layouts of boreholes for the cooling and heating systems, 

respectively.  

 

             Figure 4: GSHP Cooling Layout                          Figure 5: GSHP Heating Layout 
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Pump Selection 

The ground source heat pumps selected for the cooling and heating systems were 

taken from McQuay.  McQuay supplies heat pumps ranging from 3-35 tons.  The heat 

pumps for the ground loops were sized according to the sensible load for each AHU and 

the greenhouse building.  One heat pump was selected per AHU and the greenhouse 

building.  This would make a total of six heat pumps each for the cooling and heating 

systems.  The circulation pumps for each of the systems were sized from the total gpm 

and headloss from each of the piping configurations.  The gpm was taken from 

McQuay’s recommendation of 3gpm/ton.  The totals of gpm were 400 gpm for the 

cooling system and 315 gpm for the heating system.  The head loss for the circulation 

pumps was based off the longest run and factors from fittings and valves.  The head 

loss totals were 55 ft for the cooling system and 50 ft for the heating system.  The 

circulation pumps were than selected from Bell & Gossett pump curves.  The pump 

curves for the circulation pumps can be found in the appendix.  Tables 18 and 19 below 

show the sizes of heat pumps and circulation pumps for each system.   

Table 18: GSHP Cooling Pumps 

 

Table 19: GSHP Heating Pumps 
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In the tables above the C in GCW stands for cooling unit only and the same for the H in 

GHW stands for heating only.  These designations are taken from McQuay product 

information.  The numbers following them designate the load in load capacity in BTU/h.  

For instance 180 stands for 180,000 BTU/h in cooling capacity. 

System Piping 

The piping chosen for the ground loops is 1-1/4” High Density Polyethylene (HDPE) 

which is the ideal chose for ground loops because it is thermally fused. 

Pumping Schematic 

The following schematic is for the cooling and heating system pump layouts.  Figure 6 

below is that schematic. 

 

Figure 6: GSHP Pumping Schematic 
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Construction Breadth 

The objective of this study is to analyze the cost and schedule added from the 

construction of the ground source heat pump system.  The construction of a vertical 

ground source heat pump system can be expensive and time consuming.  The cost of 

drilling, piping, grout, welding and miscellaneous costs were evaluated for this study to 

optimize the number and depth of boreholes.  All costs assumed are from RS Means 

Mechanical Cost Data-2011.   

Cost Assumptions 

Drilling Costs 

Drilling costs rely on the equipment utilized and the crew’s capabilities.  This study 

compared three different augers that are capable of drilling different depths.  Table 20 

below shows the daily output and weekly rental cost of each auger based on the length 

of borehole it can drill. 

Table 20: Auger Data 

 

Piping Costs 

The pipe used for this study is 1-1/4” High Density Polyethylene (HDPE).  The price for 

this is $0.69/ft and the pipe comes in 40 ft sections.  Also a cost for welding the elbows 

and lengths together is needed.  The cost per weld is $4.79 and the machine costs 

$40.25 a day to rent. 
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Grouting Costs 

The cost for grouting is a constant cost based on the length of borehole.  The cost for 

grouting for the cooling system is $3,256 and the cost of grouting for the heating system 

is $3,720. 

Miscellaneous Costs 

Throughout construction miscellaneous costs are inevitable.  They can include the 

purging and testing of the system.  These costs are based on the number of boreholes 

and increase linearly. 

Borehole Optimization 

 The total lengths for boreholes were 14,801 ft for the cooling system and 16,905 ft for 

the heating system.  The number and depth of boreholes was determined for each 

system by this cost study. Days and weeks for rentals were rounded up to whole 

periods because no savings will be made to rent equipment shorter than the specified 

rental times.  The following tables, Table 21, 22, 23, 24, 25, and 26, show the 

calculations for a certain number of boreholes and depths for each earth auger.   

