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EXECUTIVE SUMMARY  

Under the American Recovery and Reinvestment Act (ARRA), 26 ground source heat pump (GSHP) 

projects were competitively selected in 2009 to demonstrate the benefits of GSHP systems and innovative 

technologies for cost reduction and/or performance improvement. One of the selected demonstration 

projects was proposed by Montana Tech of the University of Montana for a 56,000 sq ft, newly 

constructed, on-campus research facility ï the Natural Resources Building (NRB) located in Butte, 

Montana.  

This demonstrated GSHP system consists of a 50 ton water-to-water heat pump and a closed-loop ground 

heat exchanger with two redundant 7.5 hp constant-speed pumps to use water in the nearby flooded mines 

as a heat source or heat sink. It works in conjunction with the originally installed steam HX and an air-

cooled chiller to provide space heating and cooling. It is coupled with the existing hot water and chilled 

water piping in the building and operates in the heating or cooling mode based on the outdoor air 

temperature. The ground loop pumps operate in conjunction with the existing pumps in the building hot 

and chilled water loops for the operation of the heat pump unit. 

The goal of this demonstration project is to validate the technical and economic feasibility of the 

demonstrated commercial-scale GSHP system in the region, and illustrate the feasibility of using mine 

waters as the heat sink and source for GSHP systems. Should the demonstration prove satisfactory and 

feasible, it will encourage similar GSHP applications using mine water, thus help save energy and reduce 

carbon emissions. 

The actual performance of the system is analyzed with available measured data for January through July 

2014. The annual energy performance is predicted and compared with a baseline scenario, with the 

heating and cooling provided by the originally designed systems. The comparison is made in terms of 

energy savings, operating cost savings, cost-effectiveness, and environmental benefits. Finally, limitations 

in conducting the analysis are identified and recommendations for improvement in the control and 

operation of such systems are made. 

Energy Performance and Cost Effectiveness 

The GSHP system was operated intermittently from January through March, and shut off in May and 

June. The GSHP system operated in the heating mode during January through April with a heating COP 

of 4.0 for the heat pump and 3.5 for the GSHP system. In July, the operation alternated between heating 

and cooling modes, with the cooling EER of 15.3 for the heat pump and 12.8 for the GSHP system. The 

ground loop pumping power fraction ranged between 8% and 60%, higher at lower building loads, and 

averaged 12-13% when aggregated by month. The daily pump energy use was linearly related to the 

heating and cooling provided by the heat pump.  

The available measured data does not include building cooling loop measurement. Therefore, building 

cooling loads could not be predicted. Also, the measured mine water temperature was found higher than 

the outdoor air temperature in the winter and summer, which suggested that using the GSHP system to 

provide cooling would be less efficient than using the existing air-cooled chiller. Therefore, the annual 

energy analysis was performed based on the premise that the GSHP system would provide only heating.  

The analysis of measured data identified the potential for improvement in the control of the heat pump. 

With the recommended OA reset control, the full -year performance analysis showed that the annual 

average COPs of the heat pump and GSHP system were 4.2 and 3.7, respectively, both of which were 5-

6% higher than those measured during the 4 month period. The predicted ground loop pumping power 

annually accounts for 12% of the total GSHP system energy use.  

Compared with the baseline system (i.e., the existing steam system using a natural gas boiler), the GSHP 

system achieved significant energy savings and CO2 emission reduction. The GSHP system demonstrated 
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77.7% site energy savings, 43% source energy savings, and 44% CO2 emission reduction compared with 

the natural gas-fired boiler. Based on a $9.63/MMBtu natural gas cost and a $0.08/kWh electricity cost, 

obtained from the site, the operating cost savings were $17,227 per year. 

The installed cost ($750,000 for the mine loop heat exchanger, i.e., $15,000/ton) of the demonstrated 

GSHP system is higher than that of conventional GSHP systems (about $7,000/ton on average in 2006 

dollars, or $8,200/ton in 2014 dollars) that use vertical bore ground heat exchangers. As an experimental 

work to research the potential of using mine water as a potential heat source/sink, the project cost may 

have included several other research-related costs, which will not exist for non-research projects. 

Unfortunately, the cost breakdown was not available to the authors when this study was conducted. 

Assuming $50,000 cost of the 50-ton WWHP unit, the payback period is 46 years. Table E-1 provides a 

summary of comparison between the two systems. 

Table E-1. Summary of comparisons between the GSHP system and the baseline system 

 

Steam HX served by a 

natural gas boiler 
GSHP system Savings 

Site energy use (MMBtu) 4,213 1,302 69.1% 

Source energy use (MMBtu) 4,601 2,832 38.4% 

CO2 emissions (lb) 621,046 376,969 39.3% 

Total annual energy cost ($) $40,574 $23,347 42.5% 

Operating cost savings ($) - - $17,227 

Cost premium ($) - - $800,000 

Payback period (years) - - 46 
aBased on the utility rates for the site, which are $9.63/MMBtu and $0.08/kWh. 

