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EXECUTIVE SUMMARY

Geothermal heat pump systems are one of the most efficient ways to heat and cool buildings.
During air conditioning, heat pumps move a liquid refrigerant to an evaporator coil connected to
the building heating, ventilation, and air conditioning system. The refrigerant evaporates in the
coil, removing heat from the building. The refrigerant vapor is then compressed into a hot, high
pressure vapor using a compressor powered by electricity. The hot vapor is directed to a
condensing coil, where the refrigerant vapor condenses back into a liquid, releasing its heat of
vaporization. During building heating, this cycle is reversed, and the refrigerant condenses inside
the building, releasing heat.

A geothermal heat pump system uses the ground as the heat sink (for air conditioning) or heat
source (for heating). The coil that is used to reject (during air conditioning) or absorb (during
heating) heat is connected to a heat exchanger with a water ground loop. This ground loop
typically consists of a series of vertical borehole heat exchangers containing grout in place U-
tubes. The ground loop water passes through the borehole heat exchangers, transferring heat
between the loop and the ground. For buildings that have similar heating and cooling loads, the
ground serves as a highly efficient heat source/sink. Under these balanced load conditions, the
ground loop temperature is cooler than the outside air temperature in the summer, and it is warmer
than the outside air temperature in the winter.

Many buildings in the United States, particularly in the south and southwest have building loads
that are strongly cooling dominated, with small heating loads. When a conventional geothermal
heat pump system is used in these buildings, the excessive amount of heat rejection by the heat
pumps can lead to long term heating of the borehole heat exchangers and surrounding ground. As
the ground loop temperature increases, the heat pump air conditioning efficiency drops, and in
some cases, the ground loop temperature may exceed the safe working limits of the heat pumps.
The ground heating caused by the geothermal system is difficult to reverse, and limits future
application of geothermal heat pumps at the location.

One possible way to avoid excessive ground loop temperatures is to remove heat from the system
in the wintertime using a supplemental cooling device such as a dry fluid cooler. This is a form
of subsurface thermal energy storage, where cooling that takes place in the winter benefits the
geothermal heat pump system the following summer. This project demonstrated the technology
of using dry fluid coolers to perform wintertime cooling of geothermal ground loops.

Dry fluid coolers were retrofitted to three buildings at the Marine Corps Air Station, Beaufort, South
Carolina. These buildings ranged in size from 12,500 to 24,000 sg. ft. and they had conventional
geothermal heat pump systems installed with between 24 and 39 three-hundred foot deep borehole
heat exchangers at each building. These geothermal systems were installed in 2004, and by 2012,
the ground loop temperatures at each of these buildings had increased to undesirable levels.

The dry fluid coolers take the loop water leaving the buildings and cool it by blowing outside air
across copper coils. By operating these coolers mainly in the winter, it is possible to take
advantage of cold air temperatures to efficiently remove heat from the ground loop, and the ground
itself. Two of the dry fluid coolers suffered freeze damage during unusually cold periods, limiting
the data from those buildings (propylene glycol antifreeze has since been added to the systems to
prevent this in the future). The third cooler has been in continuous operation for almost 3 years,
and has resulted in a ground loop temperature decrease of about 10 degrees F.
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An analysis of the data collected at this building shows if a dry fluid cooler was installed at the
same time as the geothermal system, and operated efficiently, that it would eliminate the problem
of ground loop temperature increase over time. The resulting savings in costs are large compared
to the alternative of increasing the number of borehole heat exchangers to reduce the ground loop
temperature.

A primary Performance Objective for this demonstration was to show an increase in electrical
efficiency of more than 15% compared to a conventional geothermal heat pump system without a
dry fluid cooler. Using the same building and geothermal ground loop characteristics, a
comparison was made between a system with and without a dry fluid cooler. During the first year
of operation, the energy costs with and without the dry fluid are similar, because the system without
a dry fluid cooler has not heated up much. After 10 years of operation, the annual energy costs
are calculated to be about 12% lower for the system with the dry fluid cooler. This difference
increases over time to about 19% by 30 years.

Considering the capital cost for the dry fluid cooler, the payback period is calculated to be about
23 years (assuming an energy inflation rate of 5% and a general inflation rate of 2%). With a lower
energy inflation rate of 2%, the payback period is 30 years or more.

A key assumption in these calculations was that the system without the dry fluid cooler would be
able to operate for decades with very high ground loop water temperatures. There is a high
likelihood that an external cooler would be required at some point in the near future simply to
continue operation of the system. If this is the case, then it would be far better to install the cooler
initially when the system is constructed and avoid the high ground loop temperatures from the
start. The capital costs would be nearly the same, the energy and energy cost savings would be
substantial.

ES-2



1.0 INTRODUCTION
11 BACKGROUND

The Department of Defense (DoD) spends about $3.5 billion per year on facility energy
consumption. Much of this energy goes to heat and cool buildings. Beyond this large current cost
liability is the potential for several significant structural changes at DoD facilities around the
world. These challenges include expected long-term increases in the underlying cost of fossil fuels
used to generate electricity, acceleration of the trend where electricity cost is variable both
diurnally and seasonally, and requirements that renewable energy be incorporated into the DoD
facilities energy mix.

Geothermal heat pump systems use a ground loop consisting of a series of borehole heat
exchangers to serve as a heat sink and source for the heat pumps. For locations where building
heating and cooling loads are balanced, the ground temperature stays relatively constant over time,
as the system rejects heat to the ground loop in the summer, and it removes heat in the winter.
Under these conditions, geothermal heat pump systems are among the most efficient of all heating
and air conditioning systems.

This demonstration was performed at the Marine Corps Air Station in Beaufort, South Carolina
(MCAS Beaufort). The original intent of this project was to improve both heating and cooling
efficiency of a building geothermal system by using two ground loop systems, with off-season
(summer) heating of one loop, and off-season (winter) cooling of the other loop. For a load
balanced system, this type of operation could improve both the heating and cooling efficiency.

As the project progressed, it became apparent that few large buildings have balanced heating and
cooling loads. Instead, there are many locations where building loads are strongly cooling
dominated, and the heating and cooling loads are unbalanced. This is particularly true at the
MCAS Beaufort, where almost all of the building loads are from cooling, with only a small amount
of heating load. With a conventional ground source heat pump system, this load imbalance leads
to excessive ground heating with resulting losses of heat pump efficiency over time. Based on this
observation, this project focused on using dry fluid coolers in the winter to efficiently remove most
of the excess heat from the ground loop in strongly cooling dominated systems. Three buildings
at the MCAS Beaufort were retrofitted with dry fluid coolers to evaluate efficient heat removal
from the ground loop.

1.2 OBJECTIVE OF THE DEMONSTRATION

The objective of this demonstration was to show that geothermal heat pump efficiency during
summer air conditioning could be improved by removing heat from the ground loop in the
wintertime using dry fluid coolers. A secondary objective was to develop an Application Manual
for this technology to help DoD facility managers determine if this technology could be applied to
their facility, and to help them design the systems.
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20 TECHNOLOGY DESCRIPTION
21 TECHNOLOGY OVERVIEW

Geothermal heat pump systems use the ground as a heat source and heat sink to heat and cool
buildings. These systems, also known as ground source heat pump systems, use reversible heat
pumps to either extract or reject heat into a water loop (the ground loop) that runs through the
building, and interacts with the subsurface through trenches, wells, or boreholes.

When the building is being cooled, heat from the building is absorbed by a liquid refrigerant in the
evaporator, converting the liquid into a vapor. The cool low pressure vapor is compressed in an
electrically driven compressor to convert it into a hot, high pressure vapor. A heat sink (the ground
loop) is used to remove heat from the hot vapor causing it to condense back into a liquid. The
liquid is then routed back to the evaporator to complete the cycle. The basic principle of operation
is that the building heat is transferred using the latent heat from vaporization of the refrigerant
from the heat source to the heat sink. Several units of heat energy can be transferred per unit of
electricity consumed by the compressor, making this method extremely efficient for heat transfer.

When the building is being heated, the refrigeration cycle is reversed, and heat is extracted from
the heat source (the ground loop) to evaporate the liquid refrigerant. The refrigerant vapor
condenses in a coil inside the building, releasing heat to the building.

There are three main types of ground loops: open loops using wells, closed loops using trenches,
and closed loops that use boreholes. With an open loop, groundwater is pumped from a well
through the heat pump system, and back into the ground through another well. This type of system
can be very effective, but it requires access to a productive aquifer with associated permitting and
water chemistry considerations.

Closed loop systems use sealed piping to move a mixture of water and antifreeze through the
ground. Small household geothermal systems often use shallow trenches for these closed loops,
but trenches become impractical for larger buildings, where the necessary length of the ground
loop may be thousands of feet. The most common ground loop configuration for larger buildings
consists of an array of vertical boreholes extending up to several hundred feet deep into the ground
with a horizontal spacing of 20 feet or more (Figure 2.1). These vertical boreholes are typically
constructed by drilling a 6 inch diameter borehole. A high density polyethylene U-tube is installed
in the borehole, and is grouted into place using a thermally conductive grout. This design isolates
the ground loop fluid from the groundwater system, heat transfer between the ground loop, and
the subsurface occurs by thermal conduction.

