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Development of Guidelines for the Selection and Design of the 
Pumping/Piping Subsystem for GCHP Systems (1217-TRP) 

 
1.  INTRODUCTION 

 
HVAC alternatives with inherently low demand and energy consumption characteristics 
must also have low auxiliary equipment needs in order to attain their full environmental 
and economic value.  Poor attention to pump and fan optimization will be more evident in 
high efficiency systems since auxiliary use will be a high percentage of the total demand 
and energy consumption. Ground-coupled heat pump (GCHP) systems are not immune to 
this situation.  Water circulation pumps are typically the greatest source of variability 
since unitary equipment with low power fans is often the equipment of choice.  
 
The goal of every designer is to find an optimum balance between capital costs, operating 
and maintenance costs. Design engineers normally have experience with central chilled 
water systems and water loop heat pump systems with a central boiler and cooling tower. 
They often apply the knowledge gained from these applications to the design of GCHP 
systems.  Unfortunately, GCHPs have a uniquely different set of design constraints and 
positive attributes that can be compromised when conventional water loop piping 
practices are followed (ASHRAE, 1997). This project investigated the capital costs, 
performance characteristics, and demand of several options of pumping and piping 
GCHP systems.  Design tools for pump/piping system performance evaluation and first 
cost estimation have been developed from these investigations to assist the engineer in 
determining optimum arrangements for individual applications. 
 
1.1 Objective and Method 
 
The objective of this project is to develop accurate performance models of GCHP pump 
and piping system designs and to provide easy-to-use evaluation tools for engineers to 
optimize pump and piping designs.  To realize this objective the following tasks will be 
undertaken. 
 

1. Review the literature with regard to operating characteristics and capital costs of 
GCHP Pumping/Piping systems. 

2. Gather additional GCHP capital cost information. 
3. Design and test experimental systems to collect additional operating 

characteristics of GCHP Pumping/Piping components and systems. 
4. Develop a method for determining the demand and energy of GSHP Pump 

systems. 
5. Develop a tool for estimating the cost of GCHP Pumping/Piping components and 

systems. 
6. Provide examples and procedures of the GCHP pump demand/energy method and  

the GCHP piping cost estimating tool.  
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1.2 Overview of GCHP Pumping/Piping Systems 
 
The characteristics of ground loops and their associated components are significantly 
different from other types of heat exchangers, and from the plumbing and piping systems 
typically seen in other HVAC applications. These differences impact the selection of 
flow rates, allowable head losses, and piping materials. For example, in terms of heat 
exchange at design conditions, the ground itself is by far the greatest resistance to heat 
flow, so highly conductive pipe materials, extended surfaces, and high internal fluid 
velocities are of little value. Moderate flow imbalances (+15%) have little impact on 
overall heat exchange (Kavanaugh and Rafferty, 1997).  
 
High fluid velocities and Reynold’s numbers (>4000) provide only minimal enhancement 
in overall heat transfer coefficients.  Therefore, high fluid velocities and accompanying 
high head loss can be lowered compared to values used in the compact heat exchangers 
typically used in HVAC coils. Head losses across the heat pumps are relatively small as 
well.  This increases the potential impact of other sources of head loss in the system: the 
length of the headers, control valves, and fitting restrictions. 
 
In a recent ASHRAE-sponsored survey (Caneta, 1995), it was found that installed 
pumping power represented anywhere from 0.04 to 0.21 HP/ton (0.0085 to 0.045 
kWelect/kWtherm) of heat pump power. If one assumes that the sum of the annual 
equivalent full load heating and cooling hours is 1500 hours and that the heat pumps have 
an average COP of 3.5 then pumping energy consumption for the surveyed systems may 
range from 15 to 48% of the total (heat pumps + pumps) energy consumption when the 
circulating pumps operate continuously. In a similar analysis, Kavanaugh and Rafferty 
(1997) have shown that a circulating pump can represent 45% of total energy 
consumption. Thus, contrary to popular belief, circulating pumps may represent a 
significant portion of the total energy consumption of GCHP systems. If the energy 
savings potential of GCHPs (or geothermal heat pumps) is to be achieved, engineers 
require access to documented methods for the design of pumping/piping subsystems and 
associated controls. 
 
The commercial development of the GCHP technology in the US began primarily in the 
residential sector in response to rising energy cost in the 1970s.  One of the initial 
programs that marked the beginning of the technology’s movement into the commercial 
and institutional sectors began in the mid-1980s in a school district in Austin, Texas.  
Figure 1.1 represents a schematic of the unitary loop design used by the school district.  
These systems were essentially copied from commonly used residential practice.  A 
ducted or console water-to-air heat pump is located in each classroom.  High density 
polyethylene (HDPE) pipe headers penetrate the building perimeter and flow is routed in 
parallel to two or three vertical U-tube ground heat exchangers.  Pump and flow control is 
achieved by turning a small circulator pump on with the heat pump compressor.  These 
types of the systems remain the most common loop type in school districts in the Austin 
area. 
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Figure 1.1.  Unitary GCHP Loops with On-Off Circulator Pumps 
 

In applications with significant load diversity, reductions in ground coil size can be 
achieved by grouping the ground loop headers into a single loop as shown in Figure 1.2.  
The arrangement in this figure is referred to as a sub-central loop indicating the building 
has several of these loops in different areas rather than a single central ground and 
building loop as shown in Figure 1.3.  Sub-central loops can be served by on-off 
circulator pumps located on each heat pump as shown in Figure 1.2.  A check valve must 
be installed on each heat pump to prevent reverse water circulating through idle units.  
Sub-central loops have been also served by a variety of conventional pump arrangements 
including continuously operating single pumps, primary-secondary pumps, and variable 
volume pumps.  Sub-central loops may offer reduced cost for the vertical portion of the 
ground loop and the number of building penetrations. However, if load diversity is not 
great these costs can be offset by higher in-ground and interior piping cost.  Pump head 
and required controls cost are also likely to increase.  
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Figure 1.2.  Sub-Central GCHP Loop with On-Off Circulator Pumps 
 

Figure 1.3 is an example of a central loop that can more effectively reduce the cost of the 
required vertical bore in buildings with higher load diversities.  The central ground loop 
consists of several sub-header sets each having 6 to 20 U-tube heat exchangers.  The sub-
headers are gathered into a valve manifold located either near the center of the loop field 
in a below grade vaults or in the building equipment room.  Each sub-header set has 
isolation valves in order to be independently purged of air and debris.  Interior piping is 
similar to conventional water-source heat pump systems in which interior piping is routed 
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to individual water-to-air heat pumps in each zone and/or heat pump water heaters and 
water-to-water heat pumps. 
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Figure 3.1  Central Loop GCHP 
 
A common method of pump control in central systems is no control at all.  A central 
pump is allowed to operate continuously.  This alternative may be acceptable in building 
with near continuous operation.  It is not advisable in buildings with lower operating 
hours such as 40-hour per week offices, schools and churches.  An alternative to this 
approach is to cycle the central pump with occupancy, with an override when low 
outdoor temperatures may result in interior pipe freezing. Another option is to cycle the 
main pump with primary occupancy and operate smaller pumps to serve more frequently 
operated zones. 
 