Table 21: Borehole Number and Depth for Auger Depths < 225ft (Cooling System) 
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Table 22: Borehole Number and Depth for Auger Depths Between 225ft & 325ft 

(Cooling System) 

 

Table 23: Borehole Number and Depth for Auger Depths > 325ft (Cooling System) 

 

Table 24: Borehole Number and Depth for Auger Depths < 225ft (Heating System) 

 

Table 25: Borehole Number and Depth for Auger Depths Between 225ft & 325ft 

(Heating System) 
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Table 26: Borehole Number and Depth for Auger Depths > 325ft (Heating System) 

 

Borehole Optimization Results 

From the previous tables the best option for the cooling system is 70 boreholes at a 

depth of 212 ft each.  This also was the cheapest cost out of the three drills.  The best 

option for the heating system is 80 boreholes at a depth of 212 ft each, also being the 

cheapest cost out of the three drills.  Charts 3 and 4 below show the number of 

boreholes per total cost for each auger for the cooling and heating systems, 

respectively.  The charts below show that the main factor in overall cost is the auger 

selection.  The lower an auger can drill the more daily output and less cost per week to 

rent it is.  Also at depths less than 225 feet the ground is softer and therefore easier to 

drill, making the auger more effective. 

Chart 3: Total Borehole Cost Optimization 
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Chart 4: Total Borehole Cost Optimization 

 

Construction Schedule 

With the use of a ground source heat pump system comes more excavation and 

construction time.  This not only adds to the cost but also to the schedule.  The time 

needed to drill boreholes had to be added to the construction schedule. The drilling for 

boreholes was placed in the schedule to finish before the mechanical system rough-ins.  

The following figures, Figures 7 and 8, show the schedule changes for the cooling and 

heating systems respectively. 

 

Figure 7:  Construction Schedule (Cooling System) 
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Figure 8:  Construction Schedule (Heating System) 

Life Cycle Cost 

A life cycle cost was done for the ground source heat pump systems.  Life cycle costs 

include the initial cost of the system, the maintenance cost, and the energy cost per 

year of the system.  A maintenance figure was used from similar building types to be 

$0.10/SF.  The annual energy cost for the cooling and heating systems was based off 

the utility rate of $0.0935/kwh.  The initial cost for each system was based off the first 

cost of pumps per ton, $1300/ton, and the cost of drilling and piping.  An equipment life 

of 20 years was assumed.  The following table, Table 27, below shows the life cycle 

cost results for each system.  

Table 27: Life Cycle Cost Results 
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Electrical Breadth 

The purpose of this breadth is to resize electrical equipment such as panelboards and 

the main switchboard because with the addition of ground-source heat pumps.  They 

impose new electrical loads on the building.  In this study a panelboard is added for 

each GSHP system, cooling and heating, as well as feeder sizes and size of the main 

switchboard. 

Electrical Load Calculations 

The Full Load Amps, FLA, for the pumps were first found.  After this the FLAs were 

were used to find the watts put out by each pump.  The equation used for this is shown 

below, Equation 9.  The KVAs for each pump were than found to help with sizing the 

panelboards.  The power factor, PF, assumed for the pump motors was 0.9 for motors 

over 5 hp.  These values can be seen below in Tables 27 an 28 for each cooling and 

heating, respectively.   

                                            W = FLA x 1.73 x Voltage x PF       Equation 9    

Table 27: Electrical Loads for Cooling GSHPs 

Electrical Data  
  FLA PF Voltage Wtotal Wphase KVAphase 
GSHP-G 29.6 0.9 480 22122 7374 6.64 
GSHP-1 29.6 0.9 480 22122 7374 6.64 
GSHP-2 34.4 0.9 480 25709 8570 7.71 
GSHP-3 34.4 0.9 480 25709 8570 7.71 
GSHP-4 43.6 0.9 480 32585 10862 9.78 
GSHP-5 43.6 0.9 480 32585 10862 9.78 
Circ. Pump 7.5 0.9 480 5605.2 1868.4 2.07 
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Table 28: Electrical Loads for Heating GSHPs 

Electrical Data  
 FLA PF Voltage Wtotal Wphase KVAphase 

GSHP-G 47.6 0.9 480 35574 11858 10.67 
GSHP-1 20.7 0.9 480 15470 5157 4.64 
GSHP-2 31 0.9 480 23168 7723 6.95 
GSHP-3 29.6 0.9 480 22122 7374 6.64 
GSHP-4 34.4 0.9 480 25709 8570 7.71 
GSHP-5 31 0.9 480 23168 7723 6.95 
Circ. Pump 7.5 0.9 480 5605.2 1868.4 2.07 

 

Feeder Sizing 

To size the feeders for the pumps and panelboards Table 310.16 from NEC 2008 was 

used.  Feeder sizes are based off the FLA multiplied by a sizing factor of 1.25.  Ground 

wires were sized using Table 250.122 from NEC 2008.  Conduit sizes were found using 

Table C.1 for EMT, (electrical metallic tubing), from NEC 2008.  Table 29 below shows 

the feeder sizes for the GSHPs used for cooling and heating systems. 