When the heat pump system is in air conditioning mode, the ground loop rejects the building heat
into the ground loop, resulting in an increase in temperature in the subsurface. When the heat
pump is in heating mode, heat is extracted from the ground loop, and delivered to the building,
causing the ground to cool.



Summer operation: heat is removed from
the building and transferred into the ground

Geothermal Heat Pump Unit

\

Borehole heat exchangers:
Temperature rises during air conditioning

Figure 2.1. A Closed Loop Geothermal Heat Pump System with Borehole Heat
Exchangers Operating in Air Conditioning Mode.

Heat is rejected from the building into the ground.

When the building heating and cooling loads (including the waste heat from the heat pumps) are
exactly balanced, then the heating of the subsurface during the summer air conditioning period is
offset by the cooling of the subsurface during the winter heating period. The case of balanced
heating and cooling loads is an ideal condition for use of geothermal heat pumps. Although the
ground temperature rises in the summer, the average ground loop temperature remains well below
the outside air temperature, making it an efficient heat sink for the heat pump. Similarly, in the
winter, the ground temperature drops, although it remains higher than the outside air temperature,
making it an efficient heat source for the heat pumps.

However, many medium to large buildings in the United States do not have balanced heating and
cooling loads, and they tend to be strongly cooling dominated. This imbalance may lead to
substantial heating of geothermal ground loops which causes the heat pump performance and
energy efficiency to degrade over time.

The load imbalance arises from waste heat caused by lighting and other appliances, industrial
machinery, communications, computing equipment, and people. Medium to large buildings have
interior rooms that may never require heating, and the ratio of building surface area to volume
decreases as the building size increases. Geothermal heat pumps themselves generate substantial
waste heat, equal to about 20-25% of the building cooling load. This heat must also be removed
from a building in order to cool it.



The occurrence of unbalanced, cooling dominated buildings is not unique to the MCAS Beaufort
site. It is a widespread characteristic of medium to large commercial and institutional buildings
across most of the country. To illustrate this point, building heating and cooling loads were
calculated for a variety of locations using the eQUEST (Hirsch & Associates, 2016) building
energy simulation tool (http://www.doe2.com/equest/). Building load simulations were
performed for a hypothetical 25,000 sq. ft. two-story office building that is primarily occupied
during normal weekday working hours. This building has a square footprint, with metal frame
construction, insulated exterior walls, and roof surfaces. The building details used in these
simulations are the default values for the building type “Office Bldg, Two Story” in eQUEST. The
eQUEST program was used to compute the building heating and cooling loads for a building
located in 33 cities across the United States (Figure 2.2). The bar graphs associated with each city
show the annual heating loads (in red) and the cooling loads (in blue) in units of million British
Thermal Units (BTU). Out of the 33 cities, only one, Anchorage, Alaska is heating dominated, and
only two, Helena, Montana, and Minneapolis, Minnesota have balanced heating and cooling loads.
The remaining 30 cities are moderately to very strongly cooling dominated.
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ACiorade Indianapolis, Columbus Kansas City. Minneapolis, Washington, New York, Philidelphia
Jath Seiic s Eewspey B Helena, MT | picago, IL IN  OH  Detroit, Ml MO  Omaha,NE  MN DG ‘ A
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Figure 2.2.  Simulated Annual Heating (Red) and Cooling (Blue) Loads in Million BTUs

Our experience at MCAS Beaufort shows that unbalanced cooling dominated loads can lead to
ground loop temperatures that exceed 100°F in the summer months. These high ground loop
temperatures degrade the performance of the geothermal heat pumps during air conditioning, with
a cooling efficiency drop of about 1-2% per degree F increase. Once the loop temperature exceeds
about 110°F, it may be necessary to shut down the heat pumps. During heating, the increased loop
temperature improves the heat pump efficiency, but this is only a significant benefit in locations
where the heating loads are large.
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The heating of the subsurface by the borehole heat exchangers represents a fairly long-term
damage to the natural system. Once a large volume of the subsurface associated with a building
geothermal heat pump system has been excessively heated, it is no longer as suitable for use as a
heat sink. This means that performance of the geothermal heat pump system is permanently
degraded unless some of the excess heat is removed from the subsurface. It also limits the
applicability of future applications of geothermal heat pump systems at the location.

2.2 TECHNOLOGY DEVELOPMENT

There are two primary methods for reducing the built-up heat in the borehole heat exchangers
subject to cooling dominated loads. The most common method is to increase the size of the ground
loop by installing more boreholes, or by making them deeper. The major disadvantage of
increasing the ground loop size is that it may greatly increase the system capital cost. The cost of
drilling and installing the borehole heat exchangers is a major part of the overall system expense,
with drilling costs ranging from about $10 to $20 per foot or more. Additionally, space may not
be available for increasing the size of the ground loop beyond a certain point. Finally, while
increasing the size of the ground loop decreases the rate of subsurface temperature increase, it does
not eliminate the problem.

A more cost effective option involves the use of a supplemental cooling device such as a cooling
tower or dry fluid cooler (International Ground Source Hear Pump Association [IGSHPA, 2016].
These systems are known as hybrid geothermal heat pump systems. With a hybrid system, the
cooling device is used mainly during the peak cooling months to reduce the excess heat rejection
into the ground loop. If the cooling device capacity is high enough, it is possible to remove enough
heat to balance the heating and cooling load delivered to the ground loop, thus eliminating long-
term ground loop heating without increasing the size of the ground loop. This heat removal comes
at the cost of added electricity use, water use (for cooling towers), and maintenance.

Hybrid systems most commonly use cooling towers, with operation mainly in the peak cooling
months of summer. Cooling towers remove heat primarily through water evaporation, although
some cooling also occurs due to sensible heat transfer. Cooling towers are very effective heat
transfer devices, but they consume significant amounts of water, and they have relatively high
maintenance requirements associated with the process water. Summertime operation of cooling
towers also adds to electrical demand during peak electricity use periods.

Dry fluid coolers are an alternative to cooling towers that have the advantage of not requiring any
process water or associated maintenance. Dry fluid coolers remove heat through sensible heat
transfer, and the rate of heat rejection depends on the temperature difference between the water
entering the cooler, and the outside air temperature. Dry fluid coolers are less efficient than cooling
towers during summertime operation, but they can be operated in the wintertime with very high
efficiency, and during periods of low electricity demand.

An alternative approach to managing ground loop temperatures involves the use of dry fluid
coolers operated mainly in the wintertime. Dry fluid coolers are similar in operation to automobile
radiators. The ground loop fluid (a mixture of water and antifreeze) is pumped through copper
coils that are attached to aluminum fins. Outside air is pulled across the coils using fans to extract
heat from the loop water.



Dry fluid coolers have a nominal heat rejection rating that corresponds to a specific set of operating
conditions. Commercial dry fluid coolers range in rated capacity from about 24 Thousand BTU
(kBTU)/hr (a 2 ton cooler) up to about 1200 kBTU/hr (a 100 ton cooler), and have anywhere from
1 to 8 fans (typically 1 horsepower each). Each fluid cooler is designed to operate within a certain
water flow rate range, and flow rates that are below the design range tend to result in a linear
decrease in performance.

Dry fluid cooler manufacturers publish tables and graphs that show the cooler performance under
different conditions (water flow rate, outside air temperature, and entering water temperature). For
a particular dry fluid cooler with a specified flow rate, the heat rejection is a nearly linear function
of the temperature difference between the incoming fluid and the air temperature.

Dry fluid coolers can be ordered with variable frequency drive (VFD) motors that allow for lower
fan speed operation when 100% capacity is not needed. Use of VFD fans can result in major
improvements in electrical efficiency due to the nature of fan power. Heat rejection from a dry
fluid cooler is approximately a linear function of fan speed. Fan power however varies with the
cube of the fan speed. Therefore, if a fan is operated at 50% of maximum speed, the cooler can
reject about half the heat that it would at 100% fan speed, while using only 1/8 of the power. In
other words, the cooler has a heat rejection efficiency that is about 4 times larger with a fan speed
of 50% compared to a fan speed of 100% (actual efficiency may be lower depending of fluid
pumping costs).

2.3 ADVANTAGES AND LIMITATIONS OF THE TECHNOLOGY

The advantage of this technology is that it makes it possible to preserve the high efficiency of
geothermal heat pump air conditioning systems at sites where the building loads are strongly
cooling dominated. By adding wintertime cooling using dry fluid coolers, the system remains
closed, with no additional water use, and minimal system maintenance. It allows for the use of a
smaller borehole heat exchanger ground loop to be used, with only a small electrical energy
requirement for operating the dry fluid cooler. The fluid cooler energy consumption mainly occurs
in the wintertime, when most of the excess heat is removed from the ground loop system.

A limitation of the technology is that it requires an additional capital expenditure during
construction of the system. However, without the addition of a heat rejection device such as a dry
fluid cooler, the ground loop in a cooling dominated system would heat up, reducing the air
conditioning efficiency over time. There is a tradeoff between this additional upfront capital cost
and the benefit of maintaining the heat pump system efficiency over time.