Another alternative is a primary/secondary system, in which one or more primary pumps 
provide flow through the building, and a secondary pump provides flow through the 
closed loop ground heat exchangers or through the isolation heat exchanger in open loop 
systems. The secondary pump is cycled on when the building loop temperature rises 
during cooling mode operation or declines during heating mode operation.  The primary 
pump can operate continuously or be controlled based on an occupancy schedule (EMS 
or time clock) and/or outdoor temperature.  The primary pump may also be a variable 
speed drive.  Another option is multiple circulation pumps in parallel. 
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An increasingly popular option is a variable-speed circulating pump connected to the 
central system that includes both the ground loop and the interior heat pump loop. Each 
heat pump is equipped with a two-way valve that closes when the unit is off.  The 
reduction in system flow results in high differential heads available on the building 
supply and return headers.  The speed of the circulating pump is decreased to maintain a 
constant pressure drop across the supply-return headers at a location near the end of 
piping system if the interior piping is direct return. The reduction energy consumption is 
significant if the installed system approaches the theoretical affinity laws when the pump 
speed is reduced.  The theoretical pump power in an ideal system is a function of the 
actual speed-to-rated speed ratio cubed.  However, there is always some deviation since 
the system curve must change due to valve closing (or throttling) and the pump, motor, 
and drive efficiencies are not constant at all speeds.  Thus, the deviation from affinity 
laws may lead to appreciable error in energy estimates.  This is especially true in 
buildings with a significant number of hours in which the circulating pump is operating at 
speeds that yield system efficiencies that vary from rated values. 
 
In many applications, the use of multiple header loops with on-off circulator pumps may 
be an attractive alternative. In these designs, each zone is coupled to its own individual 
ground loop, or a small number of zones witch are coupled to the same ground loop. Such 
designs offer a number of advantages over centralized pumping. The ability to cycle 
individual pumps off completely during unoccupied hours and the lower required pump 
head can result in lower annual energy use.  However, the efficiency of small circulator 
pumps is typically much lower than larger constant speed and variable-speed pumps.   
 
Decentralized or unitary systems can also reduce capital costs unless the building load 
diversity is significant and the reduction in central loop length is dramatic compared to 
several decentralized loops or individual loops. In some buildings the interior piping 
costs exceed the ground loop cost. Several decentralized systems with slightly larger 
ground loops and small headers may provide a lower cost option. Decentralized systems 
can have lower maintenance costs as well, since the steel piping often used in central 
loops requires corrosion protection, periodic flushing and continuous straining.  A related 
issue is that the corrosion inhibitors present an environmental limitation if circulated 
through the buried ground loop. Furthermore, building owners in many GCHP 
applications do not have the service personnel on staff to handle the technology that 
accompanies central systems and must rely on service contracts that often offset expected 
energy savings. 
 
Clearly, economical design of the pumping/piping subsystem for a GCHP application 
involves a number of design tradeoffs. However, not all methods of reducing capital and 
operating costs have been fully examined or rigorously developed.  The development of 
detailed hour-by-hour simulations is premature until performance models of the most 
viable pump and piping configurations are more thoroughly mapped. 
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2.  BACKGROUND AND LITERATURE REVIEW 
 
2.1 Characteristics of Water Distribution Systems for GCHPs 
 
Ground loops and associated components have different characteristics compared to other 
types of HVAC loops.  These differences impact the selection of flow rates, allowable 
head losses, and piping materials (Kavanaugh and McInerny, 2000).  They include: 

 
1. The ground, itself, is by far the greatest resistance to heat flow, thus highly 

conductive pipe materials, extended surfaces, and high internal fluid velocities are 
of little value. 

2. Te fluid must travel through both the building and ground loops, rust inhibitor 
solutions must be acceptable for in-ground use.  Thus, a material that does not 
require toxic inhibitors is necessary. 

3. When design guides are followed (Kavanaugh and Rafferty, 1997), high fluid 
velocities are unnecessary for good heat transfer in the ground loop and head 
losses through the ground coils can be relatively small [< 6 ft. (2 m) of water]. 

4. High fluid velocities are unnecessary for good heat transfer in the ground loop, 
moderate flow imbalances will have little impact on overall heat exchange. 

5. High efficiency, extended-range water-to-air heat pumps do not require precise 
water flow control (or high head loss) to operate near maximum efficiency.  A + 
33% change in water flow rate results in less than a + 2% change in cooling 
capacity (Kavanaugh and Rafferty, 1997). 

6. The water coils of extended range, high efficiency heat pumps are much larger 
than water loop heat pump coils, head loss is relatively small [< 12 ft. (4 m) of 
water]. 

7. The combined head losses in the ground coil and heat pump are small [< 18 ft. 
(5.5 m) of water] in central loop systems, thus the length of the headers, control 
valve losses, and fitting restrictions have a significant impact on overall system 
head loss. 

8. The cost of the recommended piping material (thermally fused high density 
polyethylene) is low relative to labor costs, low friction losses can be 
economically justified as a method of minimizing pump head. 

9. Corrosion and leak-resistant piping material with a minimal number of in-ground 
joints is critical to high system reliability and life. 

 
2.2 Pumps, Motors, Drives  
 
The fundamentals of constant speed centrifugal pumps are addressed in the ASHRAE 
Systems and Equipment Handbook (2000).  The discussion covers pump performance 
characteristics including pump curves, interaction with system curves, and basic 
equations.  The equation for theoretical power (water horsepower) is given for pumps that 
circulate water at 68ºF (20ºC) as 

 
 3960

Q(gpm)(ft.wtr.)∆h(hp)W OutPump
×=     2.1 
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when the units are feet of water for head and gallons per minute (gpm) for flow rate. The 
term pump efficiency is introduced to denote the actual power input requirement to the 
pump (which is also the required output power for the electric motor drive).  
 

