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ABSTRACT 

High initial costs and lack of public awareness of ground-source heat pump (GSHP) technology are the 

two major barriers preventing rapid deployment of this energy-saving technology in the United States. 

Under the American Recovery and Reinvestment Act (ARRA), 26 GSHP projects have been 

competitively selected and carried out to demonstrate the benefits of GSHP systems and innovative 

technologies for cost reduction and/or performance improvement. This paper highlights the findings of a 

case study of one of the ARRA-funded GSHP demonstration projects, a ground-source variable 

refrigerant flow (GS-VRF) system installed at the Human Health Building at Oakland University in 

Rochester, Michigan. This case study is based on the analysis of measured performance data, 

maintenance records, construction costs, and simulations of the energy consumption of conventional 

central heating, ventilation, and air-conditioning (HVAC) systems providing the same level of space 

conditioning as the demonstrated GS-VRF system. The evaluated performance metrics include the energy 

efficiency of the heat pump equipment and the overall GS-VRF system, pumping performance, energy 

savings, carbon emission reductions, and cost-effectiveness of the GS-VRF system compared with 

conventional HVAC systems. This case study also identified opportunities for reducing uncertainties in 

the performance evaluation, improving the operational efficiency, and reducing the installed cost of 

similar GSHP systems in the future. 
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1. INTRODUCTION 

1.1 Background 

In 2009, 26 projects were competitively selected and funded with an American Recovery and 

Reinstatement Action (ARRA) grant to demonstrate innovative ground-source heat pump (GSHP) 

technologies. Oakland University in Rochester, Michigan, was one of 26 demonstration sites. The GSHP 

technology demonstrated at this site is a ground-source variable refrigerant flow (GS-VRF) system. This 

system is designed to provide space cooling and heating to a new 172,000 ft
2
 Human Health Building 

(HHB) on the Oakland University campus (Figure 1). The demonstrated GS-VRF system includes 256 

vertical boreholes, two variable-speed loop pumps, 50 water-source Dakin variable refrigerant flow 

(VRF) units and three “GEO Heat” water-to-water heat pump units. The total installed cooling capacity is 

440 tons. 

 

The building construction was completed in 2012, and the building has been occupied and operated since 

then. Performance data from the GS-VRF system has been collected by Oakland University since 

September 2013.  

 

  

Figure 1. Geographic location of the GSHP demonstration site at Oakland University. 

 

1.2 Building and System Information 

Characteristic information about the building and the new GS-VRF system is introduced in the following 

sections. 

1.2.1 Building Information 

The 172,000 ft
2
 HHB at Oakland is a five-story building that includes a large auditorium, nine classrooms, 

a health clinic, teaching lab space, and faculty and administrative offices for two academic units on 

campus. It is the first LEED (Leadership in Energy and Environmental Design) Platinum building built in 

the state of Michigan. 

 

The building cost around $62 million to complete, including a $2.7 million grant from US Department of 

Energy (DOE). The GS-VRF system makes the HBB independent of the central heating plant of the 

Human Health Building at 

Oakland University 
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campus and eliminates the auxiliary cooling tower for the building. Since its opening in August 2012, the 

building has operated well with fewer complaints compared with other buildings (180 per year instead of 

300 per year on average), and the system performance has been monitored since August 2013. 

 

Figure 2, Figure 3, and Figure 4 show the HHB from the south, west, and east views, respectively.  

 

 
Figure 2. Human Health Building from the south view. 

 

In addition to the GS-VRF system, the HBB also implemented following mechanical systems: 

 

1. A 47,000 cfm dedicated outdoor air system (DOAS) provides ventilation air for the building. The 

DOAS is equipped with heat recovery wheels to precondition outdoor air using the building general 

exhaust. During warm and humid weather, desiccant wheels are used to dry incoming outdoor air. The 

heat collected from a solar system is used to regenerate the desiccant and to warm the outdoor air 

along with other heating devices (a natural gas-fired boiler and the “GEO Heat” water-to-water heat 

pumps). Chilled water produced by the water-to-water heat pumps is used to cool the outdoor air. 

2. Solar thermal collectors on the roof provide most of the required heat for ventilation, entrance 

vestibules and lobbies, pool heating, domestic hot water (DHW), and a sidewalk snow-melting system. 

In the summer, the collectors are used as a heat source to regenerate the desiccant in the DOAS. Four 
25,000 gallon underground tanks allow any excess heat collected to be stored until needed.  

http://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&docid=A0usMP_ELwV-uM&tbnid=dXqT6eOuqLGsjM:&ved=0CAUQjRw&url=http://www.smithgroupjjr.com/projects/human-health-building&ei=RTarU8TcK9LioATE8ID4Cw&bvm=bv.69620078,d.aWw&psig=AFQjCNFaAv2Sw0RO_PL0fdpiOEiU3qVV4Q&ust=1403815794627171
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Figure 3. Human Health Building from the west view. 

 

 
Figure 4. Human Health Building from the east view. 

http://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&docid=Q7IwRO_0oqw_rM&tbnid=Y11flmCr1WyIDM:&ved=0CAUQjRw&url=http://www.bdcnetwork.com/oakland-university%E2%80%99s-human-health-building-first-leed-platinum-university-building-michigan-slidesho&ei=ADarU4-1H5DwoASGxYCgBw&bvm=bv.69620078,d.aWw&psig=AFQjCNFaAv2Sw0RO_PL0fdpiOEiU3qVV4Q&ust=1403815794627171
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1.2.2 Description of the Demonstrated GS-VRF System 

The main heating, ventilation, and air-conditioning (HVAC) system for the building is a GS-VRF system. 

The outdoor air ventilation of the building is provided by a DOAS, which uses a ground source heat 

pump/ chiller to cool the outdoor air. Figure 5 presents a schematic for the GS-VRF system (including the 

DOAS) and monitored data points. As shown in Figure 5, the ground (or source) loop includes the 

following control options: heat can be added to the source loop from the hot water loop (via heat 

exchanger HX-3) when the source loop temperature falls below 51°F. Water from the source loop can be 

directly injected into the chilled water loop for direct use in the DOAS (via HX-2) when its temperature 

falls below 60°F (i.e., the economizer cooling mode). 

 

 
Figure 5. GS-VRF system schematic with monitored data points (CDH 2013).  

 

 

50 units 
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1.2.2.1 Ground Heat Exchanger 

The ground loop well field includes 256 bores that are 320 ft deep, for a total of 81,920 bore-feet and a 

total piping length of 163,840 ft. The bore field is divided into two adjacent grids, one 1317 and the 

other 57. All bores are spaced on 25 ft centers. Based on the 440 ton installed heat pump capacity, the 

loop is sized for 186 bore-feet/ton. The wells are divided into 20 parallel circuits. Circulation in the 

ground loop system is provided by two redundant 60 hp variable-frequency drive (VFD) pressure-

controlled pumps (Figure 5: P-16A, P-16B) with a three-way valve to bypass the ground loop as needed. 

The pump speed modulates to maintain the loop pressure. Table 1 provides some details of the ground 

loop field. 

 

Table 1. Ground loop design information 

 
 

1.2.2.2 VRF System 

The water-cooled VRF units are located in ten different mechanical closets in the building (located in 

both east and west sides at each of the five floors). There are a total of 50 Dakin RWEYQ series units that 

are either 6 or 7 tons. Each closet has four to six units (24 to 42 tons), and up to three individual units are 

connected in parallel to form a bank with a larger capacity. The number of VRF units and the total 

capacity (cooling ton) in each closet are listed in Table 2. Figure 6 shows one of the mechanical closets, 

which contains five VRF units. The total nominal capacity of the 50 units is 320 tons. Four of the units 

(25 tons) are cooling-only units (see Table 3 for “Type: AC”). The remaining units are heat recovery units 

(see Table 3 for “Type: HR”) that can provide heating and cooling simultaneously at different zones. 