The addition of a dry fluid cooler may also make the system more prone to freeze damage during
wintertime cooling. This damage can be avoided by use of an appropriate propylene glycol
antifreeze mixture in the ground loop. Note that the closed loop nature of the ground loop provides
some protection against potential releases of anti-freeze to groundwater as the u-tubes are typically
grouted or cemented in the borehole.
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3.0 PERFORMANCE OBJECTIVES
The performance objectives for this project are listed in Table 3.1, and are discussed in more detail
below.
Table 3.1. Performance Objectives
Perfqrmgnce Metric Data Requirements Success Criteria Results
Objective

Quantitative Performance Objectives

Increase energy
efficiency

Electrical energy use,
kilo-Watt hour per
year

Electrical energy
consumption for heat
pumps, water pumps,
fluid coolers, and air
handlers before and
after startup

> 15% improvement in energy
efficiency compared with
conventional ground coupled
heat pump system

Can be achieved
after 10-20 years of
operation. Does
not occur in early
years for a new
system

No increase in
water usage

Water usage (gallons
per year)

Additional water
consumption for system

No additional water
consumption

Achieved.

Reduce carbon

Carbon emissions

Inventory of carbon

> 15% reduction in building

Similar to increase

footprint (Ibs. per year) emissions and heating and cooling carbon in energy
sequestrations related footprint compared with efficiency.
building heating and conventional ground coupled
cooling heat pump system
System Comparison with Capital cost for Lower lifetime cost compared to | Depends on
Economics conventional Ground | installing additional conventional GSHP; whether
Source Heat Pump equipment; operating > 1.2 savings to investment ratio | conventional
(GSHP); Savings to cost to heat and cool over the 30-year life geothermal system
investment ratio; net building before and < 10-year payback period could run without a
present value (3$); after installation > 20% return on investment dry fluid cooler. If
payback period > net present value of savings of | no cooler would be
(years); lifecycle $50,000 required economics
savings ($) > life-cycle savings of $100,000 | are less favorable
Efficiency of Ratio of heat/chill Metering data for > 60% thermal energy (hot or | Achieved. If the
energy storage | recovered to heat/ thermal inputs and cold) storage efficiency after excess cooling load
chill delivered to withdrawals from system reaches operating from building is
subsurface subsurface in the form of | temperatures removed from
(kBtu/kBtu) water flow rates and ground, temperature
temperatures; subsurface stabilizes
temperature profiles
Availability Percentage of time System monitoring > 95% Achieved. Note
system is operational that antifreeze is
or ready to operated required in ground
(days/days) loop.
Reliability Percentage of time System monitoring > 95% Likely achieved.

system performs as
designed (days/days)

Note that antifreeze
is required in
ground loop, some
sensor malfunctions
noted

Qualitative Performance Objectives

Ease of
implementation

Ability of an engineer
experienced with
ground source heat
pump systems to use
the technology

Feedback from the
project engineer and base
engineers on usability of
the technology and time
required to design system

An experienced ground source
heat pump system engineer is
able to design, install, and
operate system with minimal
additional training

Achieved.




Increase energy efficiency. The objective was to demonstrate an increase in electrical energy
efficiency of more than 15% compared to a conventional geothermal heat pump system without a
dry fluid cooler. The primary building that was evaluated in this study had an existing geothermal
heat pump system that was about 9 years old when the dry fluid cooler was added. At this time,
the ground loop temperature was far above the desirable range for heat pump air conditioning.
Over the course of two years of cooling using the dry fluid cooler, the ground loop temperature
was reduced by about 10degrees. Based on heat pump efficiency curves (Table 2.2), this reduction
in temperature would lead to an energy efficiency increase of about 15 %. However, this increase
in efficiency was more than offset by the electrical energy consumed by the dry fluid cooler as it
was removing the excess heat from the system. In other words, the dry fluid cooler was working
to remediate the thermal damage done to the ground loop system over the previous 9 years.

A better comparison is to consider new geothermal heat pumps systems that are installed with and
without dry fluid coolers (Sections 6 and 7). In this case, using a system that was optimized for
the building during the first year of operation, both systems are efficient, and the ground loop
temperature has not increased excessively. However, by 10 years of operation, the system with a
dry fluid cooler is 11% more energy efficient than the system without a cooler. After 30 years of
operation, the system with a dry fluid cooler is 18% more efficient.

This analysis assumed that the system without a dry fluid cooler could continue to operate with
the very high ground loop temperatures. In reality, it would probably be necessary to add a cooling
device just to keep the system operating.

No increase in water usage. Unlike a cooling tower, which evaporates water to perform cooling,
a dry fluid cooler operates on a closed water loop and does not consume any water.

Reduce Carbon Footprint. The lifetime carbon footprint of these heating, ventilation, and air
conditioning (HVAC) systems is related to their large consumption of electricity. The reduction
in the carbon footprint is therefore proportional to the increase in electrical efficiency described in
the first Performance Objective.

System economics. The system economics depend on whether or not the conventional geothermal
heat pump system could continue to operate without a supplemental cooling device such as a dry
fluid cooler. If that is the case, then the economic benefits accrue rather slowly as described in
Section 3.1. It is shown in Section 7 that for an optimized system using the characteristics of the
building studied, that it would take between 20 and 25 years to recover the cost of the dry fluid
cooler from energy savings (assuming an energy inflation rate of 5% and a general inflation rate
of 2%). On that basis, the system economics success criteria listed in Table 3.1 would not be met.

On the other hand, it is likely that a supplemental cooling device would eventually be required in
order to keep the geothermal heat pump system running. If that is the case, it is much better to
install the cooling device from the start and avoid the high ground loop temperatures that occur
after several years of operation. Since the cost of the cooler would be included in both systems
(although at different times), the system that used the cooler from the start as proposed here would
achieve significant energy cost savings at almost no capital cost.
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Efficiency of energy storage. The analyses shown in Section 6 displays that the key to
maintaining favorable ground loop temperatures is to approximately balance the heat load to the
ground on a yearly basis. For the building studied, most of the heat (74%) enters the ground loop
in the months of April through September. The analysis shows that if a similar amount of the heat
is removed in the cooler months of October through March, the system temperature can be
stabilized. This indicates an annual thermal storage efficiency that is higher than 60%.

Availability. The systems were available more than 95% of the time except, two of the dry fluid
coolers suffered freeze damage. This could be avoided by using a propylene glycol antifreeze
solution in the ground loop.

Reliability. The system reliability was probably more than 95% not considering the freeze
damage. There were occasional problems with the data collection and storage system, but these
did not appear to affect the cooler operation. It is important, however, to periodically verify that
the system controls have not been altered from the desired settings by local maintenance personnel.

Ease of implementation. An experienced geothermal heat pump system engineer would be able
to design, install, and operate this system with minimal additional training.

11
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40 FACILITY/SITE DESCRIPTION
41  FACILITY/SITE LOCATION AND OPERATIONS

This project was performed at the MCAS Beaufort. MCAS Beaufort is located near the coast of
South Carolina near the town of Beaufort. The site is located approximately 25 feet above sea
level, and is adjacent to tidal salt water marshes and estuaries. This location is in the Atlantic
Coastal Plain geologic province, and the subsurface is composed of unconsolidated sand, silt, and
clay zones to a depth of more than 300 feet. Beaufort, SC has a humid subtropical climate, with
an average high temperature of 90 degrees in July, and an average low temperature of 39 in
January. The annual average temperature is 65.6 degree, with an average rainfall of 49.76 inches.
The MCAS Beaufort has a large collection of buildings (approximately 30) and numerous single
family houses that are cooled and heated using geothermal heat pumps. These heat pump systems
use closed ground loops that consist of vertical boreholes that extend about 300 feet deep.

4.2  FACILITY/SITE CONDITIONS

Three buildings that are heated and cooled with geothermal heat pumps were used in this
demonstration. Building 601 is the Base Headquarters, Building 584 is the Military Police station,
and Building 2085 is the Structural Fire Station (Figure 4.1). At the start of this project, each of
these buildings were suffering from high summertime ground loop temperatures due to the large
cooling loads in the buildings compared to the heating loads.

a.{:" .

)
BuiIdingJG_O]E"—- :

Figure 4.1.  Building Locations at the MCAS Beaufort (Google Maps, 2016).
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5.0 TEST DESIGN
5.1 CONCEPTUAL TEST DESIGN

This test involved retrofitting the geothermal heat pump systems at three buildings with dry fluid
coolers. The major parameter measured during this project was the geothermal ground loop water
temperature entering and leaving the buildings. Those water temperatures indicate the amount of
heat rejection or absorption by the heat pumps in the buildings, and they also reflect the deep
subsurface temperature in and around the borehole heat exchangers. The ground loop temperatures
were measured for several months prior to the installation of each dry fluid cooler.

Once the dry fluid coolers were installed, additional monitoring included the loop water
temperature entering and leaving the dry fluid coolers, and the outside air temperature. The
temperature differential between the entering water and the outside air was used to control the
variable rate fan speeds on the dry fluid coolers to maximize efficiency of the coolers.