 3960η
Q(gpm)(ft.wtr.)∆h(hp)W

Pump
InPump ×

×== OutMotorW  2.2 

The discussion of variable or multi-speed pump performance is limited to the theoretical 
affinity laws, which lists the flow rate as a linear function of pump speed, head as a 
function of the speed ratio squared, and power a function of the pump speed ratio cubed. 
 
The general characteristics of pump performance at lower speeds have been inferred from 
manufacturer’s performance data for pumps rated at various speeds.  The manufacturer of 
the pump represented in Figure 2.1 provides curves for 1150 and 1750 RPM (ITTC, 
1995).  Points of equal efficiency (50%, 60%, 70%, 80% and 83%) are located on both 
curves and connected.  This permits the computation of the required input power for any 
operating point between the two curves.  For example, a flow of 500 gpm (32 Lps) and a 
required head of 58 ft. (18 m) is found on the system curve.  At this point the pump 
efficiency is 82%.  The required input power to the pump (or motor output) is found from 
the Equation 2.2. 

 

kW6.7hp 8.9
0.823960

ft 60gpm 500hQW
pump

PumpIn ==
×
×

=
∆

=
η

     

  

 
Figure 2.1.  Pump and System Curves for VSD Application (ITTC, 1995) 

 
The shape of the curves for constant efficiency should be noted since they are dissimilar 
to traditional pump curves that plot head vs. flow as a function of impellor diameter 
rather than speed.  Note that efficiency remains relatively constant with decreasing speed. 
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The figure also includes two system curves.  The “theoretical” curve follows the 
relationship of head loss being a function of the square of the rated flow.  Performance 
near this curve would result from variable speed applications if no alterations were made 
to the piping system and no minimum head is required to be maintained.  In real systems 
valves must close to regulate flow, so the curve shifts to the left to reflect this 
phenomenon.  Additionally, variable speed systems are regulated by maintaining a 
constant differential pressure across the supply and return headers to maintain adequate 
flow through any units that are operating.  Thus, the system curve will approach a 
minimum differential head rather than zero at minimum flow rate. The resulting system 
curve will not only be shifted to the left of the theoretical curve, it will also become 
horizontal at the differential head required to provide adequate flow through the most 
restrictive terminal unit circuit. 
 
In order to determine electrical demand and energy consumption, the efficiencies of 
motors and drives must be considered. The full load efficiencies of constant speed 
electric motors above 0.75 hp (0.56 kW) are regulated by the 1992 Energy Policy Act.  
Examples are provided in Table 2.1. 
 

Table 2.1  Typical Nominal Full Load Efficiencies of Electric Motors 
 

 Motor Output Power (hp) 
Motor Type Nom. RPM 1 5 10 20 100 

3600 --- 85.5 88.5 90.2 93 
1800 82.5 87.5 89.5 91 94.1 

Open Motor 
NEMA Design 

A,B,C 1200 80 87.5 90.2 91 94.1 
3600 --- 88.5 91 92.4 95 
1800 86.5 90.2 91.7 93 95.4 

Open Motor 
NEMA Design 

E 1200 84 90.2 92.4 92.4 95.4 
3600 75.5 87.5 89.5 90.2 93.6 
1800 82.5 87.5 89.5 91 94.5 

Enclosed Motor 
NEMA Design 

A,B,C 1200 80 87.5 89.5 90.2 94.1 
3600 --- 90.2 91 92.4 95 
1800 86.5 89.5 91 93 95.4 

Enclosed Motor 
NEMA Design 

E 1200 84 90.2 92.4 92.4 95.4 
 

The performance of motors smaller than 0.75 hp (0.56 kW) varies considerably and 
efficiency is generally much lower than values for larger motors. 
 
For a pump with a VSD, both the drive and motor efficiencies influence demand. 
 

 
DriveMotor

Pump

DriveMotor

Pump
MotorIn ηη

)(W746.0
ηη

WW ×







=×=
hphp

kW
 2.3 
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Full load efficiencies of modern variable speed drives are typically near 95%.  Equation 
2.3 can also be used for constant speed motors by using a value of 1.0 (100%) for ηDrivc. 
Combined pump-motor-drive efficiency data are not widely available at lower speeds.  In 
Figure 2.1 this uncertainty is noted by the question mark for systems operating in the 
shaded area of the pump curve.  However, this area of uncertainty is where the pump will 
be operating during the many hours the building is unoccupied (128 hours per week for a 
typical school application).  Additionally, the drive manufacturer may discourage 
operating the drive below certain minimum frequencies.  In that case the system curve 
will follow the pump curve that corresponds to that frequency rather than moving 
horizontally to the left at the minimum head set-point.  Finally, the efficiencies of all 
three components (pump, motor, and drive) are also dependent on torque (or load). 
 
Figure 2.2 summarizes the results of experimental studies that measured motor and drive 
efficiency (Domijan, et. al., 1997) and motor, drive and pump efficiency (Gao, et. al., 
2001).  The data indicates that VSD drive efficiencies remain at or above 90%, but a 
noticeable decline is experienced when the combined drive and motor efficiencies are 
included at lower speeds.  Further decline is noticed at lower frequencies when the pump 
efficiency is also considered, especially when the load is reduced.  Figure 2.3 provides 
additional results from a later, more detailed study (Gao, 2002). 
 
 
 
 
   
  
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 2.2  Measured Motor, Drive, and Pump Efficiencies  
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Figure 2.3  Correlation of Flow and VS Pump System Efficiency at Various Conditions 

(Gao, 2002) 
 

2.3 GCHP Pumping/Piping Systems 
 
A recent ASHRAE publication, Operating Experiences with Commercial GSHP Systems 
(1998), provided a detailed summary of nine GSHP systems.  Seven of these systems 
were closed loop GCHP.  Figure 2.4 is a plot of the annual total GCHP system energy 
consumption as a function of installed pump power.  The one data point significantly 
below the regression line represents a system retrofitted with a variable speed drive 
(VSD) after excessive energy consumption was experienced.  While VSDs are a 
potentially powerful tool in reducing system energy consumption, the data indicate pump 
power minimization can be a very effective tool in achieving reductions.  The trend 
indicates both the potential of low energy consumption of GSHP systems when pump 
power is minimized and the dramatic increase in total system use when pumps are 
oversized and poorly controlled.   
 