Table 29:  Feeder Sizes for GSHPs 

 

Panelboards 

One panelboard each was added for the cooling and heating GSHPs.  The panelboards 

were sized using the KVA from each pump to find the total amps.  These total amps 
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were than used to size overcurrent protection devices, circuit breakers, for the 

panelboards and the GSHPs.  The circuit breaker sizes can be found on the 

panelboards.  The feeder sizes for the panelboards from the main switchboard are also 

found on the panelboards.  Figures 9 and 10 below are the panelboards for cooling and 

heating systems, respectively. 

 

Figure 9: Cooling GSHPs Panelboard 

 

Figure 10:  Heating GSHPs Panelboard 
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Switchboard 

The main switchboard was sized according to the total FLAs that are in the electrical 

loads from the life sciences building and greenhouse building.  The FLAs from all the 

panelboards were added together to get the total amps.  For both the cooling and 

heating GSHP systems the main switchboard has a size of 4000A.  The total amps 

were 3101A for cooling and 3529A for heating.  4000A is the next size that will meet 

both of these amp totals. 

Conclusion and Discussion of Results 

The ground source heat pump system employed to replace the chiller and boiler 

systems separately saved a good amount of energy used each year.  The reduction in 

energy cost from using the chiller system to using GSHPs and chilled beams to replace 

it was a savings of $137,495/year.  This is a significant savings in energy cost because 

of the amount of equipment taken out from the mechanical system.  That includes the 

chiller, the cooling towers, the condenser pumps, chilled water pumps, and a reduction 

in supply air from chilled beams.  The reduction in energy cost with replacing the boiler 

system with GSHPs and chilled beams results in a savings of $78,436/year.  This is 

also a significant reduction in energy because of losing mechanical equipment such as 

the heat pumps, boilers, and reduction in supply air from the chilled beams.  The 

following charts, Charts 5, 6, 7, and 8 show the energy consumption and cost per month 

for the cooling system employed with GSHPs.  Charts 9 and 10 below show the energy 

consumption and cost per month for the heating system employed with GSHPs. Tables 

30 and 31 below breakdown the energy consumption from each system per year.   
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Chart 5: Natural Gas Consumption per Month 

Natural Gas Monthly Consumption

0

100000

200000

300000

400000

500000

600000

1 2 3 4 5 6 7 8 9 10 11 12

Month

Na
tu

ra
l G

as
 (k

w
h)

Natural Gas

 

Chart 6: Natural Gas Cost per Month 
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Chart 7: Electrical Consumption per Month (GSHP Cooling) 
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Chart 8: Electrical Consumption Cost per Month (GSHP Cooling) 
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Chart 9: Electrical Consumption per Month (GSHP Heating) 
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Chart 10: Electrical Consumption Cost per Month (GSHP Heating) 

Cost/Month of Electrical Energy (GSHP Heating)

$22,000

$23,000

$24,000

$25,000

$26,000

$27,000

$28,000

$29,000

1 2 3 4 5 6 7 8 9 10 11 12

Month

Co
st

 ($
)

Cost/Month

 



Final Report  2011

 

48  Josh Martz | Mechanical Option | April 7, 2011 

 

Table 30: Annual Energy Consumption (GSHP Cooling) 

 

Table 31: Annual Energy Consumption (GSHP Heating) 

 

From the previous charts and tables it shows that it is more feasible to replace the 

chiller system with GSHPs than the boiler system.  This is because the annual energy 

savings are much more significant using cooling than heating GSHPs. 