5.2 BASELINE CHARACTERIZATION

At MCAS Beaufort, most of the major buildings are heated and cooled using geothermal heat pump
systems. As part of this demonstration, three of these building ground loop systems were
instrumented to collect data in 15 minute intervals over the past several years. These buildings
include the Base Headquarters, Building 601, the Structural Fire Station, Building 2085, and the
Military Police station, Building 584. These buildings range in size from 12,500 to 24,000 sg. ft,
and have geothermal ground loops that consist of 24 to 39 vertical boreholes, each about 300 ft deep.

The heating and cooling loads in these buildings can be measured by comparing the geothermal
loop temperature entering and leaving the building. During heat pump air conditioning, water
from the borehole heat exchangers enters the building and absorbs the heat rejected by the heat
pumps inside the building. The heated water exits the building, and is routed back into the
boreholes.  Similarly, during building heating, heat is extracted from the loop, and the loop
temperature exiting the building is lower than the entering temperature.

Multiplying the loop entering and exiting temperature difference by the loop flowrate (and correcting
the units) gives the building heating or cooling load at that point in time. That data can be integrated
with respect to time to get monthly and yearly values for the building heating and cooling loads.

The 3 buildings monitored as part of this project (Buildings 601, 2085, and 584) were found to be
extremely cooling dominated on an annual basis. As evidenced by the 15 minute data, these
buildings are mainly heated on cold winter nights and early mornings. At other times, the buildings
are undergoing cooling, even in January. Figure 5.1 shows the 12,550 sq. ft. Military Police
building (Building 584). This building was converted to a geothermal heat pump system in 2004,
with 24 three-hundred foot deep borehole heat exchangers located beneath the parking lot.

Building 584 is a one-story 12,550 sq. ft. building that includes the original main building, and an
annex. The main part of the building (9,700 sg. ft.) was constructed in 1959 with concrete block
and insulating concrete with rigid foam. An annex (2,850 sg. ft.) was added in the early 2000’s.
The building is at least partially occupied at all times and it has a large number of interior rooms.
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Figure 5.1. Building 584, MCAS, Beaufort, SC.

The Building 584 HVAC system was converted to geothermal heat pumps in 2004, using 24 three-
hundred foot deep boreholes that are located beneath the parking lot in a U shape (Figure 5.2).
The average horizontal spacing between these wells is about 20 ft., but the two long rows of
boreholes are separated by about 60 ft.

Water exiting the building is split into three parallel streams that each feed the inlet side of 8
borehole heat exchanger U-tubes connected in parallel. The loop water exiting the borehole U-
tubes returns in three parallel lines that connect to a single line that is routed back into the building
and through the heat pumps inside the building. The ground loop flow is driven by a redundant
pump system using a VFD. The flow rate is allowed to drop when the HVAC demand is low, and
it increases to a maximum of about 80 gallons per minute (gpm) when the building loads are high.
This variable pumping rate is used to reduce pump energy costs. The initial geothermal heat pump
system used a single 35 ton Florida Heat Pump water to water heat pump. That single heat pump
was replaced in 2009 with 18 smaller Trane GEH series water source heat pumps that are
distributed throughout the building.

Continuous monitoring of the Building 584 ground loop temperature entering and leaving the
building began in August, 2012, with readings taken every 15 minutes. This data was stored and
accessed using the base-wide web control system that is in place at the MCAS Beaufort. This
system allows for conditions at any of the buildings to be monitored remotely, and selected data
can be archived on the web control server.
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Figure 5.2.  Borehole Heat Exchanger Locations for the Building 584 Geothermal Heat
Pump Ground Loop.

The loop temperature and loop flow rate data from Building 584 were used to calculate building
heating and cooling loads over the course of several years. The monthly average heating and
cooling loads (kBTU per month) are listed in Table 5.1. Over the course of the year, 99.5% of the
building load is for cooling. Buildings 601 and 2085 show a similar behavior, and are also
extremely cooling dominated. The continuous heat rejection from Building 584 and the other
buildings at the MCAS Beaufort has lead to increases in the ground loop temperatures over time.
The undisturbed ground temperature below the depth of seasonal variation (a few tens of feet) is
usually close to the average yearly air temperature. Using the model developed by Xing (2014) as
implemented in the GLHEPro program (IGSHPA, 2016), the ground temperature at Beaufort, SC
is estimated to be 67 °F.

Table 5.1. Average Observed Heating and Cooling Loads (kBTU) for Building 584 at
the MCAS, Beaufort, SC.

heating |cooling
January 1844.00| 21400.00
February 2100.00f 21623.00
March 180.00| 48880.00
April 0.00| 65600.00
May 0.00| 90241.00
June 0.00| 120208.00
July 0.00| 133906.00
August 0.00| 129393.00
September 0.00| 111301.00
October 0.00| 80040.00
November 256.00] 34747.00
December 105.00| 32647.00
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The August, 2012 ground loop temperatures for Building 584 are shown in Figure 5.3. The blue
line shows the ground loop water temperature entering the building, and the red line shows the
ground loop temperature leaving the building. The green line shows the outside air temperature.
During this period, the building was continuously air conditioned, with peak cooling loads
occurring in the late afternoons.

The measured ground loop temperatures from Building 584 during the latter half of January, 2013
are shown in Figure 5.4. Except for a few brief periods during cold nights, the exiting loop
temperature is well above the entering loop temperature, indicating that the building is being
cooled rather than heated. The large cooling loads and small heating loads in Building 584
resulted in excessive ground loop temperatures in the summertime (Figure 5.3), with warm
temperatures persisting through the year into the winter (Figure 5.4). By the summer of 2012, the
ground loop temperature entering the building was consistently exceeding 95 °F, and the loop
temperature leaving the building was exceeding 105 °F.

Itis clear from Figures 5.3 and 5.4 that the geothermal ground loop temperatures for Building 584
were far above the background value. In particular, the late summer 2012 loop temperature
entering the building was in the mid-90s, while the temperature leaving the building often
exceeded 100 °F. These temperatures are far above the natural ground temperature, and are also
well above the outside air temperature. Buildings 601 and 2085 have similar configurations and
characteristics and are described in the Final Report (Falta et al, 2016).

Building 584, Military Police, Ground Loop Temperatures
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Figure 5.3.  Ground Loop and Outside Air Temperatures at Building 584 in August,
2012.
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Building 584, Military Police, Ground Loop Temperatures
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Figure 5.4. Ground Loop and Outside Air Temperatures at Building 584 in January, 2013.
53 DESIGN AND LAYOUT OF TECHNOLOGY COMPONENTS

The geothermal heat pump system in Building 584 was modified in late October, 2013 to include
a 96 ton Technical Systems FC-96-1195 dry fluid cooler (Figure 5.5). This 8 fan cooler is the
largest size built by the manufacturer, and it consists of two rows of 4 VFD fans with separate
controls for each row. The cooler was installed adjacent to the building, close to the location where

Figure 5.5.  Dry Fluid Cooler Installed at Building 584.
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Additional system monitoring was added at this time, including the local outside air temperature,
ground loop flow rate, temperatures entering and exiting the dry fluid cooler, and the dry fluid
cooler fan speeds for each row of fans. All of this data is accessed and stored using the Base web
control system. Continuous data have been collected from this system since December, 2013.

Ground loop water exiting the building enters the dry fluid cooler before continuing on to the
borehole heat exchangers. The fan speeds for the two stages of fans are controlled based on the
temperature difference between the outside air and the entering loop temperature. The fans begin
operating when the temperature difference exceeds 5 °F, and they ramp linearly to 100% fan speed
when the temperature difference reaches 20 ‘F. This program allows for year-round operation, but
fan speeds are higher in the wintertime, when the difference between the air temperature and the
water temperature entering the cooler is larger. Buildings 601 and 2085 have similar dry fluid
cooler layout and operation (Falta et al., 2016).

54  OPERATIONAL TESTING

Figure 5.6 shows typical wintertime operation of the dry fluid cooler — geothermal heat pump
system at Building 584. This graph shows 5 days of operation in December, 2014, with the cooler
fan speed (black line), the ground loop water temperature entering the building (blue line), the
ground loop water temperature leaving the building (purple line), the water temperature leaving
the dry fluid cooler (dark red line), and the outside air temperature. The cooler fan speed is
controlled by the difference in the outside air temperature (green line), and the loop temperature
leaving the building (purple line).
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Figure 5.6.  Typical Wintertime Operation of the Dry Fluid Cooler and Geothermal Heat
Pump System at Building 584.
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At night, when the air temperature is cold, the loop temperature leaving the building remains
relatively warm, and the fans run at 100%. This results in a substantial amount of heat rejection
by the fluid cooler, and the temperature leaving the cooler is low (dark red line), often as cool as
45 °F. That cold water flows through the borehole heat exchangers, extracting heat from the
ground before re-entering the building (blue line).

On days with warm afternoons, the outside air temperature started to approach the loop
temperature entering the dry fluid cooler, and the fan speed ramped down. As this happens, the
rate of heat rejection from the cooler decreases, and the temperature leaving the cooler (dark red
line) is closer to the temperature leaving the building.