Lessons Learned and Recommendations for Further Improvements 

¶ To achieve its maximum potential, the GSHP system must be able to operate as much as possible 

within the manufacturer-specified range of operating conditions. Also, its operating efficiency 

can be maximized by optimizing the load-side supply water temperatures. The following 

measures can be utilized to achieve these objectives: 

o By optimizing the OA reset schedule for the building hot water loop to allow lower 

supply and return water temperature, the operation of GSHP system can be maximized 

even at peak heating load conditions, while meeting the manufacture-specified operating 

conditions.  

o A holistic system design approach is needed to select and size the heat delivery 

equipment/ terminal units that do not require very high supply hot water temperature to 

deliver sufficient heat to the building. A lower supply temperature would result in higher 

operating efficiency and maximum operation of the heat pump. 

¶ Building chilled water loop measurements for estimating the building cooling loads and a long-

term measurements of the mine water temperature (which stays warmer than the outdoor air) are 

needed to evaluate the tradeoff between using the mine water (a) solely as a heat source, which 

may result in temperature rise over the years, thereby, reducing the heating efficiency of the 

GSHP system, and (b) both as a heat source and a heat sink, which would result in relatively 

stable mine water temperature and stable GSHP heating and cooling efficiency over the years, but 

provide cooling at a lower efficiency compared to the existing air-cooled chiller.  

¶ Control of heat pump operation should be improved to avoid a large amount of summertime 

reheat by the steam heating system, caused by the heat pump operating in the cooling mode. 

¶ Pumping control could be refined to avoid wasting pumping energy when the heat pump is not in 

operation.
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1. PROJECT OVERVIEW  

The Natural Resources Building (NRB) at Montana Tech (Fig. 1) is a newly constructed 56,000 sq ft 

research facility in Butte, Montana. Figure 2 shows the geographical location within the United States of 

the demonstration site, which is in a cold climate zone with long and cold winters and short but mild and 

somewhat wet summers. After completion in December 2009, as originally designed with a steam system 

and an airȤcooled chiller, NRB was competitively selected by the US Department of Energy (DOE) to 

demonstrate a unique, innovative ground source heat pump (GSHP) system that uses the warm water of a 

flooded mine in the vicinity (Fig. 3) as the heat source and heat sink to provide heating and cooling 

supplemented by the existing systems. Construction on the GSHP system began in 2011. Performance 

data since January 2014 for the GSHP system are available. 

 

  

Fig. 1. Natural  Resources Building. 

 

Fig. 2. Geographic location within the United States of the GSHP demonstration site. 
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(a) 

 

(b) 

Fig. 3. GSHP demonstration site: (a) an aerial view and (b) an illustration of Orphan Boy Mine Shaft and the 

ground heat exchanger. 

The goal of this demonstration project is to validate the technical and economic feasibility of the 

demonstrated commercial-scale GSHP system in the region, and illustrate the feasibility of using mine 

waters as the heat sink and source for GSHP systems. Should the demonstration prove satisfactory and 

feasible, it will encourage similar GSHP applications using mine water, thus help save energy and reduce 

carbon emissions. 
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The building and the GSHP system are described in the following sections. 

1.1 Background 

The 10,000 miles of underground tunnels beneath Butte have filled with water since the closure of the 

Berkeley Pit and, in 1982, the shutoff of groundwater pumps that had dewatered the underground in the 

past. These waters are typically regarded as a liability, but a new project at Montana Tech is viewing the 

watery mines of Butte as a potential asset. 

The project utilizes some of the advantages that mine waters have over other sources of groundwater. 

Easy access to mine waters is already afforded by mine shafts, saving the cost of drilling wells. Butte 

mine waters are also unusually warm; the mine waters used in this project are consistently 78°F (25°C). 

Additionally, it takes a lot of water to fill 10,000 miles of tunnel, so there is plenty available for 

geothermal applications. 

Montana Techôs Geothermal Technologies Program was awarded an American Recovery & Reinvestment 

Act (ARRA) grant by DOE in 2009 to demonstrate low-cost heating in a modern building with GSHPs 

using water from a nearby mine as the heat exchange medium. The objective of the project was to install a 

centralized hybrid geothermal system using off-the-shelf technology to reduce the costs of operating 

Montana Techôs NRB.  

During this project, mine waters were accessed via an existing shaft, a closed loop was installed, and a 

50 ton water-to-water heat pump was installed to heat and cool the building. The water in the mine is 

about 78°F (25°C). Nearly 20 years of continuous pumping at a nearby mine has demonstrated that mine-

water temperatures are stable and ample heat is available for long-term use. 