The ASHRAE Fundamentals Handbook (2001) provides only limited guidance with 
regard to pump design.  Chapter 17, “Energy Resources”, contains a list of self-imposed 
design budgets that include a 70 ft. head limitation on hydronic systems and 0.15 kW/ton 
(≈0.18 hp/ton for a 90% efficient motor) limit for the chilled water system auxiliaries.  It 
is unclear if this includes both the chilled water loop and condenser water loop.  There is 
no distinction between air and water cooled chillers, so the limit appears to be on the 
chilled water loop only.  However, the 70 ft head corresponds to a value of only 0.05 
hp/ton (0.04 kW/ton) when typical values of 2.4 gpm/ton, ηMotor = 90% and ηPump = 70% 
are applied to Equations 2.2 and 2.3. 
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Figure 2.4  GSHP System Energy Use and Pump Size 
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This would indicate the high power requirements of most of the GSHP systems listed in 
Operating Experiences with Commercial GSHP Systems (1998) have values that exceed 
the self-imposed budgets given in the ASHRAE Handbook of Fundamentals. 
 
ASHRAE Standard 90.1, Energy Standard for Buildings Except Low-Rise Residential 
Buildings, is silent on this issue other than to impose EPACT motor efficiencies standards 
(NEMA, 1998) and to specify control requirements for larger water loops. 
 
It is assumed that the over-sizing reported for the GSHPs systems is also common in 
conventional HVAC chilled and condenser water systems.  There are a variety of 
methods to correct these designs.  A 1995 Federal Energy Efficiency award describes a 
retrofit method that substantially reduced energy use and costs in an electric utility office 
complex (Smith, 1995).  This correction involved (1) installing small fractional 
horsepower pumps that operate instead of larger pumps, and by (2) installing crossover 
piping between larger and smaller pumps to allow operation of the pump best suited for 
the load.  The use of small fractional horsepower pumps in the building was a very 
innovative idea and on the surface did not seem practical; however, to date it has been 
extremely successful and reliable.  A 24 percent reduction in energy use resulted in the 
building due to this change.  The modifications include crossover piping installations as 
well as the installations of small fractional horsepower pumps.  These modifications have 
created a domino effect of energy and maintenance savings resulting in not needing to 
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operate the existing evaporative coolers (i.e., no fans, pumps, or sump heaters running).    
The cumulative effects of these modifications are annual energy savings of $49,000 and 
annual maintenance savings of $15,000.  The annual energy savings equates to 
approximately one million kilowatt-hours.  The initial cost of these modifications was 
$38,700 yielding a simple payback of only 7 months (Smith, 1995). 
 
2.4 Heat Pump Head Losses 
 
The head loss data for several heat pump product lines were collected (ClimateMaster, 
2000; FHP, 2001; McQuay, 2002; WFI, 2000) to access the impact on pumping system 
performance.  In many applications the unwanted result of reduced head loss is a decline 
in thermal performance.  Figure 2.5 demonstrates that there is little evidence of this 
phenomenon within the head loss ranges of the high efficiency heat pumps surveyed.  
The modest inverse trend can possibly be a result of the small pumping penalty of the 
rating standard (ISO, 2002).  The information indicates high efficiency heat pumps can 
be developed with coil head losses below 8 ft. (2.4 m) of water. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.5  Trend of Heat Pump Heat Loss and Rated Efficiency 
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An important factor identifying viable options and finalizing the design of any HVAC 
system is the ability to estimate the installation cost.  GCHPs have more limited 
component data, especially in the area of pipe material and labor costs.  The cost of high 
density polyethylene (HDPE) for use with thermally fused joints remains much higher 
than conventional plastic pipe.  This is especially true for the fittings as evidenced by the 
cost tables in the Appendix.  The availability of this material is also limited when small 
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projects with small quantities are required. However, the recent increase in activity has 
provided some additional information and increased availability. 
 
Table 2.2 is a summary of the responses from a commercial/institutional loop cost survey 
conducted in 2000.  Over 70 surveys were mailed to contractors but only five usable 
responses were returned.  The responses in Table 2.2 from the same contractor are 
bordered by the heavier lines.  Only one respondent subdivided the cost of the vertical 
loop and the cost of the headers.  This lone respondent from Kentucky indicates the cost 
of the external horizontal header system is a significant portion of the total cost and can 
exceed the cost of the vertical loop.   This survey did not include the cost of the interior 
piping.  A copy of the survey is provided in the Appendix. 
 
 

Table 2.2  GCHP Loop Cost Survey - 2000 
 

Location & 
Building  

Loop Description Drilling 
Conditions 

Header Description Ver.Loop 
Cost 

Total 
Loop Cost 

N. Carolina, 
(East) 
School 

122 – 4”×200’ bores, 
1” u-tubes, 20 grout 
cap 

Mud rotary 2” reverse return S/R 
to building 

 $5.76/ft 

Virginia 
Middle 
School 

192 - 4”×225’ bores, 
1”u-tubes 

Mud rotary 12 – 4” S/R rev. 
return to building 

 $6.40/ft 

Delaware 
HS, East 
Shore  

180 – 4”×305’ bores, 
1” u-tubes, 20’grout 
cap 

Mud rotary, 
sandy clay 

1 large vault, 3” 
laterals, 900’ -12” 
S/R to bldg 

 $7.50/ft 

Virginia 
Elem. 
School  

66–5½”×350’ bores, 
1” u-tubes, gravel 
fill, 50’grout 

90’ temp. 
casing 
(ov’brdn), 
granite  

12 sets of 3” reverse 
return S/R to building 

 $12/ft 

Kentucky, 
Office 

20– 4”× 200’, ¾” u-
tubes, cuttings 
backfill, 20’ grout  

Limestone, air 
hammer 

Individual loops, 1¼” 
S/R to building  

 $5.50/ft  

Kentucky 
Elem. 
School  

220 - 6¼”×300’ 
bores, 1”u-tubes, 
cuttings 

40’ steel 
casing, rock to 
300’ 

10-3” S/R to 
manhole, 8” to bldg. 

$3.65/ft $6.22/ft 

Kentucky 
Elem. 
School  

126 - 6¼”×300’ 
bores, 1”u-tubes, 
cuttings 

18’ steel 
casing, rock to 
300’ 

3 manholes w., 9-3” 
rev. ret. each, 3 sets 
of 6” S/Rs to bldg. 

$3.27/ft $9.22/ft 

Texas, Elem. 
School 

117 – 4¾” × 290’ 
bores, 1” u-tubes, 
grout 

Shale, air 
rotary 

Indiv.loops, rev.-ret. 
hdrs.  