The summertime operation of the cooler is similar, but the outside air temperature tends to be
closer to (or above) the loop temperature leaving the building, so the fans are often not running, or
are running at low speeds. They rarely reach 100% fan speed in the summer with the control
program.
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6.0 PERFORMANCE ASSESSMENT
6.1 BUILDING 584: GROUND LOOP TEMPERATURE DATA

The dry fluid cooler was installed in late October, 2013, and data collection began in early
December, 2013. The cooler has been in continuous operation since then. Data collection has also
been continuous, but data from the cooler was lost on three occasions due to malfunctions of the
data collection or web control server. As of June, 2016, there were 18 months of high quality data
collected from the system.

The dry fluid cooler had a rapid effect on the ground loop temperature. The loop temperatures in
January, 2014 are shown in Figure 6.1. Compared to the previous January, the ground loop
temperature was about 13 degrees lower, with an average loop entering temperature of 69° F.
During the first summer of operation, the ground loop temperatures were reduced by about 8 °F
compared to the previous summer. The summer of 2014 was unusually warm, with record, or near
record temperatures. During the latter half of August, the outside air temperature recorded at the
dry fluid cooler exceed 100 °F on five days (Figure 6.2). The average ground loop entering
temperature during this period was 87.1 °F, compared to 94.8 °F the previous August. After the
first year of operation, the ground loop temperatures appeared to stabilize with some additional
cooling. Inthe second half of August, 2015, the average ground loop supply temperature was 84.4
°F, which is more than 10 degrees cooler than the late August loop temperature prior to adding the
cooler.

Building 584, Military Police, Ground Loop Temperatures
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Figure 6.1. Ground Loop Temperatures at Building 584 in January 2014.
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Bldg 584, August, 2014
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Figure 6.2. Ground Loop Temperatures in Building 584 in August, 2014.

The average summer loop temperature over the past several years was computed by averaging 15
minute readings for the months of June, July, August, and September. In 2013, before adding the
dry fluid cooler, the entering loop temperature averaged 94.1 °F. In 2014, after one season of
cooler operation, the entering loop temperature averaged 85.6 °F, and in 2015 it averaged 84.8 °F.

The dry fluid cooler heat rejection at Building 584 was calculated for each 15 minute measurement
interval using the loop flow rate, and the temperature difference between the water entering and
leaving the cooler. This data was integrated to get monthly heat rejection values over the 3 year
measuring period (Table 6.1). These results show that the dry fluid cooler heat rejection was
relatively uniform during the year (the result for November is probably not reliable due to problems
with the data collection system during that month).

Over the course of a year, the dry fluid cooler has been rejecting about 1.09 million kBTUs from
the ground loop. The amount of heat rejected from the building into the ground loop includes the
normal building cooling load plus the waste heat from the heat pumps, minus the building heating
load. These data were shown previously in Table 5.1 for Building 584. Over a year, about 886,000
kBTUs were rejected into the ground loop. Prior to the installation of the dry fluid cooler, this
load imbalance had resulted in dramatic heating of the borehole heat exchangers. However, this
trend has been reversed following installation of the dry fluid cooler, because now there is a net
heat removal from the ground loop of about 204,000 kBTUs per year. This heat removal has
allowed the ground loop to cool by about 10 degrees over the last couple of years. In other words,
the ground loop/borehole heat exchanger system at Building 584 is currently being rehabilitated
following years of excessive heat rejection.
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Table 6.1. Average Monthly Heat Rejection by the Building 584 Dry Fluid Cooler,

kBTU.
Month heat rejection
January 97058.62
February 100276.00
March 79951.79
April 80517.20
May 75150.23
June 82211.34
July 92744.25
August 98950.29
September 103201.42
October 103448.14
November 75978.03
December 98823.06

It would be expected that the rate of heat rejection by the cooler should have been substantially
larger in the wintertime due to the larger average temperature difference between the entering
water temperature and the outside air temperature. This was not the case, however, due to the
variable flow rate ground loop water pumps. When operated at 100%, the loop pumping rate is
about 80 gpm, but this rate was reduced to levels as low as 10 gpm during periods when the
building load was small. These low-load periods mainly occur in the wintertime, and the resulting
low flowrate greatly reduces the efficiency of the dry fluid cooler.

During the initial operation of the dry fluid cooler, before the control system was fully
implemented, there where periods where the fan ran at 100% regardless of the water/air
temperature difference. This data was normalized by computing the heat rejection rate (from the
loop flowrate and the temperature drop entering and exiting the cooler), and dividing it by the
temperature difference between the incoming water and the outside air. This ratio, in units of
kBTU/ht/AT, gives the relative cooler performance. The cooler performance is essentially a linear
function of the loop flowrate over the range of observed values.

At low loop flowrates, the rate of heat rejection per degree of temperature difference is very low,
only a few kBTU/hr/AT. This rate increases to a maximum of about 22 kBTU/ht/AT at the
maximum flowrate of about 80 gpm. Manufacturers data for the FC-96 cooler is consistent with
our measurements, and show approximately linear performance up to a flow rate of about 120
gpm. From 120 gpm to about 250 gpm, the cooler performance becomes only a weak function of
temperature, with heat rejection rates varying from about 31 to 38 kBTU/hr/AT.

While the VFD controlled loop water pump at Building 584 reduces water pumping costs, it has a
negative effect on the performance of the dry fluid cooler, which would operate much more
efficiently at a constant flowrate of 80 gpm or more. It is also apparent that similar heat rejection
rates could be achieved using a smaller dry fluid cooler (such as a 4 fan FC-48) that is designed
for lower flowrates than the FC-96. From the manufacturers data, an FC-48-597A, operating at
80 gpm and 100% fan speed has a heat rejection rating of about 20.4 kBTU/ht/AT, which is similar
to the performance observed with the larger fluid cooler.
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The electrical energy used by the dry fluid cooler was calculated using the fan speed data that was
collected every 15 minutes. The dry fluid cooler at Building 584 has 8 one-horsepower electric
fans. When these fans operate at 100% fan speed, the electrical power is 6 kilo-Watt (kW). As
the fan speed is reduced, the power drops by the cube of the fan speed, so at 50% fan speed, the
electrical power use is only 0.75 kW. The fan electrical energy use was integrated over time to
get monthly values. An additional power cost for using the dry fluid cooler is due to pumping
costs to overcome the water pressure drop in the cooler. At the low flowrates used in this
application these pumping costs are very small, but they become significant as the flowrate
increases relative to the size of the cooler.

The average monthly dry fluid cooler heat rejection, electrical energy use, energy efficiency ratio,
loop flowrate, fan speed, and temperature difference between the entering water and outside air
are shown in Table 6.2 (as in Table 6.1, the November results for heat rejection and energy
efficiency ratio [EER] are probably not reliable).

Table 6.2. Monthly Average Dry Fluid Cooler Data from Building 584.
heat reject. |electricity|EER flowrate |fanspeed|deltaT
Month kBTU kWhr kBTU/hr/kW|gpm % max |degree F
January 97058.62 | 3053.74 31.78 17.49 74.52 26.19
February 100276.00 | 2473.01 40.55 32.78 70.56 18.53
March 79951.79 | 1460.04 54.76 43.54 49.53 12.88
April 80517.20 | 1626.77 49.50 40.91 53.58 12.81
May 75150.23 | 1945.50 38.63 49.10 56.46 10.43
June 82211.34 555.52 147.99 52.21 32.01 9.52
July 92744.25 601.59 154.16 53.34 32.81 9.96
August 98950.29 618.03 160.11 51.88 35.17 10.26
September | 103201.42 | 1033.49 99.86 50.79 48.90 12.32
October 103448.14 | 2028.20 51.00 42.10 63.64 15.33
November 75978.03 | 3231.51 23.51 25.60 83.53 23.28
December 98823.06 | 2820.87 35.03 26.90 81.23 21.58

The thermal energy efficiency ratio (EER) shown in the fourth column is calculated by dividing
the heat rejection by the electrical energy use. Surprisingly, the summer months of June, July, and
August have consistently shown the most efficient heat rejection from the dry fluid cooler. This
counter intuitive result is due to two factors: the low loop flowrates in the winter, and the higher
fan speeds in the winter. The average loop flowrates in the winter months (column 5) were only
about half of the average rate in the summer. The low flowrates severely reduce the amount of
heat rejection by the dry fluid cooler.

The higher average winter fan speeds result from the fan control schedule, which increases the fan
speeds as the water/air temperature difference increases over the range of 5 to 20 degrees. Because
the temperature difference was greater in the wintertime, the fan speeds were higher then,
increasing the electricity consumption. The higher fan speeds would normally have increased heat
rejection, but the low loop flowrates prevented this.
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The yearly average heat rejection EER of the dry fluid cooler was 50.7 kBTU/hr/kW. Using the
same equipment, this performance could likely be improved to an EER of between 200 and 300
kBTU/hr/kW by operating the ground loop at a constant flowrate of 80 gpm, and by adjusting the
dry fluid cooler fan control so that the maximum fan speed is reached when the temperature
difference is 30 degrees or more.

Numerical Simulations. A commercial geothermal heat pump simulation model (GLHEPro) was
used along with spreadsheet models of dry fluid cooler performance to simulate the Building 584
system, and to explore alternative strategies for controlling the ground loop temperature. These
simulations lead to a system optimization and economic analysis for the combined geothermal heat
pump/dry fluid cooler combination using wintertime heating.