According to the design document, these VRF units are able to operate only when the entering water 

temperatures are above 50°F.  
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Table 2. Location of VRF units 

Closet 
HP size 
(tons) 

Unit 
count 

1st Floor West 24 4 

1st Floor East  24 4 

2nd Floor West 32 5 

2nd Floor East 32 5 

3rd Floor West 24 4 

3rd Floor East 37 6 

4th Floor West 28 4 

4th Floor East 42 6 

5th Floor West 41 6 

5th Floor East 36 6 

Total 320 50 

 

 

 
Figure 6. Photo of one mechanical closet containing five VRF units. 

 

In addition to the water-cooled VRF units, the VRF system has a total of 189 fan coil units (FCUs) with 

320 tons connected capacity and 107 branch selector (BS) boxes. Up to three FCUs are connected to each 

BS box, which route refrigerant in the form of either hot gas (for heating) or low-temperature liquid (for 

cooling) to the FCUs connected to it. All the FCUs connected to the same BS box operate in the same 
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heating or cooling mode.  Each VRF unit can serve up to 10 BS boxes. Table 3 shows the grouping of the 

VRF units as well as the number of BS boxes and FCUs associated with each VRF unit. As an example, 

Figure 7 shows the grouping and layout of the FCUs on the second floor of the west wing of the building. 

Also as can be seen in Figure 7, conditioned outdoor air from the DOAS is ducted into a mixing box 

attached to the return air side of each FCU to provide outdoor air ventilation in the zones served by the 

FCU. The four cooling-only units are not equipped with BS boxes (see Table 3 for “Type: AC”). 

 

 
Figure 7. Layout of the FCUs for the west wing of the second floor. 

 

All the VRF units in the west side of the building are controlled by an “Intelligent Touch” controller 

provided by the VRF manufacturer, and all the VRF units in the east side of the building are controlled by 

another “Intelligent Touch” controller. 

 

1.2.2.3 Dedicated Outdoor Air System 

Two separate DOASs continuously condition outdoor air year round and deliver conditioned outdoor air 

to all the FCUs. The total design flow rate of the two DOASs is 47,000 cfm, but the actual outdoor air 

flow rate varies based on demand. The outdoor air flow provided to most of the small zones is modulated 

by the outdoor air damper at the mixing box of the FCU serving the zone. The damper is controlled based 

on an occupancy sensor in the zone. Outdoor air flow in larger zones is maintained at a minimum rate and 

is increased when the CO2 concentration in the zone rises above certain level. A variable-speed supply fan 

of the DOAS modulates to maintain a specified static pressure at the supply duct leaving the DOAS. A 

variable-speed exhaust fan varies the exhaust air flow to maintain a slightly positive pressurization in the 

building. The DOAS was originally designed to provide 55°F supply air, but it is currently operated to 

provide 70°F supply air. 

2093B
• Two -7 ton HP units
• 7 Branch Selectors
• 10 FCUs

2093A
• Three -6 ton HP units
• 5 Branch Selectors
• 9 FCUs

1093B (AC only)
• 2 FCU

West Wing

FCUs
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Table 3. Location and size of VRF units and the number of associated BS boxes and FCUs 

Location System Tag Unit Type AC Size (ton) Branch Selector Boxes FCUs 

1st Flr West 
1093A 

RWEYQ72PTJU-HR HR 6 

10 15 RWEYQ72PTJU-HR HR 6 

RWEYQ72PTJU-HR HR 6 

1093B RWEYQ72PTJU AC 6 0 6 

1st Flr East 
1193A 

RWEYQ72PTJU-HR HR 6 

10 10 RWEYQ72PTJU-HR HR 6 

RWEYQ72PTJU-HR HR 6 

1193B RWEYQ72PTJU AC 6 0 5 

2nd Flr West 

2093A 

RWEYQ72PTJU-HR HR 6 

5 9 RWEYQ72PTJU-HR HR 6 

RWEYQ72PTJU-HR HR 6 

2093B 
RWEYQ84PTJU-HR HR 7 

7 10 
RWEYQ84PTJU-HR HR 7 

2nd Flr East 

2193A 

RWEYQ72PTJU-HR HR 6 

8 10 RWEYQ72PTJU-HR HR 6 

RWEYQ72PTJU-HR HR 6 

2193B 
RWEYQ84PTJU-HR HR 7 

4 4 
RWEYQ84PTJU-HR HR 7 

3rd Flr West 

3093A 
RWEYQ72PTJU-HR HR 6 

5 9 
RWEYQ72PTJU-HR HR 6 

3093B 
RWEYQ72PTJU-HR HR 6 

8 10 
RWEYQ72PTJU-HR HR 6 

3rd Flr East 

3193A 

RWEYQ72PTJU-HR HR 6 

6 14 RWEYQ72PTJU-HR HR 6 

RWEYQ72PTJU-HR HR 6 

3193B 
RWEYQ72PTJU-HR HR 6 

4 10 
RWEYQ72PTJU-HR HR 6 

3193C RWEYQ84PTJU AC 7 0 8 

4th Flr West 

4093A 
RWEYQ84PTJU-HR HR 7 

4 5 
RWEYQ84PTJU-HR HR 7 

4093B 
RWEYQ84PTJU-HR HR 7 

5 9 
RWEYQ84PTJU-HR HR 7 

4th Flr East 

4193A 

RWEYQ84PTJU-HR HR 7 

5 10 RWEYQ84PTJU-HR HR 7 

RWEYQ84PTJU-HR HR 7 

4193B 

RWEYQ84PTJU-HR HR 7 

7 10 RWEYQ84PTJU-HR HR 7 

RWEYQ84PTJU-HR HR 7 

5th Flr West 

5093A 

RWEYQ84PTJU-HR HR 7 

5 8 RWEYQ84PTJU-HR HR 7 

RWEYQ84PTJU-HR HR 7 

5093B 
RWEYQ84PTJU-HR HR 7 

3 5 
RWEYQ84PTJU-HR HR 7 

5093C RWEYQ72PTJU AC 6 0 6 

5th Flr East 

5193A 

RWEYQ72PTJU-HR HR 6 

7 10 RWEYQ72PTJU-HR HR 6 

RWEYQ72PTJU-HR HR 6 

5193B 

RWEYQ72PTJU-HR HR 6 

4 6 RWEYQ72PTJU-HR HR 6 

RWEYQ72PTJU-HR HR 6 

Total 
 

  
320 107 189 

 

The DOAS unit includes a heat recovery wheel as well as post-heating and -cooling coils. Hot water from 

the main hot water loop of the building provides heat to the DOAS, and the ground source heat 

pump/chiller provides chilled water to cool the outdoor air. The DOAS also has a desiccant wheel for 

dehumidification. The desiccant wheel is regenerated using the heat from the main hot water loop. Since 
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the desiccant wheel provides dehumidification, the chilled water supply temperature is increased to 60°F 

so that only sensible cooling is provided by the cooling coils. 

1.2.2.4 Ground-Source Heat Pump/Chiller 

The ground source heat pump/chiller has three 30 ton (at 45°F chilled water supply temperature) modules 

connected in parallel so that they are plumbed as one single unit (Figure 8). Since the chilled water supply 

temperature is set at 60°F for providing only sensible cooling at the DOAS, each module actually supplies 

40 tons of cooling capacity.  