 $4.10/ft  

Texas, High 
Sch. 
Addition 

155 – 4¾” × 290’ 
bores, 1” u-tubes, 
sand fill 

Hard 
limestone, air 
rotary 

Indiv.loops   $4.23/ft  

Texas, Elem. 
School 

107 – 4¾” × 278’ 
bores, 1” u-tubes, 
sand fill 

Hard 
limestone, air 
rotary 

Ind.loops, close hdrs. 
Rock saw  for 
trenches  

 $6.00/ft  
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Table 2.2  GCHP Loop Cost Survey – 2000 (Continued) 
 

Location & 
Building  

Loop Description Drilling 
Conditions 

Header Description Ver.Loop 
Cost 

Total 
Loop Cost 

NJ, Middle 
School 

359-7”×350’ bore, 
1¼” u-tubes, HS 
ben. grout 

Mud rotary   $4.74/ft 

NJ, Middle 
School 

84-6”×300’, 1” 
bores, HS ben. grout 

Rock   $5.86/ft 

NJ, College 
Science  
Bldg. 

50-6½”×250’bore, 
1¼” u-tubes, HS 
ben. grout 

Mud rotary   $6.48/ft 

PA, Prison 136-6”×240’bore, 
1¼” u-tubes, HS 
ben. grout 

Rock   $6.64/ft 

NJ, Safety 
Ed. Facility 

12-6½”×300’bore, 
1¼” u-tubes, HS 
ben. grout 

Mud rotary   $6.88/ft 

PA, Motel 30-5”×300’bore, 
1¼” u-tubes, HS 
ben. grout 

Rock   $6.88/ft 

17 Others - 
Mostly 
schools 

1¼” u-tubes, 200 to 
400 ft. bores, 5–7” 
bores,  

Rock and Mud 
rotary 

  $7.50 to 
$12 per ft. 

NJ, Primary 
School 

160-5½”×300’, 1” 
bores, Ther. Enh. 
ben. grout   

Rock   $12.97ft 

CT, Hdq. 
Software 
Firm 

30-6”×335’bore, 
1¼” u-tubes, HS 
ben. grout 

Rock   $13.90/ft 

NJ, Police 
Bldg. 

12-8”×200’bore, 
1¼” u-tubes, HS 
ben. grout 

Mud rotary   $14.08/ft 

NJ, Elem. 
School 

36-7”×395’bore, 
1¼” u-tubes, HS 
ben. grout 

Mud rotary   $16.60/ft 

New York 
High School 

320 – 6”×410’ bores, 
1¼” u-tubes, 
bentonite w. clips 

Shale Contractor only did 
vertical loops 

$5.25/ft NA 

Pennsylvania 
Museum 

276 - 6”×285’ bores, 
1¼” U-tubes, 
bentonite grout  

Bedrock Contractor only did 
vertical loops 

$4.35/ft + 
Piping 

NA 

Pennsylvania 
College 

40 – 6”×350’ bores, 
1¼” U-tubes, 
bentonite grout 

Rock Contractor only did 
vertical loops 

$5.00/ft NA 
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The survey was repeated at the beginning of this project in the Fall of 2001.  Table 2.3 
provides results of this second survey. 

 
Table 2.3  GCHP Loop Cost – 2001 

 
Location & 

Building  
Loop 

Description 
Drilling 

Conditions 
Header Description Ver.Loop 

Cost 
Total 

Loop Cost 
Mason City, IA 
- YMCA 

160-290’ bores  
1¼” u-tubes 
Thermal grout 

Mud rotary Vault with 8” mains $5.09/ft $8.98/ft 

Story County 
Justice Center 
Nevada, IA 

240-204’ bores  
¾” u-tubes 
Geo-clips 

 Vault with 8” mains $4.21/ft $7.72/ft 

Cleveland, TN 
Middle School 

286-240’ bores  
1¼” u-tubes 
Thermal grout 

Mud rotary Vault with 12” mains $4.80/ft $8.19/ft 

Johnson Bible 
College Dorm 

144-300’ bores  
1” u-tubes 
HS Ben. grout 

 2 vaults with 8” 
mains 

$4.45/ft $7.61/ft 

Willink, NY 
Middle School 

150-300’ bores  
1¼” u-tubes 
Thermal grout 

 2” mains (no vault) $5.55/ft $9.98/ft 

Pendleton, IN 
S. Madison 

152-300’ bores  
1” u-tubes 
Thermal grout 

60’ glacial till, 
240’ limestone 

Vault with 8” mains, 
w/ antifreeze, 
(prevailing wage) 

$5.70/ft $10.55/ft 

Dyer County 
HS, Newbern, 
TN 

486-250’ bores  
1” u-tubes 
sand fill 

Mud rotary  $3.70 $7.96/ ft 

Oliver Elem. 
Marysville, TN 

176-300’ bores  
1” u-tubes 
sand fill 

Rock  $4.50/ft $8.41/ft 

Coldwater (MI) 
Municipal 

50-300’ bores  
1¼” u-tubes 
HS Ben. grout 

Mud rotary No-vault, inside 
header 

$4.95/ft $9.65/ft 

N. Platte HS, 
NE 

416-330’ bores  
1” u-tubes 
Thermal grout 

Mud rotary 48’x8’x8’ Concrete 
vault (with lights) 
10” mains 

$4.40/ft $8.74/ft 

Paintsville 
(KY) HS 

 85’ glacial till + 
limestone with 
voids 

5 vaults with 4” 
mains, anti-freeze 

$6.90/ft $11.84/ft 

Boone County 
(IN) REMC 

 Mud rotary Inside header (no 
vault) 

$4.65/ft $9.16/ft 

Sumner County 
(TN) Elem. 
School 

230-300’ bores 
Ther. Cement 
Casings 

 Four loop fields, no 
vaults 

$6.50/ft $10.95/ft 

 
 
The data assembled for the publication Operating Experiences with Commercial GSHP 
Systems (1998) included a good deal of information regarding cost and loop field 
descriptions.  Table 2.4 is a summary of the information for the seven closed loop GCHP 
systems listed. 
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Table 2.4  Cost Data from Operating Experiences with Commercial GSHP Systems 
(1998) 

 
Location & 

Building  
Loop 

Description 
Drilling 

Conditions 
Header Description Date of 

Installation 
Total 

Loop Cost 
Fr. McGivney 
Secondary School, 
Markham, ON 

360-200’bore, 
1¼” u-tubes,  

Limestone 30 sets of 2” rev-
returns, 12 – u-tubes 
each 

1992 $14.31/ft 
(US$) 
 

Fox Chase Golf 
Club, Lancaster, 
PA 

4 -600’ bores, 
2 -300’ bores 
1½”- u-tubes 

Limestone Individual loops on 
each unit 

1990 $3.00/ft 
 

Onamia (MN) 
Elem. School 

560 -50’ bores Sand, Silty- 
Sand 

10 sets of 2” rev-
returns 

1992 $6.30/ft 
 

York County (VA) 
HHS Building 

96–165’ bores, 
¾” u-tubes 

Damp heavy 
sand 

7 – Main rev.-returns, 
feeding 8 or 16 u-tubes 
with close hdrs. 