The GLHEPro ground source heat pump simulation program was used to simulate the building
ground loop performance prior to the addition of the dry fluid cooler. GLHEPro (IGSHPA, 2016)
is a commercial program used for the design and analysis of geothermal heat pump ground loops.
The code uses semi-analytical and numerical solutions for three-dimensional heat conduction from
various geometry ground loop configurations. For the analysis described here, only vertical
closed-loop boreholes with single U-tubes were considered, but the model can simulate other
vertical borehole designs such as horizontal trenches.

The basic inputs to GLHEPro are the monthly building heating and cooling loads on the heat pumps,
the local ground temperature, the borehole heat exchanger system geometry (number, location, and
depth), construction details of the heat exchangers, subsurface thermal properties, loop flowrate, and
the heat pump properties. The model output consists primarily of the predicted monthly ground loop
entering and exiting temperatures and the electrical energy consumed by the heat pumps. The
simulation period is controlled by the user, and may extend for decades.

Normally the building heating and cooling loads would be simulated using a building simulation
program such as eQUEST. For the simulation of Building 584, the building loads are known from
the ground loop data (Table 5.1). The ground loop load data shown in Table 5.1 include the waste
heat from the heat pumps. Because GLHEPro uses the building load on the heat pumps, it was
necessary to remove the waste heat component from the cooling loads in Table 5.1. The heat pump
waste heat was estimated from heat pump performance data included in the GLHEPro heat pump
library. The building cooling loads in Table 5.1 were multiplied by 0.8 to correct for the waste
heat. The simulation was started in January, 2005, and run for a period of 30 years. The simulated
ground loop temperature entering the building is compared to the observed monthly temperatures
in 2012 and 2013 prior to the installation of the dry fluid cooler in Figure 6.3. The GLHEPro
simulation tool appears to do a great job of reproducing the observed temperatures after 8-9 years
of operation, showing the same level of upward yearly temperature drift in the ground loop.

The model predicts that in the absence of supplemental cooling or other adjustments, the loop
temperature will continue to increase over time, with average monthly inlet temperatures
exceeding 100°F. The simulation shows that the ground loop heating occurs rapidly, and
substantial heating of the loop (~11 degrees) occurs in the first year. After 10 years, the loop
yearly average temperature is about 21 degrees warmer than background, and by 30 years, it is 27
degrees warmer.
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Figure 6.3. GLHEPro Simulation Showing Predicted Temperatures for 30 Years of
Operation.

Figure 6.4 shows the simulation results along with ground loop temperature data collected after
the installation of the dry fluid cooler (which is not accounted for in this simulation). It is apparent
that use of the cooler has stopped the trend of increasing ground loop temperature.
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Figure 6.4. Simulated and Observed Ground Loop Temperatures.

The dry fluid cooler began operation in November, 2013.
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Calculation of ground loop size necessary to stabilize loop temperature. A series of GLHEPro
simulations were performed to determine the number of borehole heat exchangers that would have
been needed to avoid an excessive temperature build up in the ground loop. These simulations
assumed that the larger well field was installed in 2004, at the time of the initial geothermal heat
pump installation.

The borehole depth (300 ft), construction characteristics, and spacing (20 ft) were held constant,
while the number of boreholes was increased. It was found that as the size of the ground loop
was increased, that the magnitude of the yearly temperature fluctuations decreased, but the overall
average temperature still drifted upward. In other words, the heat loss in the subsurface from
flowing groundwater and conduction out the sides and top is too small to prevent the long-term
heating in the ground loop. The ground loop temperature is predicted to increase with time even
when the number of borehole heat exchangers is tripled. Figure 6.5 shows the GLHEPro
simulation results using a borehole array with 3 rows of 25 boreholes each (75 total). This
configuration gives a maximum monthly average summer temperature of 81.4°F, at year 30 of the
simulation, with a yearly average temperature of 79.6’'F. That still represents a 12.6 degree
temperature increase over the natural underground temperature. With the cost for installing
borehole heat exchangers at the MCAS Beaufort of about $17/ft., these additional boreholes would
add about $260,000 to the system capital cost.

This large capital expenditure would be difficult to justify for a building of this size, and it would
likely be difficult to find the room to install the additional boreholes. For these reasons, enlarging
the ground loop does not seem like it would be a practical solution for dealing with highly
unbalanced systems.
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Figure 6.5. GLHEPro Simulation of Building 584 Using 75 Three-Hundred Foot Deep
Borehole Heat Exchangers.
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Optimal sizing and operation of dry fluid cooler with existing ground loop. A second series
of GLHEPro simulations of Building 584 was performed to explore optimized operation of a
smaller dry fluid cooler. As discussed earlier, the existing 96 ton dry fluid cooler is oversized for
the Building 584, ground loop maximum flowrate of 80 gpm. In retrospect, similar cooling
performance could be achieved using a cooler that is half the size of the installed unit.

The objective of these simulations is to identify a design and operation scheme that can
economically stabilize the ground loop temperatures over time, using the existing array of 24
borehole heat exchangers. The simulation assumes that the dry fluid cooler was added at the same
time that the system began operation, at the start of 2005.

The dry fluid cooler heat rejection is included in the GLHEPro simulation by adding in an
equivalent monthly heating load to the ground loop. The removal of heat from the ground loop by
the cooler, drops the temperature in the loop, which has the effect of reducing the efficiency of the
fluid cooler due to the lower temperature difference. This negative feedback between the ground
loop temperature and the dry fluid cooler efficiency is not accounted for in GLHEPro, which uses
constant monthly values for the building loads and dry fluid cooler heat rejection. Therefore, it
was necessary to iterate between a separate model of the dry fluid cooler performance and
GLHEPro until the loop temperature stabilized for a particular design.

The monthly dry fluid cooler performance was calculated using a spreadsheet-based model that
contains measured hourly temperatures from the MCAS Beaufort over a one-year period, 2010-
2011. This temperature data was compiled by month, and then sorted into 5 degree temperature
“bins”. This allows for calculation of the number of hours, in each temperature range, during each
month.

Given the ground loop temperature exiting the building, the dry fluid cooler performance rating
(kBTU/hr/AT), and the fan speed, it is possible to calculate the heat rejection and energy
consumption for each of these temperature ranges. The monthly total heat rejection and energy cost
is then found using the number of hours associated with each temperature range for the month. At
each temperature range, the fan speed is calculated based on the temperature difference with the loop
water, using a linear variation over a specified temperature range (as in Table 2.3).

The simulation process started with an initial estimate of dry fluid cooler performance, using an
assumed yearly ground loop temperature profile. The cooler fan speed was set so that the fan speed
starts at 40% when the temperature difference is 5 degrees, and then increase to 100% when the
difference reaches 25 degrees. The dry fluid cooler selected for this design is a Technical Systems
FC-48-597a, operated with a constant flowrate of 80 gpm. This 4 fan unit is exactly one-half the
size of the installed cooler at Building 584, but it has a similar heat rejection rating at the design
flowrate of 80 gpm. At 100% fan speed this unit is rated at 20.4 kBTU/hr/AT.

The calculated monthly heat rejection results from the spreadsheet model are used as inputs in the
initial GLHEPro simulation. The predicted GLHEPro monthly loop temperatures resulting from
the building loads and the dry fluid cooler operation were then used to refine the cooler spreadsheet
model calculations. By iterating between the spreadsheet cooler performance model and
GLHEPro, a workable design was obtained where the ground loop temperature is nearly stable
over time.

30



The yearly heat rejection by the cooler of 643,000 kBTU is about 72% of the cooling load delivered
from the building and heat pumps to the loop (see Table 5.1; it is about 90% of the building load).
This heat is removed using 4600 kilo-Watt hour (kW-hr) of electricity, of which about ¥4 is used
to pump the water through the cooler. The average EER of this operation would be about 141
kBTU/hr/kW.

The simulated ground loop temperature entering the building is shown in Figure 6.6. The loop
temperature has been nearly stabilized by the dry fluid cooler operation, using a cooler that is %2
the size of the one currently installed at Building 584. The yearly loop average temperatures now
fall well within the range needed for efficient heat pump operation.
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Figure 6.6.  Simulated Building 584 Ground Loop Temperatures with Optimized Dry
Fluid Cooler Heat Rejection (Blue Fluctuating Lines).

The dry fluid cooler begins operation immediately after the system is installed. The background
temperature is the straight line in green.

The purchase cost of the 96 ton 8-fan dry fluid cooler installed at Building 584 was about $29,000
delivered to the site. We would expect a smaller 48 ton 4-fan unit to be about half the cost, or
about $15,000. A reasonable estimate for the installation cost would be $5,000 for a total cost of
about $20,000. This is far lower than the capital cost for increasing the size of the wellfield, but
the dry fluid cooler uses additional electrical energy to power the fans and pump.

6.2 BUILDINGS 601 AND 2085

The dry fluid cooler was installed at Building 601 in May, 2013. By January, 2014, this cooler
had a significant effect on the ground loop temperatures, lowering them by about 10 degrees or
more compared to the previous January.
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The ground loop temperatures the following August were similarly lowered by several degrees
compared to data collected in August 2012 before the cooler was added. Despite the record or
near record air temperature during this period, the ground loop water temperature entering the
building (blue line) was substantially lower than the outside air temperature (Falta et al., 2016).