 

The chiller feeds chilled water in the storage/buffer tanks (CT-1 and CT-2 as shown in Figure 5). The 

chilled water is pumped from the tanks to HX-2, which cools the glycol-chilled water loop of the DOAS. 

The system is configured so that the water from the ground loop can be used directly to feed the 

storage/buffer tanks when it is below 60F. When heating in needed, the 130°F water from the condenser 

of the chiller is added to the main hot water loop instead of being rejected to the ground loop. 

 

 

 
Figure 8. Photo of the installed ground-source heat pump/chiller. 

 

1.2.2.5 Other Equipment 

The building also has the following heating equipment/system. Since this equipment is not directly related 

to the GS-VRF system, its performance was neither monitored nor analyzed in this study. 

 

 Hot water storage tanks: There are four 25,000 gallon underground hot water storage tanks. This 

storage system is connected to the solar collector loop via a heat exchanger (HX-4).  

 Unit heaters: There are 3 hot water unit heaters and 12 hot water cabinet unit heaters. The 15 hot water 

unit heaters (mostly providing heating for staircases) are served by the main hot water loop. There are 

also two small electric unit heaters in the building.  
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 DHW heater: The DHW heater provides 120F hot water through a DHW heat exchanger (DHW-1) in 

the main hot water loop.  

 Hot water boiler: The hot water loop can be heated by an Aerco 50 gpm, 1000 kBtu/h boiler that 

provides 130F water.  

 Pool heating: The pool is heated by the main hot water loop via HX-6.  

 Solar heating system: This system includes 6458 ft
2
 (600 m

2
) of solar collectors as well as an 18 ton 

dry cooler (presumably for heat rejection if the storage gets too warm). The solar loop is filled with a 

50% glycol solution.  

 Snow melting system: This system uses heat from the main hot water loop and moves it through a 

hydronic piping system embedded in the concrete pavement of the sidewalk to melt snow on the 

sidewalk. 
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2. MONITORING AND ANALYSIS PLAN 

2.1 Data Monitoring
 
Plan  

Performance data of the demonstrated system is collected by the grantee through the existing building 

control system. The monitored points were selected to focus primarily on the GS-VRF system. 

 

Figure 5 shows the location of the thermal energy (Btu) meters that were installed to measure the key 

energy flows in the system. Each energy meter uses a Siemens Controlatron ultrasonic flow meter 

integrated with temperature sensors to record the rate of thermal energy transfer (see data in Table 4). 

Power transducers are used to measure the combined power of all the VRF units in each mechanical 

closet (see data in Table 5).  

 

All data are collected at 15 minute intervals. Temperatures and flows are averaged values. The kilowatt 

readings from the power meters are instantaneous, while kilowatt-hours are cumulative readings. The data 

are transferred weekly to a server and stored in column-oriented, time-stamped, comma-delimited files 

(CSV format). One file is provided for each data point. 

 

Table 4. Oakland University GS-VRF system monitoring points on thermal loops 
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Table 5. Oakland University GS-VRF system monitoring points for power use of VRF units 

Location Data Point Name Raw Data File Name Units 

1st Floor East 
WE1_KW 1st_Floor_East_Heat_Pumps_KW kW 

WE1 1st_Floor_East_Heat_Pumps_KWH kWh 

1st Floor West 
WW1_KW 1st_Floor_West_Heat_Pumps_KW kW 

WW1 1st_Floor_West_Heat_Pumps_KWH kWh 

2nd Floor East 
WE2_KW 2nd_Floor_East_Heat_Pumps_KW kW 

WE2 2nd_Floor_East_Heat_Pumps_KWH kWh 

2nd Floor West 
WW2_KW 2nd_Floor_West_Heat_Pumps_KW kW 

WW2 2nd_Floor_West_Heat_Pumps_KWH kWh 

3rd Floor East 
WE3_KW 3rd_Floor_East_Heat_Pumps_KW kW 

WE3 3rd_Floor_East_Heat_Pumps_KWH kWh 

3rd Floor West 
WW3_KW 3rd_Floor_West_Heat_Pumps_KW kW 

WW3 3rd_Floor_West_Heat_Pumps_KWH kWh 

4th Floor East 
WE4_KW 4th_Floor_East_Heat_Pumps_KW kW 

WE4 4th_Floor_East_Heat_Pumps_KWH kWh 

4th Floor West 
WW4_KW 4th_Floor_West_Heat_Pumps_KW kW 

WW4 4th_Floor_West_Heat_Pumps_KWH kWh 

5th Floor East 
WE5_KW 5th_Floor_East_Heat_Pumps_KW kW 

WE5 5th_Floor_East_Heat_Pumps_KWH kWh 

5th Floor West 
WW5_KW 5th_Floor_West_Heat_Pumps_KW kW 

WW5 5th_Floor_West_Heat_Pumps_KWH kWh 

2.2 Data Analysis Plan  

Based on measured performance data and other relevant information, this case study evaluates 

performance metrics, including the energy efficiency of the GS-VRF system, electric end uses of all 

major equipment of the GS-VRF system, benefits achieved by the GS-VRF system (e.g., energy and cost 

savings, carbon emission reductions) compared with conventional HVAC systems, and the cost-

effectiveness of the demonstrated GS-VRF installation.  

 

From the collected data, heat transfer rates in each thermal loop shown in Figure 5 can be determined 

with Eq. (1).  

 

 Qi = K × Fi × (TiS - TiR) /1000 , (1) 

 

where  

Qi = heat transfer rate (kBtu/h),  

Fi = loop i flow rate (gpm), 

TiS = loop i supply temperature (°F),  

TiR = loop i return temperature (°F),  

K = fluid factor. 

 

The total load on the ground loop is given by Q1 and the thermal load imposed on the ground loop by the 

GSHP chiller is given by Q2. The thermal load imposed on the ground loop by the VRF units alone 
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(QRVRF) can be determined with Eq. (2). The power consumption of the VRF units (KWVRF) can be 

determined with Eq. (3). 

 

 QRVRF = Q1 - Q2 (2) 

 

 KWVRF = Σ KWi , (3) 

 

where KW is the measured power consumption of all the VRF units in a mechanical closet and i = 1 to 10  

(for the 10 mechanical closets)  

 

The cooling and heating provided by the VRF units (Q_VRF_Cooling and Q_VRF_Heating) are 

approximately calculated with Eqs. (4) and (5), respectively.  

 

If QRVRF < zero (rejecting heat to the ground loop): 

 

 Q_VRF_Cooling = EER (TGS)  KWVRF . (4) 

 

If QRVRF > zero (extracting heat from the ground loop): 

 

 Q_VRF_Heating = COP(TGS)  KWVRF  3.413 , (5) 

 

where EER and COP are the average cooling and heating efficiencies of all the VRF units combined, 

which is a function of the entering water temperature to the VRF units (TGS). 

 

The power draw (KWpump) of the ground (or source) loop pump (P-16A/P-16B as shown in Figure 5) is 

not directly measured. Instead, it is calculated based on the measured flow rate and the pump speed using 

following correlation:  

 

 KWpump = KWo x (PER_P16/100)
2.5

, (6) 

 

where PER_P16 is the percentage of the pump speed to its full speed and KWo is the power draw of the 

pump at full speed. For the 60 HP pump, KWo would be about 44 kW (assuming 95% loaded and with 

96% efficiency). The exponent 2.5 is generally used for pressure-controlled pumps (instead of the 

exponent 3 dictated by the pump affinity laws).  