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

including the energy efficiency of the central heat pump equipment and the overall GSHP system; electric 

end uses of all major equipment of the GSHP system; benefits achieved by the GSHP system (e.g., energy 

and cost savings, carbon emission reductions) compared with existing systems; and the cost effectiveness 

of the GSHP installation. This case study also identified areas for further improvement of the GSHP 

systemôs energy efficiency, including optimization of the outdoor air (OA) reset control for the hot water 

supply/return temperature of the buildingôs existing space heating system and the control strategy of the 

newly added GSHP system. 

1.2 Building Information  

NRB in Montana Tech is a newly constructed 56,000 sq ft research facility that houses the Montana 

Bureau of Mines and Geology and the Petroleum Engineering Department. The building consists of 

petroleum labs, classrooms, offices, and computer labs. Building construction began in October 2007 and 

was completed in December 2009. The building has been occupied since January 2010. 

1.3 HVAC  System 

The GSHP system installed at NRB operates in conjunction with an existing steam system (converted to 

hot water via heat exchangers), which serves multiple buildings on the campus, and an existing airȤcooled 

chiller. Hot and chilled water are distributed throughout the building to various heating and cooling 

terminals. The new GSHP unit is coupled to both the hot water piping and chilled water piping, and it 

alternates between heating and cooling modes based on the OA temperature.  

In lieu of a well field, the GSHP system uses a flooded underground mine as its heat source and heat sink 

via a closed-loop ground heat exchanger immersed into the mine water. Figure 2 shows an aerial view of 

the building site and the location of the mines.  
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1.3.1 Existing System 

Before GSHP system installation, space heating was supplied solely by a steam-to-hot water heat 

exchanger (steam HX, henceforth). Steam controls for the heat exchanger include two control valves with 

2,000 lb/h and 4,000 lb/h capacity. A pressure reduction valve at the steam HX reduces the entering steam 

pressure from 25 psig to 10 psig. The HX is sized to supply up to 310 GPM of 140°F hot water (with a 

40°F temperature differential between the supply and return water to provide 6.2 MMBtu/h heat to the 

building). The building hot water pump has a variable speed drive that varies the hot water flow according 

to the demand for space heating.  

Space cooling is supplied solely by a 169 ton air-cooled chiller housed outside the building. The chiller 

supplies up to 385 GPM of chilled water with a leaving temperature of 45ï65°F. The building chilled 

water pump also has a variable speed drive that varies the chilled water flow based on the demand for 

space cooling.  

All existing building pumps have both primary and standby pumps that are alternated automatically 

according to a predefined schedule. Five unitary variable-air-volume (VAV ) air-handling units and 80 

VAV  boxes with hot water reheat are used to condition and distribute warm or cool air to each zone of the 

building. The VAV boxes modulate their supply air flows (typically can be turned down to 50% of the 

design airflow), and with the operation of the reheat coils, maintain the zone temperature setpoints at 

75°F in summer and 70°F in winter. A large amount of laboratory exhaust is present. Two heat recovery 

units recover heat from the lab hood exhaust to preheat the ventilation air. A few small unit heaters are 

located in entryways. Also a few zones have baseboard heat.  

1.3.2 GSHP System 

Figure 4 shows the system schematic of the GSHP system. The GSHP system at this facility consists of 

one 50 ton Multistack (model number MS050XN1H1R0AACR410A; Multistack 2014) water-to-water 

heat pump. The heat pump provides either hot or chilled water for space conditioning, but not both modes 

simultaneously. The load-side flow (with the hot or chilled water) of the heat pump is circulated by the 

existing variable-frequency drive-controlled 10-hp TACO pumps of either the hot or chilled water loop 

depending on the operation mode of the heat pump. 

 

 

Fig. 4. GSHP system schematic. 
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GSHP system operation is controlled as follows: 

¶ The heat pump operates in the heating mode when the OA temperature is equal to or below 60°F. 

In this case, the valves modulate to divert part of the return water of the existing building hot 

water loop to the load-side of the heat pump, and isolate the connection to the existing building 

chilled water loop. When a positive flow rate is determined, the heat pump starts to heat up the 

return water and the heated water then goes back to the building hot water loop before entering 

the steam HX. The steam HX then adds the remainder of the heat, if it is needed, to maintain the 

return temperature from the building heating water loop at a set point according to a reset 

scheduleð135°F at -10°F OA temperature, 100°F at 60°F OA temperature. The remainder of the 

building hot water distribution system and the heating terminals operate as originally designed 

during GSHP system operation. Note: When the heating loads are high (i.e., when the ambient 

temperature is below -10°F), the resulting 135°F return water temperature of the building hot 

water loop may prevent the heat pump from operating due to the high pressure protection on the 

heat pump. During those periods, building heating loads are provided by steam HX only.  