The dry fluid cooler at Building 2085 was installed in October, 2013, but it only operated for a few
months before being damaged by a severe freeze.

Freeze damage to Building 601 and 2085 dry fluid coolers. The geothermal heat pump systems at
the MCAS Beaufort have historically been operated using water without any antifreeze. Although
hard freezes are rare at Beaufort, SC, they do occur every few years. The freeze protection
program in place at Beaufort forces the ground loop water pumps to circulate water through the
ground loops when temperatures are low. The fans to dry fluid coolers are also set to stop when
loop temperatures drop below a set temperature (usually 40 to 45°F). In the past, these precautions
had been sufficient to prevent freeze damage to the ground loops and dry fluid coolers in the winter
time.

However, in the winter of 2014, and again in 2015, there were severe cold periods with nighttime
temperatures in the mid-20s. Damage occurred to dry fluid coolers during both of these periods.
There were exceptionally cold temperatures that occurred on the night of January 6-7, 2014. As
the temperature approached 20°F, power outages and power surges occurred across the base. These
power spikes apparently caused a fault in the Building 2085 control system that caused the ground
loop water pumps to shut down. This allowed the stagnant water in the dry fluid cooler to freeze,
and burst the coils. Although the dry fluid cooler coil was replaced in June, 2014, the temperature
data collected from this building since then appear to be unreliable due to apparent short circuiting
in the ground loop. This is evidenced by the fact that the loop temperature measured leaving the
dry fluid cooler is practically identical to the loop temperature entering the building from the
borehole heat exchangers. This means that the geothermal heat pump system is not in contact with
most of the borehole heat exchangers, and little or no cooling of the ground is occurring.

The February, 2015 cold temperatures were forecast several days in advance. In an effort to
prevent freeze damage to the Building 601 dry fluid coolers, local building maintenance workers
isolated the dry fluid cooler with valves, and attempted to drain the cooler. Apparently they were
not aware of the fact that this cooler cannot be fully drained by gravity, and their attempt left water
in the lower coils. Since the dry fluid cooler was now isolated from the flowing ground loop, when
the temperatures dropped on the night of February 19, 2015, the water in the lower coils froze and
burst the coil pipes.

This type of damage to a dry fluid cooler is difficult to repair, and it was necessary to replace the
entire coil system for the dry fluid cooler. This repair was not completed until April, 2016. Since
that time, a propylene glycol antifreeze has been added to the ground loops in buildings that have
dry fluid coolers. Unlike ethylene glycol, which is toxic, propylene glycol is a food additive that
is used in many consumer products.
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7.0 COST ASSESSMENT

7.1  COST MODEL

Estimating the costs for adding a dry fluid cooler during the installation of a geothermal heat pump
system are relatively straightforward, although we experienced unexpectedly high installation
costs for our building retrofits. The cost model for adding a dry fluid cooler to the system is

summarized in Table 7.1

Table 7.1.

System

Cost Model for Including a Dry Fluid Cooler in a Geothermal Heat Pump

Cost Element

Data Tracked During the
Demonstration

Estimated Costs

Hardware capital costs

Cost of 96 ton dry fluid cooler

$28,733 delivered. Cost is
proportional to size of cooler

Installation costs

Labor and material required to install dry
fluid cooler

$27,000 for 96 ton cooler
retrofit to existing ground loops.
Cost are expected to be much
lower for a typical installation

Consumables

Estimates based on rate of consumable use
during the field demonstration

None.

Facility operational costs

Reduction in energy required vs. baseline data

Energy use decreases with time,
up to 20% lower than
conventional system

Maintenance

e  Frequency of required maintenance
e Labor and material per maintenance
action

Periodic servicing of fans, cost
not established

Hardware lifetime

Estimate based on components degradation
during demonstration

Unknown but likely 30 years

Operator training

Estimate of training costs

Essentially none.

Hardware capital costs. The hardware for this technology consists of an appropriately sized dry
fluid cooler. The dry fluid cooler should be sized to match the ground loop flowrate; the flowrate
should fall within the cooler design range. The dry fluid cooler should be sized and operated so
that it can reject an amount of heat equal to the yearly cooling load minus the yearly heating load.
Using variable frequency drive fan motors, the fan speeds should be controlled by the temperature
difference between the water entering the cooler and the outside air, reaching maximum fan speeds
when the temperature difference is large (~20 degrees or more). Most of the loop heat will be
rejected in the winter using this type of operation, and the heat rejection energy efficiency can be
very high.

On a yearly average basis, the dry fluid cooler should be sized so that the heat rejection is on the order
of 10-20% of the cooler rated capacity. For example, if the desired yearly cooler heat rejection is
600,000 kBTU, this is equivalent to an average rate of about 5.7 tons. This would be about 12% of
the rated capacity of a 4-fan, 48 ton dry fluid cooler.  During the peak cooling
months of December and January, the cooler is likely to be operating at 25-35% of the rated capacity
(averaged over the month). Our cost for a 96 ton dry fluid cooler was $28,733, delivered.
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We received a quote of $16,833 for a 48 ton dry fluid cooler. It is expected that the cost of the dry
fluid cooler is proportional to the rated capacity of the cooler.

Installation costs. Our costs for installing the dry fluid coolers were about $27,000 per cooler. This
cost seemed very high to us, and we would expect the installation cost for a typical application to be
about 1/3 of this amount. Possible reasons for our high installation costs were: 1) these were building
retrofits, which required excavating and rerouting the ground loop piping; 2) there were large
mobilization charges for heavy equipment involved, and 3) there was limited competition for the
contract due to the small number of companies that were able to bid on the project.

7.2  COST DRIVERS

Supplemental wintertime cooling using a dry fluid cooler is appropriate for building geothermal heat
pump systems that have unbalanced cooling dominated loads. For locations that have highly cooling
dominated loads, the size and cost of the dry fluid cooler is proportional to the amount of heat that
needs to be rejected in order to approximately balance the loads on a yearly basis. The examples in
the Final Report (Falta et al., 2016) show the need for, and the size of a dry fluid cooler will vary
with location. When the loads are nearly balanced, and the natural ground temperature is low, there
is no need for a dry fluid cooler. As the load imbalance increases, and the natural ground temperature
increases, the optimal size of a dry fluid cooler also increases. These more extreme conditions also
show a larger benefit from the supplemental cooling.

7.3  COST ANALYSIS AND COMPARISON

Comparison of Heat Pump System With and Without Dry Fluid Cooler at Building 584.
Based on the observed loop temperatures and the GLHEPro simulation results, it does not appear
that continued operation of the heat pump system without supplemental cooling would be
desirable. After only about 8 years of operation, the late summer loop temperatures entering the
building were in the mid- to upper 90s. The GLHEPro simulation of the heat pump system predicts
that the ground loop temperature would have continued to increase over the next 20 years, with
average loop temperatures entering the building well over 100°F. The simulation also shows that
peak loop temperatures on hot summer afternoons could reach almost 120°F in the later years of
the system operation. Loop temperatures that high would probably be beyond the safe operating
range for the heat pumps, and might result in temporary system shutdowns, or damage to the
system.

The heating of the ground that would occur with the conventional system, while not permanent,
would take a long time to reverse, and would likely discourage continued use of geothermal heat
pumps at the site in the future.

The unbalanced geothermal system without supplemental cooling becomes significantly less
efficient with time as the loop temperature increases. This is in contrast to a system in which much
of the excess cooling load is rejected using a dry fluid cooler. Table 7.2 compares the simulated
monthly electrical energy use for the geothermal heat pump system with and without the addition of
the dry fluid cooler. The base case referred to here is continued Building 584 operation without
supplemental cooling, as described in Section 6, while dry fluid cooler case uses the optimized design
described in Section 6, and it includes the electrical energy used by the cooler.
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Table 7.2. Simulated Building 584 Electrical Energy Use (KW-hr) for the Geothermal
Heat Pump System With and Without a Dry Fluid Cooler.

Month Year 10 Base Yea_tr 10 Dry Year 30 Base Yea_lr 30 Dry
Case Fluid Cooler Case Fluid Cooler
January 1108 1499 1195 1509
February 951 1224 1019 1232
March 2201 2094 2404 2129
April 3610 3180 3943 3240
May 5203 4568 5679 4659
June 7446 6484 8119 6614
July 8522 7352 9286 7498
August 8221 7162 8954 7304
September 6910 5916 7524 6031
October 4651 4047 5065 4122
November 1865 1899 2029 1927
December 1625 1853 1768 1875
Total 52311 47277 56984 48139

Comparing the yearly totals, during the tenth year of operation, the system with the dry fluid cooler
is about 10% more efficient than the base case. In the 30" year of operation, the system with the
dry fluid cooler is about 16% more efficient than the base case.

The monthly electricity use during year 30 is plotted in Figure 7.1. The energy savings occur
mainly during the summer months of June, July, August, and September, when building cooling
loads are at their highest. Energy use in the cooler months of November, December, January,
February, and March are similar for the two systems. The energy savings during these months that
result from the cooler ground loop temperatures are offset by the cost to operate the dry fluid
cooler.