 

One limitation of the proposed method for calculating the cooling and heating provided by the VRF units 

is that it ignores simultaneous heating and cooling, which can occur in multi-zone complex buildings, 

such as the HBB, especially during shoulder seasons. However, with the limited available data, it is not 

possible to separate the heating and cooling outputs of the VRF units when they run in heating and 

cooling modes simultaneously to satisfy various demands in different zones of the building.  

 

To overcome this limitation, a multi-zone hourly simulation model for the building is developed using 

eQUEST/DOE-2. Then the simulated cooling and heating loads during heating-only and cooling-only 

seasons (e.g., July, August, December, and January) will be calibrated with the calculated heating and 

cooling outputs. Once the model is calibrated in this way, the simultaneous heating and cooling loads 

during shoulder seasons can also be compared with the aggregated cooling and heating loads resulting 

from the calculation method described above. Finally, simulations with the calibrated model for a 

conventional HVAC system (e.g., variable air volume with chiller and boiler) are performed to establish a 

baseline for evaluating the energy and cost savings potential of the demonstrated GS-VRF system.  
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3. ANALYSIS RESULTS 

This section presents the data summary and analysis. The data analyzed in this study were collected by 

Oakland University from August 2013 through July 2014, which covers a full year. The data analysis 

includes (1) the operational efficiency of the GS-VRF system, (2) pump control and pumping energy use, 

(3) ground loop temperatures, and (4) areas having the potential to further improve system efficiency and 

reduce energy consumption. 

3.1 VRF System Energy Consumption Analysis 

3.1.1 VRF HP Units Hourly Energy Consumption  

The power consumptions of the water-cooled VRF units were measured at 15-minute intervals. There are 

ten mechanical closets (two for each floor), and each closet includes four to six units (24 to 42 tons) of 

Daikin’s water-cooled VRF units. Appendix A presents scattered plots of the hourly power consumption 

of the VRF units in each closet as a function of the outdoor air temperature. These scattered plots show 

patterns typical for all electric heating and cooling systems, except in three areas of the building. The 

typical power consumption pattern has a change point at around 50 to 60°F, and the power consumption 

increases as the outdoor air temperature increases/decreases from the change point. Three areas—the east 

and west wings of the first floor and the east wing of the second floor—have nearly constant power 

consumption throughout the year, which does not show any significant dependence on outdoor air 

temperatures. Given the large spaces like auditorium/classrooms in these three wings, it could be that 

there is constant cooling demand throughout the year because of the high internal loads from occupants, 

lighting, and equipment.  

 

Figure 9 shows hourly data for the aggregated power consumption for all the 50 VRF units. Figure 10 

shows the relationship of the aggregated power consumption with the coincidental outdoor temperature. 

As can be seen in Figure 10, there is a change point at around 55F, and the power consumption increases 

as the temperature increases/decreases from the change point. The peak power draw was around 150 kW 

and occurred in early September and the coldest days in January. The minimum power draw (about 25 

kW) occurred during May through July when the ambient temperature was mild (around 60F) and the 

building was unoccupied. A typical GSHP or air-source heat pump system would show close to zero 

HVAC energy use during unoccupied periods in shoulder season, as the system has a dead band between 

the heating and cooling set point temperatures (e.g., 70F for heating and 75F for cooling). The installed 

VRF system can provide simultaneous heating and cooling and the FCUs of the VRF system are 

controlled to maintain the indoor temperature of each zone they served precisely at a user-specified set 

point. Therefore, even during shoulder season, the VRF system continuously ran in either heating or 

cooling mode to maintain the indoor temperature in all of the zones at their individually specified set 

points.  

 

Figure 11 shows an example of simultaneous heating and cooling during a shoulder season. This figure is 

a screen snapshot of the building management system (BMS) at 8:20 a.m. on March 10, 2014. The blue 

colored number under the name of each zone—1 or 2—indicates the FCU in that zone running in cooling 

or heating mode, respectively. The green colored number under the name of each zone is the zone 

temperature set point, and the number above the green number is the current zone temperatures. The 

snapshot shows that there are many instances of simultaneous heating and cooling. In addition, the zone 

temperature set points in different zones varied from 69 to 76F. FCUs in adjacent zones with different 

temperature set points may run in cooling and heating modes simultaneously, which could result in a 

waste of energy, especially if these zones are not thermally separated, due to conflicting cooling and 

heating loads. For example, as shown in Figure 11, FC 1050-2 and FC 1050-3 (shaded in a blue box) are 
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the FCUs serving different areas of a large open space; but one of two FCUs ran in cooling mode and the 

other in heating mode, which caused the conflicting simultaneous heating and cooling described above. 

Similar power consumption patterns and the conflicting simultaneous heating and cooling in adjacent 

zones were also observed in the ASHRAE Headquarters building, which uses a similar but an air-source 

VRF system (Southard et al. 2014). 

 

Several other issues are also identified in Figure 11. First, it appears the FCUs in many zones did not 

maintain the zone temperatures at their set points. For example, the FCU in zone FC5015 ran in cooling 

mode with a set point of 73°F; but the zone temperature was 68.6 °F (shaded in an orange box in the 

figure), which indicates overcooling in this zone. It is also likely that there is a problem in the VRF 

control system that prevents the FCU from running in heating mode in that situation. Similar patterns can 

also be found in FC1006-1, FC 3065, FC 5020, and others. On the other hand, it was also found that some 

zones (e.g., FC3011) were overheated. Appendix B provides additional snapshots of the BMS screen for 

six different times of the year. Additional snapshots of the BMS reveal that, although the VRF system 

mostly provides cooling during summer seasons (see the snapshot for August 2014), there are significant 

numbers of FCUs running in cooling mode during winter season (see the snapshot for December 2014).  

 

 

 
Figure 9. Aggregated power draw from all of the 50 VRF units in the building. 
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Figure 10. Trend of aggregated power draw of the 50 VRF units versus outdoor air temperature. 

 

 

 

 

 
 

 

Figure 11. Building management system snapshot of all zone temperatures at 08:19 a.m. on 

March 10, 2014.  
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3.1.2 VRF HP Unit Daily Energy Consumption  

Since there are many missing data points for the measured hourly power consumption of the VRF system 

during the monitoring period, it is necessary to fill in the missing data to estimate the daily, monthly, and 

annual power consumption of the VRF system. Therefore, an inverse modeling technique was adopted to 

develop a model for predicting the daily power consumption of the VRF system as a function of the 

coincidental daily outdoor air temperature. The ASHRAE Inverse Modeling Toolkit (IMT) was used to 

develop the model. The IMT outputs show a fairly good fit (R
2
 = 0.827) between the model predictions 

and the measured power consumption data. This is a 4-parameter model as shown in Eqs. (7) and (8). 

 

 

If OAtemp > 64.75ºF: 

 

Daily VRF power consumption (kWh) = 52.93  (OAtemp − 66.75) + 957.86 (7) 

 

If OAtemp < 64.75ºF: 

 

Daily VRF power consumption (kWh) = −26.10  (OAtemp − 66.75) + 957.86 (8) 

 

This model was used to predict the daily power consumption for days with missing data (there are 126 

days with all or part of the hourly data missing). 

 

Figure 12 shows a scatter plot of the daily power consumption with and without the missing data filled in. 

With the missing data filled with the model predictions, the total annual VRF power consumption from 

August 2013 through July 2014 was estimated at 564,664 kWh, which is 41% more than that calculated 

with only the available measured data. 