1993 $5.81/ft 
 

Wysox (PA) 
Comfort Inn 

30-300’ bores, 
1¼” u-tubes 

75’ gravel, 
225’ granite 

6 sets of 2” rev-returns 1996 $6.88/ft 
 

Kopernic Space Ed 
Center, Vestal, NY 

16-250’ bores, 
1¼” u-tubes 

Granite 8 sets of 1¼” rev-
returns 

1993 $7.38/ft 
 

 
 
Attempts have been made to gather more itemized information to ascertain individual 
component cost so that high cost items can be avoided in future designs.  Three avenues 
were pursued that include: 
 

1) Gather and review material and component cost from suppliers. 
2) Distribute a third cost survey requesting a limited amount of information. 
3) Review R.S. Means Mechanical Cost Data (2001) for similar items and tasks. 

 
Avenue (1) was somewhat successful.  GCHP piping component supply catalogs from 
three manufacturers and one distributor have been located.  This information is 
summarized in the Piping Cost program discussed in Chapter 5 of this report and in the 
Appendix.  However, the pricing is subject to discount multipliers typically between 40% 
and 60% of list price.  These multipliers were not available to the public for publication. 
 
Avenue (2) was less fruitful.  The third survey requested information limited to the cost 
of vaults, in-ground headers, and heat pump connections.  Over 70 one-page surveys 
were sent to commercial GCHP contractors and mechanical firms.  Only four useable 
surveys were returned.  Table 2.5 summarizes the results.  The results were so limited and 
variable there is insufficient data on which to base cost estimates.  The results do indicate 
the variability in pricing and possibly a need for additional information gathering.  A 
sample of the survey is included in the Appendix. 
 
Avenue (3) was used more extensively than originally planned.  However, there is 
increasing inclusion of HDPE piping and installation costs in the RS Means Mechanical 
Cost Data (2001) publication.  Many of the interior items are similar to water loop heat 
pump components which are given.  The exterior portion can be estimated using 
information in Tables 2.2 through 2.5 and catalog pricing for HDPE piping components. 
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Table 2.5  2002 GCHP Component Cost Survey 
 

Respondent A B C D 
Rev. Return 75% 100% 2% 80% 

Close 25% --- 98% --- 
% of Header 

Types 
Dir. Return --- --- --- 20% 

5-Loops $1,575 $1,000 
10-Loops $3,850 --- 

S/R Header 
Cost 

(Inc. Labor) 20-Loops $5,425 --- 

 
See Below 

Not 
itemized. 

See Below 
Avg. header Depth (ft) 3 5 4 4 

Typ. Bldg.-to-Hdr. Dist. (ft) 200 70 50 100 
Vaults 50% --- --- 33% 

In-Building 50% --- 5% 33% 
% of Header 
Connection 

Methods Indiv. Loops --- 100% 95% 33% 
Small (4 to 6 

hdr. sets) 
$8,820 to 
$14,240 

---  
Vault Cost 

(Inc. Labor) Large (7 to 
14 hdr. sets) 

$14,000 to 
$15,500 

--- 

Cost not 
itemized.  

Bid on per 
ton basis. 

Total Loop Cost 
Resid. $/Ton 
$1650-$1750 
Comm. $/Ton 
$1250-$1350 

Braid. hose 40% --- --- --- 
HDPE --- --- --- --- 

Rubber hose --- 100% 100% 80% 
Copper 30% --- --- 20% 

% of 
Heat Pump 
Connection 

Type  
PVC 30% --- --- --- 

3 - Ton $125 $600 $100 --- 
5 - Ton $135 $1000 $100 --- 

Heat Pump 
Connection 

Cost 10 - Ton $150 --- $200 --- 
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3.  OPERATIONAL CHARACTERISTICS OF PUMPING ALTERNATIVES  

3.1 Circulator Pumps 

Wet rotor circulator pumps are primarily used in systems where low flow rates are 
needed and low system head losses are expected.  Because the motors on these pumps are 
fractional horsepower motors they do not fall within the guidelines of EPACT (Energy 
Policy Act) and therefore are not required to meet minimum efficiency requirements as 
established for newly manufactured general purpose motors of 1-200 hp as listed in 
NEMA Standard MG 1-12.60. Therefore, these fractional horsepower pumps can have 
combined pump/motor efficiencies well below 50%, which will cause the overall system 
efficiency to drop. These relatively low efficiency units can be applied effectively in 
GCHP loops if system head requirements are minimized and the practice of piping two or 
more of these units in series is avoided.  If the efficiency of these pumps is improved in 
the future and loop losses are also minimized, pump energy consumption can be reduced 
to below 5% of GCHP system totals. 
 
Test Apparatus 
 
The test apparatus built to test small circulator pumps is shown in Figure 3.1. The 
apparatus consists of a 5 gallon tank, circulator pump, flow control valve, rotameter for 
measuring flow rates, variable speed drive, power transducer and digital multimeter for 
measuring power input, and P-T taps for measuring pressure drops across the pump. P-T 
fittings were located 10” downstream of both the pump and tank to insure minimal 
turbulence while measuring pressure drops across the pump. All tubing consisted of 1” 
copper with copper and brass fittings.  
 
Test Procedure 
 
Once all portions of the test apparatus were assembled, the pump was primed and 
allowed to run at full speed and flow capacity. After the system had stabilized (all 
entrapped air bubbles had been removed) the digital multimeter was used to measure a 
DC voltage output from the power transducer (+ 15 w). Each volt output measured by the 
DMM corresponded to 300 watts of AC input power to the pump. 
 