¶ The heat pump operates in the cooling mode when the OA temperature is above 60°F. In this 

case, the valves modulate to divert part of the return water from the building chiller water loop to 

the load side of the heat pump, and isolate the connection to the building hot water loop. When a 

positive flow rate is determined, the heat pump starts and intercepts the chilled water back to the 

building chilled water loop before it returns to the chiller. The chiller then provides the remainder 

of the cooling, if it is needed, to maintain the chilled water supply temperature setting of 45 to 

65°F. The remainder of the building chilled water distribution system and the air-handling units 

operate as originally designed during the GSHP system operation.  

1.3.3 Mine Water System 

The water-to-water heat pump uses a closed-loop GHX immersed in the warm mine waters of the flooded 

underground Orphan Boy Mine, which is connected at depth with the nearby Orphan Girl Mine (Fig. 3). 

Together they are considered a single underground reservoir. The water level in the mines is 110ï120 ft 

below the ground surface. The Orphan Boy Mine is located approximately 1,100 ft from NRB. The 

distance from the mine entrance to the water is 200 ft. A set of 6 inch supply and return pipes was 

installed from the building to the mine. These pipes were extended with 3 inch high-density polyethylene 

(HDPE) pipes to the 100 ft underground level, where they connected with twenty ¾ inch 600 ft long 

HDPE parallel loops, which were lowered into the existing mine shaft and into the mine waters. Two 

redundant 7.5 hp constant-speed TACO pumps to circulate water in the ground loop are housed on the 

second floor of NRB. The ground loop pumps operate in conjunction with the existing pumps in the 

building hot and chilled water loops for the operation of the heat pump unit.  

1.4 Data Collection 

As part of the original design, the buildingôs heating and cooling system was equipped with a direct 

digital control system, called NiagaraAX, for the measurement and control of the system. During the 

installation of the GSHP system, the existing control system was extended to include some measurements 

for the ground loop and the heat pump. Performance data on the GSHP system as well as the building hot 

and chilled water loop are collected through the direct digital control system at Montana Tech. 

NiagaraAX polls the sensors once per second and provides 15 minute totals or averages of each sensor 

depending on the sensor type. Table 1 provides the list of data points, among which measurements for the 

mine water pump power (WMWP in Table 1), heat pump loop flow (FHP), building heating loop blended 

temperature (TBHB), and building cooling loop data (TBCS, TBCR, TBCB, and FBC) were unavailable.  
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Table 1. GSHP system monitoring points 

 

 

Figure 4 shows the location of data collection points currently available, which include ground loop 

supply and return water temperature and flow rate, heat pump load-side supply and return water 

temperatures, building hot water loop supply and return water temperatures and flow rate, OA 

temperature, and total building power. 
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2. ANALYSIS OF MEASURED DATA  

Performance data on the GSHP system is available as of January 2014. Performance data from January 1 

through July 31, 2014 have been analyzed in this study. The measured data were analyzed to 1) assess the 

operational efficiency of the heat pump and the overall GSHP system, 2) assess the operation of the 

pump, and 3) identify faults/abnormalities in GSHP system operation and determine potential 

improvements to the GSHP system. GSHP system performance is evaluated by analyzing the trend of 

measured water temperature in the ground loop and heat pump building (load-side) loop, and by 

calculating heat transfer in the ground loop and the heat pump building loop, pump and heat pump energy 

use, operational efficiency of the heat pump, and finally, overall GSHP system efficiency.  

2.1 Measured Water Temperature Trend and Flow Rate 

Measured performance data were visualized through a series of plots. These plots can help us understand 

the operation of the installed GSHP system, identify periods when the system was not operating, and 

pinpoint the factors that resulted in conditions not suitable for its operation. This allowed filtering out of 

the invalid measured data when deriving the GSHP system operating performance parameters, while at 

the same time suggesting GSHP system and control improvements to maximize energy savings.  

2.1.1 Ground Loop (Heat Pump Source-Side Loop)  

The ground loop supply and return water temperature and flow rate and the OA temperature during 

JanuaryïJuly are shown in Fig. 5. The measured flow rate suggests that the GSHP system was operating 

only during JanuaryïApril, intermittently, and in July. The measured flow rates were 82ï90 gpm most of 

the time, 64ï77 gpm and 50ï54 gpm some of the time, and 33ï43 gpm for brief periods.  

 

  

Fig. 5. Ground loop water temperature and flow rate. 

During JanuaryïApril , the ground loop supply water temperature (i.e., water entering the heat pump) 

ranged between 67.3°F and 79.8°F, and between 75.3°F and 94.3°F in July. The ground loop return water 

temperature (i.e., water leaving the heat pump) ranged between 52°F and 92.1°F during JanuaryïApril, 

and between 60.6°F and 113.1°F in July.  
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