An economic comparison of these systems requires assumptions about the costs of electricity over
time relative to the general inflation rate. An analysis of the system economics was performed
using the National Institute of Standards and Technology (NIST) building life cycle cost (BLCC)
program for MILCON analysis (NIST, 2016). This program uses the current Department of
Energy forecasts for electricity price escalation relative to general inflation. The currently
predicted electricity escalation rates are in the range of a few percent over the next several years,
decreasing to near zero in future decades. The NIST-BLCC program requires input of the annual
electricity savings from the alternative being considered. This is somewhat problematic in the
current analysis because the energy savings are low or nonexistent in the first few years before
increasing in later years. For the purpose of this life-cycle analysis, the cumulative electricity
savings after 30 years were averaged over the 30 year period. This gives an average annual
electricity savings of 5,863 kW-hr. The complete cost of the dry fluid cooler was estimated to be
$19,480 including design, construction, supervision, and inspection. The initial (current) cost of
electricity was entered as $0.115/kW-hr, which is the average of an assumed non-peak cost of
$0.08 /KW-hr and a peak cost of $0.15/kW-hr.
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Figure 7.1.  Simulated Monthly Energy Use for Building 584 in Year 30.
The red bars represent the base case and the blue bars include the dry fluid cooler.

The NIST-BLCC program predicts a total discounted operational savings of $14,963 over a 30
year operational period, with a simple payback period of 28.9 years, and an adjusted internal rate
of return of 2.10%.

An alternative analysis considers an initial non-peak energy cost ($/kW-hr), a peak energy cost
($/KW-hr) that would apply to summertime weekday afternoons and evenings, an annual energy
cost inflation rate, and a general inflation rate. With this model, the energy costs would be
escalated at the energy cost inflation rate. Over time, the calculated monthly energy costs can be
converted to present dollars using the general inflation rate. Table 7.3 shows the projected energy
costs assuming that %2 of the June, July, August, and September cooling costs occur during peak
hours. The initial non-peak energy cost was $0.08/kW-hr; the initial peak energy cost was
$0.15/kW-hr; the energy inflation rate was 5%, and the overall inflation rate was 2% in this
example.

The energy costs (in current dollars) in this model increase substantially over time, due to the
differential between the assumed energy cost inflation rate and the overall inflation rate, and due
to the declining efficiency of the heat pumps. We acknowledge that if electrical energy prices
remain low over the next 30 years, that this projection would overestimate the future energy costs.
However, it seems likely that electrical energy costs will increase substantially in the future, and
these increases amplify the costs of heating and cooling system inefficiencies.
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Table 7.3.

30 Years of System Operation.

Comparison of Monthly Electricity Costs (in Current Dollars) after 10 and

Month Year 10 Base Yee}r 10 Dry Year 30 Base Yea_lr 30 Dry
Case Fluid Cooler Case Fluid Cooler
January $115 $156 $222 $281
February $99 $128 $190 $230
March $230 $219 $449 $398
April $378 $333 $738 $607
May $547 $480 $1,066 $874
June $1,128 $982 $2,196 $1,789
July $1,294 $1,116 $2,517 $2,033
August $1,251 $1,090 $2,433 $1,985
September $1,054 $903 $2,050 $1,643
October $495 $431 $962 $783
November $199 $202 $386 $367
December $174 $198 $337 $358
Total $6,964 $6,238 $13,547 $11,346

The cost savings from the system with the dry fluid cooler increase over time due to the fact that
the system does not lose efficiency compared to the base system, and also due to the assumption
that energy costs rise faster than the general rate of inflation. The cumulative energy costs for the
two systems over a 30 year period is shown in Figure 7.2. In the early years, before the base case
system ground loop has heated up, the two systems have similar efficiencies, and therefore, similar
costs. However, as the base case system loses efficiency, and as the relative cost of electrical
energy rises, the cumulative costs for the base system begins to rise rapidly. The difference in the
two curves at any time is the net energy cost savings, in current dollars. Therefore, given the
capital costs for adding the dry fluid cooler, the payback period can be calculated. The 48 ton unit
that we added to the existing system in this example costs about $20,000. From the figure, it can
be seen that the payback period would be about 23 years for this case. The amount of years would
be reduced if the cost of energy was higher than assumed in the calculations, or if the cooling unit
could be acquired at a lower cost.

The economic analysis is sensitive to the assumed rate of energy inflation relative to the general
inflation rate. A comparison of the projected cumulative energy cost savings using different
energy inflation rates is shown in Figure 7.3. With a low energy inflation rate of 2% that is equal
to the general inflation rate, the cost savings accumulate approximately linearly with time, and the
payback period is about 30 years or more. This result is similar to the NIST-BLCC MILCON
analysis, which assumed a low energy inflation rate. With a high energy inflation rate of 8% and
a general inflation rate of 2%, the cost savings accumulate more quickly, and the payback period
is around 20 years.
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The energy cost savings curve presented in Figure 7.3 represent likely upper and lower bounds for
potential savings in this example.

It should be noted that there are often substantial electrical energy demand costs that are charged
on the basis of the maximum peak and non-peak energy usage rates (recorded over the past month);
these electrical energy demand costs can be as large as the real energy costs. The dry fluid cooler
system has the advantage of reducing electrical energy consumption during periods when the
energy usage is likely to reach a maximum value, especially during the summertime peak hours.
Therefore, the dry fluid cooler system can likely reduce the energy demand costs, while improving
the economics of the system.

It was stated earlier that this system would likely not be able to continue operation without some
form of supplemental cooling. An alternative to adding a dry fluid cooler (or cooling tower) would
be to increase the size of the geothermal ground loop. However, the analysis of this option
presented in Section 6.1.3 showed that the number of borehole heat exchangers would need to be
tripled in order to maintain reasonably cool ground loop temperatures. The estimated capital cost
for this increase was about $260,000, which is far above the $20,000 capital cost of adding a dry
fluid cooler to the system.
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8.0

IMPLEMENTATION ISSUES

The following guidelines are provided for application of wintertime cooling using dry fluid coolers
in new systems. The first three steps are recommended for every geothermal system installed
in cooling dominated areas (climatically hot areas such as the ones shown in Figure 2.4 where
the blue bars significant larger than the red bars).

1)

2)

3)

4)

5)

6)

Calculate building heating and cooling loads using a building simulation tool such as
eQUEST (Hirsch & Associates, 2016).

Simulate a conventional geothermal heat pump system using a ground loop simulation tool
such as GLHEPro (IGSHPA, 2016). There is a trade-off between increased ground loop
size, and loop temperature. With the addition of a dry fluid cooler, a smaller ground loop
can be used, but it must still be large enough to accommodate a reasonable flow rate for
the building load.

Using reasonable ground loop sizes, assess the degree to which the ground loop
temperature will increase over the expected life of the system. If the average loop
temperature increases by more than about 15°F, a dry fluid cooler would be
beneficial.

The dry fluid cooler should be sized to match the ground loop flowrate; the flowrate should
fall within the cooler design range.

The dry fluid cooler should be sized and operated so that it can reject an amount of heat
equal to the yearly cooling load minus the yearly heating load. Using variable frequency
drive fan motors, the fan speeds should be controlled by the temperature difference
between the water entering the cooler and the outside air, reaching maximum fan speeds
when the temperature difference is large (~20 degrees or more). Most of the loop heat will
be rejected in the winter using this type of operation, and the heat rejection energy
efficiency can be very high.

On a yearly average basis, the dry fluid cooler should be sized so that the heat rejection is
on the order of 10-20% of the cooler rated capacity. For example, if the desired yearly
cooler heat rejection is 600,000 kBTU, this is equivalent to an average rate of about 5.7
tons. This would be about 12% of the rated capacity of a 4-fan, 48 ton dry fluid cooler.
During the peak cooling months of December and January, the cooler is likely to be
operating at 25-35% of the rated capacity (averaged over the month).

The ground loop system should include antifreeze to prevent damage to the dry fluid cooler
during freezing temperatures.

For existing systems that are suffering from high ground loop temperatures, a retrofit following
steps 4—6 can be used to stabilize and reduce the temperatures. In this case, the dry fluid cooler
heat rejection during the first year or two of operation will be higher due to the higher ground loop
temperatures.
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APPENDIX A

Point of Contact
Name

POINTS OF CONTACT
Organization Phone
Name Fax
Address Email

Role in Project

Ronald W. Falta
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340 C Brackett Hall
Clemson, SC 29634-0919

(864) 656-0125
(864) 656-1041 fax
(864) 710-3448 cell
faltar@clemson.edu

Principal Investigator

Fred J. Molz

Clemson University
156 Rich Lab
342 Computer Ct
Anderson, SC 29625-6510

(864) 656-1003
(864) 656-0672
fredi@clemson.edu

Co-Investigator

Charles Newell

GSI Environmental Inc.
2211 Norfolk Suite 1000
Houston, TX 77098

(713) 522-6300
cjnewell@gsi-net.com

Co-Investigator

Neil Tisdale

MCAS Beaufort
Bldg 616 Public Works
MCAS
Beaufort, SC 29904-5001

(843) 228-6317
(843) 321-6702 cell
belton.tisdale@usmc.mil

Base Utilities Director/
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