Wpump input(watts)=300*VoltsDMM output        3.1 
 
Flow was read directly from the variable area flow meter in gpm. Pressure drops were 
measured by Bourdon tube gauges (+ 0.3 psig) located at each P-T tap and graduated in 
0.5 psi increments. The power required to overcome fittings, elevation, and frictional 
head losses was calculated by  

 
Wpump output(watts)=(Qgpm*∆hft)/3960,        3.2 
 

where Q is the flow rate measured in with a rotameter (+ 0.4 gpm) and ∆h is the 
difference in Bourdon tube pressure gauge readings converted from psi to feet of water.  
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Preesure gauges were calibrated with a dead weight tester.  The flowmeter was calibrated 
by timing the net volume (and weight) of liquid diverted into a 10 gallon graduate 
cylinder.  Power transducer was calibrated by the manufacturer. 
  
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

Figure 3.1  Circulator Pump Test Stand 
 
Once the input power to the pump and output power from the pump were calculated, the 
efficiency of the pump could be calculated for that given flow rate and pump speed by  
 

η = (Wpump output/Wpump input)*100%        3.3 
 
where η is the pump efficiency.  
   
3.1.1 Constant Speed Circulators  

 
The majority of systems implementing circulators are operated at constant speed.  Two 
models of circulators were purchased for this project and were tested using the same test 
stand as shown in Figure 3.1. A total of ten (10) 1/6 horsepower circulators were 
purchased, five bronze Bell & Gossett (PL-36B) and five bronze Grundfos (UP26-99BF). 
Each model pump was tested with the same procedures laid out previously in the testing 
procedure. Figure 3.2 graphically represents the performance of the Grundfos circulator 
as tested with 75°F water. The manufacturer’s performance curve was plotted for 
comparison with the actual test data curve. The results of this test gave a maximum 
system efficiency, η, of 27% at 14 gpm, 18 ft. of head and dropped to 9% at 2 gpm, 32 ft. 
of head while input power remained below 200 watts throughout the test. Manufacturer’s 
data rated the circulator at 245 watts. 

Pressure Gauges

Flow Meter

Pump

Diverter Valve
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Figure 3.3 is a similar graph generated for the Bell & Gossett circulator. Again, the 
manufacturer’s performance curve was plotted for comparison to the test data. Similar 
results were found, but with slightly higher head performance and power demand. The 
efficiency of the Bell & Gossett circulators ranged from a maximum of 28% at 13 gpm , 
23 ft head to a minimum of 16% at 3 gpm, 34 ft of head. Maximum power demand 
occurred at 15 gpm, consuming 210 watts of power, which is approximately 40 watts 
more than the Grundfos circulator at the same flow rate. This increase in power can be 
attributed to the increase in deliverable head from 17 ft for the Grundfos circulator to 20 
ft. for the Bell and Gossett circulator. 
 
As a measure of repeatability, several pumps of each model were tested. Their combined 
pump curves are shown in Figure 3.4. The graphs depicts the performance of the Bell and 
Gossett pumps, (a) and (b), the Grundfos pumps, (a) and (b), and includes the Bell and 
Gossett pump (a) tested at 100°F. The tests proved to be consistent between like models 
with a variance of no more than 5% of available head at the greatest point of difference 
for both models. This variance came at the maximum flow rate for the Grundfos models 
and at the point of minimum flow rate for the Bell and Gossett models. Note that the Bell 
and Gossett model tested at 100°F also proved to have its greatest disparity at the 
minimum flow rate while providing the same results as determined with the other two 
Bell and Gossett tests.  

 
Figure 3.2  Performance Curve of Wet Rotor Circulator Pump 
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Figure 3.3 Performance of Circulator Pump 

 

 
Figure 3.4  Additional Circulator Pump Curves 
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Often, the full capacity of the pump is needed only during peak demands, but the 
operational control of these pumps is simply ON/OFF, resulting in the use of the full 
capacity and power demand of the pump at all times the pump is operating. This large 
number of pumps can place a large unnecessary demand on local utilities, especially in 
heavily populated areas where each commercial building is operating with several of 
these circulator pumps.  
 
If pump/motor efficiencies can not be easily improved, then a simple solution is to reduce 
pump operating speeds which will lower flow rates to the desired point of operation while 
reducing power demands in much the same way as larger pumps that implement the use 
of AC variable speed drives (VSDs) or variable frequency drives (VFDs). 

  
Once the operating points are calculated for the maximum flow rate at the maximum 
pump speed, the flow rate was reduced by 2 gpm increments to generate a pump curve 
by throttling the flow control valve. Once minimum flow had been reached, the flow 
control valve was opened and the speed of the pump was reduced by the use of the 
variable speed drive. At this new speed the measurements were again taken for flow 
rates from maximum to minimum, decreasing again by 2 gpm increments through the 
use of the flow control valve. Pump speeds were determined through the use of a shear 
accelerometer placed on the motor housing vertical to the rotation of the enclosed drive 
shaft. Finally, all measurements were taken again for a minimum speed, which 
produced the final set of data, giving a total of three pump flow curves, one for each 
speed tested.   
 
As expected, pump demand decreased with a decrease in pump speed as seen in Figure 
3.5. Pump demand also decreased with decreasing flow with the exception of minimum 
speed, which increased a negligible amount of 2 watts.  From Figure 3.5 alone it can be 
seen that in situations where only 5 gpm is required a power savings of 75 watts can be 
achieved by decreasing the speed of the pump from full speed, 2535 rpm, to a speed of 
1455 rpm.  
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 3.5  Variable Speed Circulator Demand vs. Flow  
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In all cases flow rates are not the only factors to be considered. Figure 3.6 is the 
compilation of data obtained from the test apparatus for the three different pump speeds 
and depicts total head pressures generated by the pump against delivered flow rates with 
resulting pump/motor efficiencies. In all cases the pump must be able to produce enough 
head pressure to deliver the flow rate desired. If the system requires more head pressure 
for a given flow rate than the pump is able to deliver at a slower speed, slowing the pump 
will then be useless. For example, in a system requiring 6 gpm at 8 ft of total head 
pressure (see Figure 3.6), a designer would be wise to slow the pump to a speed of 2130 
rpm rather than letting the pump operate at full speed and throttling a flow control valve 
to artificially produce more system head to a total of 19 ft to achieve a flow rate of 6 
gpm. The savings in energy by slowing the pump is 20 watts as determined from Figure 
3.5.  For a continuously operating pump, the savings would be 175 kWh as determined 
through the use of Equation (4) and shown in Equation (5). 
 

Savingsyear=8760hrs/year*0.02kW            3.4 
 

Savingsyear=175 kWh          3.5 
 
The significance of this energy savings will depend upon the region of the country where 
the pumps are operating. In areas where power is inexpensive this savings may seem 
insignificant, but in areas where power is being interrupted due to the inability of local 
power providers to meet the demands of the customer, any savings when multiplied by 
the number of circulator pumps operating would relieve overburdened power suppliers 
even though pump efficiencies may drop from 13% to as little as 3% depending upon the 
operation point (see Figure 3.6). 
 