3.1.3 Loop Pumping Control Analysis  

The system is controlled through the BMS and operates continuously (day and night, weekday and 

weekend) during the entire year. The lead pump (pump P16A, shown in Figure 5) and the lag pump 

(pump P16B) are switched on a monthly basis. According to the control sequence provided by the facility 

manager, the pump speed is controlled to maintain the pressure differential between the supply and return 

mains of the heat pump loop at a given set point (shown as “DP” in Figure 5). 

 

There are no direct measurements for the pumping power. Instead, the speeds of the two pumps (indicated 

by the percentage of its full speed) have been monitored. Figure 13 presents the time series of the speeds 

of the two pumps. As shown in Figure 13, there is a distinct difference in the pump speed between heating 

(extracting heat from the ground) and cooling seasons (rejecting heat to the ground). During the cooling 

season, it appears the pump speed varied within 60 to 80% of its full speed, but it was higher during the 

heating season—between 80 and 100% of its full speed.  

 

Figure 13 also shows that the temperature differential between the supply and return of the ground loop 

had different patterns in the cooling and heating seasons—it fluctuated between 0 and 20F in cooling 

season but stayed at less than 1F in heating season. This pattern was found to be resulting from the 

following system operation and control issues: 

 

 All the two-way valves of the VRF units are open to allow water to flow through the VRF units even 

when they are not called on to run. 
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 There is a 3-way valve between the main loop (serving the VRF units and the geo-chiller) and the 

ground loop. The 3-way valve is controlled to bypass the ground loop if the return water from the 

main loop is below 80F and higher than 55F.  

 
 

 
 

 
Figure 12. Daily combined VRF unit power consumption with missing data (upper) and with 

missing data filled in (lower). 
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Figure 13. Pump speed (percentage of its full speed) and the coincidental temperature 

differential at the ground loop. 

 

During heating season, since the VRF and geo-chiller extracted heat from the ground, which is only 51F 

even without any heat extraction, the return water temperature from the main loop was always below 

55F. As a result, the 3-way valve remained open to route all the water flow in the main loop to the 

ground loop, and the pumps in the main loop ran continuously at nearly full speed (the fluctuation of the 

pump speed in heating season was due to the intermittent operation of the geo-chiller). Because of the 

large, nearly constant water flow through the ground loop, the temperature differential in the ground loop 

was very low (less than 1F). It indicates excessive pumping in the system.  

 

On the other hand, the ground loop was bypassed frequently in cooling season because the return water 

temperature in the main loop was below 80F most of the time, given the low ground temperature (51F), 

moderate cooling loads in the building, and large water flow through the VRF units. When the ground 

loop was bypassed, its associated head loss was also bypassed, so that the pump ran at a slower speed to 

maintain the pressure differential set point at the main loop. Although the bypass did reduce pumping 

power, it sacrificed some of the cooling efficiency of the heat pump as a result of the elevated water 

temperature in the main loop when the ground loop was bypassed. As shown in Figure 13, even with the 

ground loop bypassed, the pumps never ran below 50% of their full speed because of the always-open 

two-way valves and the resulting constant water flow through the VRF units.  

 

It is strongly recommended that Oakland University staff work with the VRF manufacturer to evaluate the 

operation of the two-way valves. If the two-way valves are turned on and off, or even better modulating 

valves are used instead and they are modulated, with the operation of the VRF units, the pump speed and 
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the associated pumping power can be significantly reduced during most of the year when the building 

heating and cooling loads are not at peaks.  

3.1.4 VRF System Energy Consumption Analysis  

The hourly pumping power consumption was calculated using Eq. (6) and the measured speed of the 

pumps. The power consumption of the indoor FCUs of the VRF system (due mainly to the fans) was not 

measured but was estimated based on manufacturer’s catalog data. It was also assumed that the FCU fans 

ran continuously at full speed because it was observed that the FCUs ran in either heating or cooling 

mode most of the time. Daily power consumption of the VRF units, pumps, and FCUs were aggregated to 

estimate the monthly power consumption of the entire GS-VRF system (Figure 14).  

 

According to the mechanical drawings and the equipment schedules, there are 189 FCUs of 7 different 

sizes. The input power (kW) and the air flow (CFM) for each FCU size were obtained from the 

manufacturer’s specification sheets and were used to calculate the total power draw and average fan 

efficiency of all the FCUs, which is expressed as the ratio of the total power draw to the total air flow rate 

of all the FCUs. The average fan efficiency was used as an input value in the simulation described later in 

this report to estimate the annual power consumption of the FCU fans. The calculated total power draw of 

all the FCUs is around 42 kW and the total air flow is 131,572 CFM (i.e., 0.3 W/CFM). 

 

The annual power consumption analysis shows that the pumps and the FCUs account for 16 and 33% of 

the power consumption of the entire GS-VRF system, respectively. As shown in Figure 15, the monthly 

pumping energy fractions over the 12 months vary from 10 to 20%, with the lowest in August (when the 

system was in cooling mode operation and had highest cooling loads) and the highest in April (when the 

system was in heating operation but had the smallest heating loads).  

 

 

 
Figure 14. Daily power consumption of GS-VRF system and each end use. 
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Figure 15. Monthly power consumption of VRF units, indoor FCUs, and pumps. 

3.2 Ground Loop Temperatures and Heat Transfer 

Figure 16 shows a time series plot for the ground loop supply and return temperatures, as well as the 

temperature differential between the supply and return lines of the ground loop. The measured ground 

loop supply temperatures (red diamond in the figure) were around 60°F from August 2013 until they 

dropped below 60°F in October 2014 when the ground loop started extracting heat from the ground. 

Starting in June 2014, the ground loop supply temperatures returned to and stayed within the 60–70°F 

range. As shown in Figure 16, the ground loop supply temperature was higher than the coincidental 

ambient temperature during most of the time in the heating season (from November 2013 through April 

2014). The average ground loop temperature differential during heat rejection (when the return 

temperature is higher than the supply temperature) was about 10°F, but it was less than 1°F during heat 

extraction (when the return temperature is lower than the supply temperature). The very small 

temperature differential during heat extraction indicates excessive pumping.  

Figure 17 shows the ground heat transfer (Q—heat rejection and extraction) to and from the ground. It 

appears that 55 to 60F is the change point for heating/cooling mode, as is also shown in Figure 10. 

Mixed cooling and heating operation can be observed when the outdoor air temperature is between 35 and 

60F. It indicates there may be simultaneous heating and cooling occurring in various zones of the 

building. The annual cumulative heat rejection and extraction were calculated at 1,792 MMBtu and 1,662 

MMBtu, respectively. It indicates that about 8% more heat was rejected to the ground than was extracted 

on an annual basis. Given such a small heat imbalance, the 60 to 70°F ground loop supply temperature in 

the first two years of operation indicates that the ground heat exchanger may be oversized since it is 

usually sized to maintain the supply temperature not higher than 95°F for 20 years of operation. 
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Figure 16. Ground loop temperatures and the coincidental ambient temperatures. 
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(a) 

 
(b) 

Figure 17. Ground loop heat transfer: (a) time series plot and (b) scatter plot compared with 

the outdoor air temperature. 
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3.3 Heating and Cooling Loads and System Performance 

Performance curves of the Daikin water-source VRF units were obtained from the manufacturer’s 

website. Based on these curves, correlations were derived to estimate the unit efficiencies in heating and 

cooling modes with the entering water temperatures (supply temperatures of the main water loop). Then 

the hourly cooling and heating loads were calculated using Eqs. (4) and (5). Given the limited available 

data, the simultaneous heating and cooling provided by the VRF units cannot be calculated separately. It 

is thus assumed that all the output of the VRF units is for cooling when the ambient temperature is higher 

than 55°F and it is only for heating when the ambient temperature is lower than 55°F. This assumption 

may underestimate the actual heating and cooling provided by the VRF units when both heating and 

cooling are simultaneously provided. The estimated hourly cooling and heating loads are shown in Figure 

18. It appears the peak cooling and heating capacities are 2,440 kBtu/h (203 ton) and 1,800 kBtu/h (150 

ton), respectively. Given that the total size of the installed VRF units is 320 ton, it appears the VRF units 

are oversized. 