Simple Payback 

The simple payback for the ground source heat pumps and chilled beams combined are 

calculated below.  The initial cost is taken over the annual cost savings to find a 

payback period.  Table 32 below shows the payback periods for each the cooling and 

heating systems. 
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Table 32: Simple Payback 

 

Emissions 

Because the electrical energy consumption reduced for each the cooling and heating 

systems the emissions will reduce for each of the systems.  If the GSHP heating system 

were to be used there would be no emissions from the natural gas boilers.  However 

since it is more feasible to replace the chiller system there will still be emissions from 

the natural gas boilers.  Tables 33 and 34 below show the emissions from the GSHP 

cooling system that is replacing the chiller system. 

Table 33: Annual Natural Gas Emissions 
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Table 34: Annual Electricity Emissions 
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Appendix 

Ground Source Heat Pump Bore Length Calculations 

Cooling Length:                                                                      

Lc = qa*Rga + (qlc – 3.41Wc)(Rb + PLFm*Rgm + Rgd*Fsc)                                                                   
tg - twi - two - tp  

            2 
Heating Length: 
 
Lh = qa*Rga + (qlh – 3.41Wh)(Rb + PLFm*Rgm + Rgd*Fsc)                
   tg - twi - two - tp  
            2 
Fof = 4*α*τf/db

2                                  Fo1 = 4*α*(τf – τ1) /db
2                                         Fo2 = 4*α*(τf – τ2) /db

2                               

Rga = (Gf – G1)/kg                             Rgm = (G1 – G2)/kg                                              Rgd = G2/kg                                               

Cooling Parameters:                                                                       Heating Parameters: 
Fsc= 1.02        Fsc= 1.02  
qa= 1,594,800 Btu/h       qa= 1,260,563 Btu/h 
qlc= 1,594,800 Btu/h       qlh= 1,260,563 Btu/h  
Rga= 0.112 h-ft-°F/Btu       Rga= 0.112 h-ft-°F/Btu 
Rgd= 0.202 h-ft-°F/Btu       Rgd= 0.202 h-ft-°F/Btu 
Rgm= 0.191 h-ft-°F/Btu      Rgm= 0.191 h-ft-°F/Btu  
Rb= 0.09 h-ft-°F/Btu      Rb= 0.09 h-ft-°F/Btu  
tg= 53 °F        tg= 53 °F  
tp= -4.7 °F       tp= 4.7 °F  
twi= 75 °F        twi= 50 °F 
two=85 °F        two= 40 °F 
Wc = 16,499 W        Wh = 14,061 W 
PLFm= 1        PLFm= 1 
Fof = 39,859        Fof = 39,859 
Fo1 = 3058        Fo1 = 3058 
Fo2 = 33        Fo2 = 33  
α = 1.22 ft2/day       α = 1.22 ft2/day  
db= 0.22 ft       db= 0.22 ft  
kg= 1.78 Btu /h-ft-°F      kg= 1.78 Btu /h-ft-°F 
τ1= 365        τ1= 365 
τ2= 395        τ2= 395 
τf= 395.33       τf= 395.33 
G1= 0.7        G1= 0.7 
G2= 0.36       G2= 0.36 
Gf= 0.9        Gf= 0.9 
 
Solutions: 

Lc= 14,801 ft       Lh= 16,905 ft 
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Pump Curves 

Cooling Circulation Pump Curve 

 

Heating Circulation Pump Curve 
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Ground Source Heat Pump Calculations 

Greenhouse GSHP 

 
 

 



Final Report  2011

 

55  Josh Martz | Mechanical Option | April 7, 2011 

 

AHU-1 GSHP 
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AHU-2 GSHP 
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AHU-3 GSHP 

 

 

 

 



Final Report  2011

 

58  Josh Martz | Mechanical Option | April 7, 2011 

 

AHU-4 GSHP 
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AHU-5 GSHP 
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Chilled Beam Calculations 

AHU-2 Chilled Beam 
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AHU-4 Chilled Beam 
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AHU-5 Chilled Beam 

 

 

 

 



Final Report  2011

 

65  Josh Martz | Mechanical Option | April 7, 2011 

 

 

 

 

 

 



Final Report  2011

 

66  Josh Martz | Mechanical Option | April 7, 2011 

 

Fan Coil Unit Calculations (For Comparison with Chilled Beams) 

AHU-2 FCUs 
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AHU-4 FCUs 
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AHU-5 FCUs 

 

 