  

The monthly heating and cooling COPs of the GS-VRF system were calculated with the heating/cooling 

outputs estimated above, the measured power consumption of the VRF units (missing data filled in with 

the predictions of the inverse modeling), the calculated pumping power consumption (based on the 

measured pump speed), and the calculated indoor FCU power consumption, as expressed in Eqs. (9) and 

(10). 

 

                    
                                           

                                                            
  (9) 

 

                    
                                           

                                                            
    (10) 

 

 

Figure 19 and Figure 20 show the monthly cooling and heating COPs, respectively. The average cooling 

and heating COPs for the GS-VRF system were 2.3 and 2.2, respectively. It should be noted that, since 

the simultaneous heating and cooling provided by the GS-VRF system was not accounted for due to the 

limited available data, these calculated COPs are conservative. 

 

Excluding the power consumption of the circulation pumps and the indoor FCUs, the average COPs for 

the VRF units in cooling and heating mode were 5.8 and 3.6, respectively. The manufacturer’s catalog 

data show that the cooling and heating COPs of the installed VRF units under rating conditions
1
 are 4.0 

and 4.7, respectively. The average measured cooling COP is higher than the rated cooling COP because 

the average ground loop supply temperature during cooling operation is lower than the rating condition. 

On the other hand, the average measured heating COP is lower than the rated value because the average 

ground supply temperature during heating operation is lower than the rating condition. 

 

                                                      
1
 Cooling rating condition: 80F dry bulb/67F wet bulb indoor air and 85F water source supply temperature.  

Heating rating condition: 70F dry bulb indoor air and 70F water source supply temperature. 
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Figure 18. Estimated hourly cooling and heating outputs of the GS-VRF system. 

  

 

 

Figure 19. Monthly cooling load and efficiency of VRF units and GS-VRF system.  
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Figure 20. Monthly heating load and efficiency of VRF units and the GS-VRF system.  
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4. ENERGY SAVINGS POTENTIAL 

4.1 Calibrated Hourly Building Energy Model 

Since the demonstrated GS-VRF system is in a new building, there are no existing baseline energy data to 

compare with measured data. Therefore, an hourly building energy simulation model for the host building 

and the GS-VRF system was developed with a building simulation program, eQUEST, version 3.64 

(Hirsch et al. 2013). This model was calibrated with the measured data. The calibrated simulation model 

was then modified to simulate a conventional HVAC system and predict its energy consumption, which 

was used as a baseline to be compared with the measured power consumptions of the GS-VRF system.  

 

The following assumptions were made in the computer model: 

 

1. The many zones in each floor of the building were aggregated into a few large zones, each one 

conditioned by one indoor FCU. 

2. Only the GS-VRF system was modeled for the building. The DOAS was not included in the 

model because it supplies conditioned outdoor air at room temperature (i.e., 70°F) and thus does 

not have a significant impact on the heating and cooling loads of each zone. 

3. A model for conventional GSHP systems was modified to approximately simulate the GS-VRF 

system since the current version of eQUEST cannot model the GS-VRF system. Performance 

curves of the VRF units obtained from manufacturer’s published literature were used to replace 

those for the conventional GSHP units. The performance curves and the approximation algorithm 

for the simulation are provided by the VRF manufacturer (Daikin 2014).  

4. The monthly average supply water temperature from the ground loop to the VRF unit (as shown 

in Figure 21) was calculated from the measured data and used in the simulation. The three-way 

valve operation and the resulting temperature changes in the ground loop were not modeled due 

to the limited capability of eQUEST.  

5. All the zones have an identical room temperature set point of 72°F during each hour of the entire 

year.  

6. The original heating and cooling COPs of the VRF units stated in the manufacturer’s 

specifications were used in the model and were slightly modified later, during the calibration 

process, to match the measured power consumption data.  
7. The building operates continuously all year long. 

 

Figure 22 shows a three-dimensional rendering of the developed building model. After the initial model 

was developed, it was calibrated with the measured power consumption data for the VRF units and the 

pumps, as well as the calculated cooling and heating outputs of the VRF system. The measured data 

indicate that the single-point control strategy of the VRF system may have resulted in conflicting 

simultaneous cooling and heating as a result of the various room temperature set points in different zones 

of the building, especially during shoulder seasons. However, this conflicting simultaneous heating and 

cooling cannot be simulated with the current model. Therefore, the focus of the calibration process was to 

match the peak cooling and heating outputs, rather than to match the annual cumulative heating/cooling 

outputs of the VRF system.  

 

Figure 23 shows the simulation-predicted and measured cooling and heating outputs against the 

coincidental ambient air temperature. As shown in Figure 22, the predicted cooling and heating outputs 

matched the measured data fairly well when the ambient temperatures were above 80F or under 10F. 

This indicates that the model predicts the peak cooling and heating demands fairly well. The measured 

loads are higher than the predicted loads at other ambient air temperatures. That outcome is expected 
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since the simulation does not account for the conflicting simultaneous heating and cooling observed in the 

real building. 

 

 
Figure 21. Monthly supply water temperature from the ground loop. 

 

The model was further calibrated by varying the COPs of the VRF units to match the measured power 

consumption at peak cooling and heating loads. Figure 24 shows the predicted and measured hourly VRF 

power consumption against ambient air temperatures. Like the comparison between the predicted and 

measured building loads, the predicted and measured power consumption at the high and low ends of the 

ambient temperature range match fairly well. However, the predicted VRF power consumption in mild 

weather (with ambient temperatures ranging from 30 to 70°F) is lower than the measured power 

consumption; that result is thought to be due to the reasons discussed in the previous paragraph. 

 

The simulation-predicted annual combined cooling and heating output of the VRF units is 5,056 MMBtu, 

which is 39% lower than the measured (calculated with Eqs. [4] and [5]), which is 8,344 MMBtu. The 

simulation-predicted annual power consumption of the VRF units and the circulation pumps is 647 

MWh/year, which is 13% lower than the measured power consumption (744 MWh/year). It is thought 

that these discrepancies are partially due to that the simulation did not account for the simultaneous 

heating and cooling of the VRF system. As discussed previously, the control of the GS-VRF system 

resulted in conflicting simultaneous heating and cooling in adjacent zones, which may have led to the 

heating and cooling outputs of the GS-VRF system greater than actually needed to maintain the zone 

temperatures. Rather than predicting the actual performance of the installed GS-VRF system, the 

simulation estimates the heating and cooling loads for maintaining the zone temperatures at a given set 

point. 
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(a) Photo of the HHB building 

 
(b) 3D rendering of the eQUEST model 

 

Figure 22. Three-dimensional rendering of the eQUEST model for the host building. 

 

 

http://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&docid=Q7IwRO_0oqw_rM&tbnid=Y11flmCr1WyIDM:&ved=0CAUQjRw&url=http://www.bdcnetwork.com/oakland-university%E2%80%99s-human-health-building-first-leed-platinum-university-building-michigan-slidesho&ei=ADarU4-1H5DwoASGxYCgBw&bvm=bv.69620078,d.aWw&psig=AFQjCNFaAv2Sw0RO_PL0fdpiOEiU3qVV4Q&ust=1403815794627171
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Figure 23. Hourly heating and cooling loads (measured vs. simulated) versus ambient air temperature. 

 

 
Figure 24. Hourly GS-VRF system energy use (measured vs. simulated) versus ambient air temperature. 

 

4.2 Baseline Energy Modeling 

Two baseline HVAC systems were considered for the economic analysis. Both baseline systems are 

variable-air-volume (VAV) systems with hot water reheat. An air-cooled chiller and a natural gas boiler 

were used in both baseline systems but with different efficiencies—minimum energy efficiencies as 
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the second baseline. Baseline models were developed by replacing the GS-VRF system in the calibrated 

model with each of the baseline systems. The assumptions for the two baseline models are as follows: 

 Cooling energy efficiency ratio (EER) for the air-cooled chiller is 9.56 and 12.17 in the first and 

second baseline system, respectively.  

 Thermal efficiency of the hot water boiler is 80% and 82% in the first and second baseline system, 

respectively.  

 The zone supply air temperature is 55°F, and the cold deck outdoor air reset schedule is applied to 

raise the zone entering temperature to 65°F when the ambient air temperature falls to 55°F.  

 The air-side economizer is used when ambient air temperature is below 65°F.  

 No heat or energy recovery was modeled in the baseline simulations.  

 

Based on the simulation results for the baseline systems, the site energy, source energy, energy cost, and 

CO2 emissions of the baseline systems were calculated. The average utility rates paid by the university in 

2013 and 2014 (i.e., $0.085/kWh for electricity and $5.95/MMBtu for natural gas) were used for 

calculating energy cost savings. However, as listed in Table 6, while the electricity rate in 2013/2014 is 

only slightly (8%) higher than that in 2009 when this project was planned, the natural gas rate in 

2013/2014 is 38% lower than in 2009.  

 

Table 6. Electricity and natural gas rates paid by the university from 2008 to 2014 

Year Electricity 

($/KWH) 

Natural gas 

($/MMBTU) 

2008 $0.0749 $9.442 

2009 $0.0761 $9.576 

2010 $0.0761 $9.691 

2011 $0.0791 $6.403 

2012 $0.0858 $6.913 

2013 $0.0881 $5.955 

2014 $0.0822 $5.850 

 

 

The source energy factor for delivered electricity is 3.443, which is an average value for the US Eastern 

Interconnection, and the source energy factor for delivered natural gas is 1.092 according to Deru and 

Tocellini (2007). These conversion factors were used to calculate the source energy consumption. The 

same source provides the CO2 emission factors for delivered electricity—1.64 lb of pollutant per kWh of 

electricity, and for natural gas consumed on site—122 lb per 1 MMBtu of natural gas on site burning 

emission factor and 11.6 lb per 1 MMBtu of natural gas pre-combustion emission factor. These 

conversion factors were used to calculate the CO2 emissions. 

4.3 Energy Savings Analysis 

Table  summarizes the simulation and analysis results. Compared with the first baseline system, the 

GS-VRF system saved 6,919 MMBtu of source energy (a 33% savings), $29,627 in energy costs (23% 

savings), and reduced about 627,151 lb of CO2 emissions (a 25% reduction) annually. Compared with the 

more energy-efficient second baseline system, the GS-VRF system saved 5,691 MMBtu of source energy 

(a 29% savings), $21,245 in energy costs (17% savings), and reduced about 470,347 lb of CO2 emissions 

(20% reduction) annually. The full simulation reports for each baseline are provided in Appendix C.  
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Table 7. Energy, cost, and CO2 savings for the case study building 

  

VRF 

(Measured 

w/ Simulated 

Fan Energy) 

Base Case 1 

(VAV_NG Boiler 

ASHRAE 90.1-2010) 

Base Case 2 

(VAV_NG Boiler 

Better Efficiencies) 

 Electricity  Electricity  Natural Gas Electricity  Natural Gas 

HVAC Related Site Energy Use 

(MMBtu) 
4,055 13,234 12,700 

% Difference vs. Baseline 
 

69% 68% 

HVAC Related Source Energy 

Use (MMBtu) 
13,961 20,880 19,652 

% Difference vs. Baseline 
 

33% 29% 

Energy Cost by fuel type $101,017 $68,119 $62,525 $61,285 $60,977 

Total Energy Cost $101,017 $130,644 $122,262 

Cost Savings 
 

$29,627 $21,245 

% Difference vs. Baseline 
 

23% 17% 

CO2 Emissions (lb) by fuel type 1,865,847 1,258,198 1,234,800 1,131,970 1,204,224 

Total CO2 Emissions (lb) 1,865,847 2,492,998 2,336,194 

CO2 Emission Reductions (lb) 
 

627,151 470,347 

% Difference vs. Baseline 
 

25% 20% 

 

Figure 25 shows a comparison of the energy use intensities (EUIs) of the HVAC-related site and source 

energy for the GS-VRF system and the other two baseline systems. The benchmark EUIs for HVAC-

related site energy for similar buildings were obtained from two references—the 2003 CBECS 

(EIA 2003) and the EPA Portfolio Manager (EPA 2014); these EUIs also are shown in Figure 25 for 

comparison. Note that the EUI from the 2003 CBECS data includes primary and secondary schools as 

well, which typically have lower EUIs than university buildings. The EUI from the EPA Portfolio 

Manager is the average of the EUIs of existing university buildings, which would be higher than the EUI 

of the new building. As can be seen from Figure 25, the predicted site EUI of the two baseline systems is 

reasonably close to the benchmark EUIs, and the site EUI of the GS-VRF system is less than half of the 

benchmark EUIs. 

 

For further comparison, Figures 26 and 27 compare the site and source energy end use between the 

GS-VRF system and the two baseline systems. Since the GS-VRF system provides both space heating 

and cooling, the corresponding energy consumptions are combined into one category. As shown in these 

figures, the lighting and equipment energy use are the same for all three cases; and while GS-VRF 

consumes much less energy for space cooling and heating, it uses more energy for the pump and fans than 

the baseline systems. Figure 27 shows that the source energy use by the GS-VRF for cooling and heating 

is about 61% (i.e., 10,308 MMBtu) and 58% (i.e., 9,103 MMBtu) lower, respectively, than that of the two 

baseline systems. However, the source energy use of the indoor fans and the circulation pumps of the 

GS-VRF system is about 62% (3,231 MMBtu) and 53% (1,126 MMBtu) higher, respectively, than that in 

the baseline systems. The result is a moderate (29–33%) source energy savings by the GS-VRF system. 
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Figure 25. Comparisons of the site and source HVAC energy.  

 

 
Figure 26. Comparisons of site energy end use between GS-VRF and two baseline systems.  
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Figure 27. Comparisons of source energy end use between GS-VRF and two baseline systems.  

 

4.4 Cost Analysis 

The GS-VRF system cost premium is the difference between the installed cost of the GS-VRF system and 

the cost of the baseline system. Tables 8 and 9 summarize the itemized costs of the demonstrated 

GS-VRF system and the baseline system, which are provided by the grantee (Oakland University). The 

total installed costs of the GS-VRF system and the baseline system are $7,540,083 and $6,728,778, 

respectively. The resulting cost premium of the GS-VRF system is $811,305. 

Given the 440 ton installed cooling capacity of the GS-VRF system and the 172,000 ft
2
 building floor 

space, the installed cost can be normalized as $17, 137 per installed cooling ton, or $43.8 per square foot 

of building floor space. 

As listed in Table 7, the GS-VRF system saved $29,627 (23% saving) and $21,245 (17% saving) in 

energy costs compared with the first and second baseline systems, respectively.  

Based on the calculated cost premium ($811,305) and the predicted annual operating cost savings of the 

GS-VRF system, the simple payback periods for the GS-VRF system are 27 and 38 years compared with 

the first and second baseline systems, respectively. However, if the energy cost savings were calculated 

with the 2009 utility rates, the simple payback periods would have been 11 and 13 years, respectively. 
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It should also be noted that the demonstrated GS-VRF system is a part of a very complicated system 

serving the building. It is likely that the complexity of the system may have increased the costs for system 

design, installation, and integration. 

Table 8. Itemized installed cost of the demonstrated GS-VRF system 

Cost items Costs ($) 

Well field Geothermal field  1,213,557  
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Ductwork  2,459,678  

Piping 900,250  

VRF equipment 810,700  

Ground source heat pump chiller 145,040  

Boiler 17,000  

Heat exchangers 20,500  

Pumps 119,000  

Test and balance 215,775  

Others 
Electric 1,4997,37  

Integration 888,715  

Subtotal direct costs 7,540,083  

 

Table 9. Itemized installed cost of the baseline system 

 Name Unit Cost # of Units Cost Notes 

AHU (26,000 CFM) $157,000 10.00  $1,570,000 
From RS Means Facilities Construction 

Cost Data 2012 

Chillers (210 Tons) $166,000 2.00  $332,000 
From RS Means Facilities Construction 

Cost Data 2012 

Cooling Towers $24,000 3.00  $72,000 
From RS Means Facilities Construction 

Cost Data 2012 

Boilers (4,000MBH) $44,500 3.00  $133,500 
From RS Means Facilities Construction 

Cost Data 2012 

Ductwork $2,302,569 1.00  $2,302,569 
HHB Cost, deducted $518,000 for DOAS 

units, and adjusted for additional ductwork 

VAV $111,000 1.00  $111,000 Estimated 111 zones x $1,000 per zone 

Pumps $119,000 1.00  $119,000 Same as HHB cost 

Piping $900,250 0.50  $450,125 50% of HHB cost 

Electrical $1,499,737 0.50  $749,869 50% of HHB cost 

Integration $888,715 1.00  $888,715 Same as HHB cost 

Total Base Cost  $6,728,778 $39.12/ft
2
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5. OPERATION AND MAINTENANCE 

According to the Oakland University facility manager, the HHB has operated well since its opening in 

August 2012, and there have been significantly fewer complaints for the HHB than for other buildings 

(180 per year instead of 300 per year on average), The Work Order Browse Report for the HHB was 

analyzed to identify HVAC-related complaints, maintenance/repair issues, and the associated costs. There 

are three types of complaints/requests in the report: too cold, too hot, and repair/maintenance. Usually 

complaints that the building was too cold or too hot were solved by adjusting thermostat settings. 

However, it has been found that temperatures in a few zones cannot be maintained at set points by the 

indoor FCUs because of some control issues associated with switching between heating and cooling 

modes for the FCUs. The requested repair/maintenance is filter changes. A summary of the total number 

and cost of maintenance for HVAC-related complaints is shown in Figure 28. 

 

 

Figure 28. Summary of the costs and counts of maintenance requests for HVAC-related issues. 
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6. CONCLUSIONS AND LESSONS LEARNED 

The performance, achieved benefits, and cost-effectiveness of a GS-VRF system installed at the HHB at 

Oakland University in Rochester, Michigan, was investigated in this case study. The investigation is 

based on the analysis of measured performance data, maintenance records, construction costs, and 

calibrated building energy simulations. The following are major findings and lessons learned from this 

case study.  

 

 The site EUI of the demonstrated GS-VRF system is less than half of the comparable benchmark EUIs 

for HVAC-related site energy of similar buildings. 

 The GS-VRF system saved 6,919 MMBtu source energy (a 33% savings), avoided $29,627 energy 

costs (23% savings), and reduced 627,151 lb of CO2 emissions (a 25% reduction) annually compared 

with a conventional VAV system that uses minimum code-compliant air-cooled chiller and natural-gas 

boiler. 

 The simple payback period of the GS-VRF system is 27 years compared with a conventional VAV 

system that uses minimum code-compliant air-cooled chiller and natural-gas boiler. However, if the 

utility rates were at its 2009 level, the simple payback period would have been 11 years. 

 The ground heat exchanger of the GS-VRF system maintained the fluid temperature supplied to the 

VRF units within 50 to 70°F during the full-year period encompassed in this study, while the ambient 

temperature varied from −18 to 96°F. The 50 to 70°F fluid temperatures enable efficient operation of 

the VRF units.  

 The building served by the GS-VRF system has been operating well since it was commissioned in 

August 2012, and it received 40% fewer complaints compared with other buildings on campus. 

 The operational efficiency of the GS-VRF system could be even better if following control issues are 

solved:  

o It was found that the water flow to each water source VRF unit was not regulated. As a result, 

the variable-speed pump of the common water loop ran at speeds within a narrow range all 

year long, more like a constant-speed pump, and the temperature differential at the water loop 

is very small, especially in the winter. It is recommended that water flow rate in each VRF 

unit be modulated with an effective strategy (e.g., maintaining a constant differential 

temperature at each VRF unit) to avoid excessive flow and the resulting waste of pumping 

energy. 

o The fan speed of FCUs is constant whenever the FCU runs in either heating or cooling mode. 

Since FCUs of the VRF system can adjust their capacities by modulating the refrigerant flow, 

they could run in heating or cooling mode for a long time with low capacities. The constant-

speed fan operation has contributed 33% of the annual power consumption of the GS-VRF 

system! It is recommended that the fan speed of each FCU be modulated according to the 

heating/cooling demand of the zone that the FCU serves. This action has potential to reduce 

fan energy consumption by 62% (to the same level of the VAV system). 

o Conflicting simultaneous heating and cooling in adjacent zones of the building has been 

observed. This is a result of the precise temperature control of the VRF system, which can 

maintain the room temperature within a very narrow range (i.e., 0.5°F) from its set point by 

providing the needed heating or cooling. However, since the set points in adjacent zones 

could be different, the precise room temperature control resulted in some FCUs running in 

cooling mode while others were running in heating mode. This conflicting simultaneous 

heating and cooling artificially increased building loads and resulted in unnecessary energy 

consumption. It is recommended that a better control strategy be developed to 

reduce/eliminate the conflicting simultaneous heating and cooling operation in adjacent zones. 
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APPENDIX A. VRF UNIT ENERGY CONSUMPTION 

  

  

  

  

Figure A-1. VRF unit energy consumption per floor and wing. 
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APPENDIX B. BMS SCREENSHOTS FOR ZONE SET POINT 

TEMPERATURE, ZONE TEMPERATURE, AND VRF MODE 

 

 
Figure B-1. BMS screenshot for 1:02 p.m. 8/18/2014. 

 

 
Figure B-2. BMS screenshot for 12:08 p.m. 1/1//2014. 
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Figure B-3. BMS screenshot for 7:49 a.m. 2/7/2014.  

 

 

 
Figure B-4. BMS screenshot for 8:19 a.m. 3/10/2014.  
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Figure B-5. BMS screenshot for 9:38 a.m. 4/16/2014.  

 

 
Figure B-6. BMS screenshot for 1:45 p.m. 12/9/2013.  
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APPENDIX C. SIMULATION RESULTS FOR THE GS-VRF SYSTEM 

AND BASELINE SYSTEMS 

 

VRF System 
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Air-Cooled VAV System (Code Compliant) 
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Air-Cooled VAV System (Best Available) 

 



 

 

 