 
Figure 3.6  Performance Map of Variable Speed Circulator Pump 

  
Circulator pumps are extremely inefficient at providing low fluid flows at relatively low 
system heads when VS is applied.  The highest combined pump/motor efficiency 
produced by the test apparatus was just over 13% at full speed and flow capacity while 
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the lowest was slightly below 3% at the minimum speed and flow rates.  
 
3.2 Test Stand Central Loop Pump 

 
The procedure for analyzing a simple open loop piping system is presented in the 
following section using a 5-hp (3.7 kW) motor with a variable speed drive. The analysis 
is performed to determine the power losses associated with using a VSD, and to 
determine overall system efficiency. 
  
A pump is often equipped with a VSD to save energy, but true total system efficiencies 
are often not known before the pump is connected to the VSD. Figure 3.7 shows a simple 
open loop test system that was developed to determine total system efficiency. The 
system was evaluated at 20, 30, 40, 50, and 60 Hz for various flow rates by regulating the 
valve on the outlet.  
 

 

Figure 3.7  Five-Horsepower (3.7 kW) VS Pump Test System



 

A compound pressure gage was installed on the suction of a 4030 4x3x8 Armstrong pump with 
an 8.19 inch (21 cm) impeller to measure inlet pressure. A gage was also installed at the pump 
discharge to measure the outlet pressure. Both gages were placed at least 10 diameters from the 
pump to obtain more accurate readings (McGraw-Hill, 2001). The flow rate was read using a 
turbine flow meter. This meter yields a frequency output that can be read using a multi-meter. 
The flow rate in gpm can be determined by, 
 

K
HzfreqgpmQ 60*)()( =      (K=139.6 cycles/gallon for this meter)   3.6 

 
The head loss was determined by, 
 

)/(31.2*)()()( 12 psiftpsigagegagefth −=∆             3.7 
 
The flow was regulated at constant speeds by closing the valve located between the turbine meter 
and the discharge into the storage tank. 
 
The power out of the VSD is equal to the power into the motor and can be calculated using 
Equation 3.8. 
 

v
kWphasevoltsWmotorin

1*)/(*3=            3.8 

 
The power output of the pump can be calculated by using Equation 3.9 where Q is the flow rate 
in gpm and H is the measured pressure drop in ft of H2O. 
 

3960
*)( hQhpWpumpout
∆

=                           3.9 

 
From these two power calculations the total system efficiency can be determined using, 
 

motorin

pumpout
total W

W
=η                                     3.10 

 
The results from several trials are shown graphically in Figure 3.8 and include motor and drive 
efficiencies. System efficiencies when operating at 15 Hz ranged from a low of 8% at 25 gpm to 
approximately 23% at a maximum flow of 60 gpm. System efficiencies at 20 Hz were also very 
low and ranged from 11% at 27 gpm to 19% at 83 gpm. 
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Figure 3.8 Performance Map of Five Horsepower (3.7 kW) VS Pump 
 
The system curves in Figure 3.8 can be compared to the manufacturer’s pump performance 
curves shown in Figure 3.9. 
 
The pump curve as tested at 60 Hz with system efficiencies has been plotted against the 
manufacturer’s pump curve containing pump efficiencies and is shown in Figure 3.10 below. 
The difference in efficiencies can be attributed to the inclusion of the motor and drive 
efficiencies to produce total system efficiency as shown in the System Test Curve plot in Figure 
3.10. Notice that the manufacturer’s curves in Figure 3.9 include several different impeller sizes 
while the comparison in Figure 3.10 only includes the manufacturer’s curve for the tested pump 
which has an 8.19 inch (21 cm) impeller. 
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Figure 3.9  Manufacturer’s Performance Curve of Test Pump 
 

 
Figure 3.10 Comparison of Test Data and Manufacturer’s Published Performance 
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3.3  Multiple Circulator Pumps in Central Piping Network  
 
A piping system was designed and built in the HVAC laboratory of The University of Alabama 
to simulate a typical water source heat pump system and contained 10 water coils (KOAX 
Corporation), a flat plate heat exchanger to simulate losses through a vertical well bore field, and 
associated valves, test ports, and piping.  
 
 

Figure 3.11 Plate Heat Exchanger Piping 

 
Figure 3.12  Piping Loop – PHE and Four Coils 

 
Figure 3.11 shows the flat plate heat exchanger and immediate piping. The turbine meter is 
shown in the lower left foreground next to the straight section of pipe that is inserted into the 
loop when circulator pumps are tested. Notice that the central pump is not mounted in this photo. 
The heat exchanger has been piped with appropriate valves and strainers. Figure 3.12 shows the 
same heat exchanger, but also includes water coils WC-1 through WC-4, which constitute Loop-
1 of the pumping system. Loop-2 consists of water coils WC-5 through WC-8. The last two coils 
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of the system are located in the water to air heat pump, WAHP-1, and the water to water heat 
pump, WWHP-1, as seen in Figures 3.13 and 3.14. 
  

  
 
 
 
 
 
  

 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 3.13  W-A Heat Pump and PHE Piping          Figure 3.14  W-W Heat Pump Piping 

 
The piping system was constructed with high-density polyethylene pipe (HDPE). This pipe can 
be fused together by the methods of butt and socket fusion. Once the system was built, it was 
filled with water and pressurized with city make-up water to 15 psig.  Minor leaks were detected 
and repaired. Once the system was leak proof, the system was flushed to remove particulates of 
pipe, tape, dirt and trapped air. The series of tests began after the system was purged of air and 
particulates and was leak free. 
  
Circulator pumps P-1 through P-8 were located at water coils WC-1 through WC-8. Pump P-9 
was located with the water-to-water heat pump (WWHP-1) while P-10 was located with the 
water-to-air heat pump (WAHP-1). Circulators were sized based on 2.5 gpm/ton of coil capacity. 
This smaller flow rate resulted in lower head loss for the system. The system head loss was 
calculated to be 42 feet of head loss while the lower circuit setter flow rates resulted in a design 
head loss of 29 feet. Each coil and heat pump contained a circuit setter, which could be adjusted 
for various flow rates by measuring the pressure drop and adjusting the valve as needed. Figure 
3.15 shows a typical coil with a 0-100 inch differential pressure gauge attached to the circuit 
setter. A flow graph for each circuit setter was supplied by the manufacturer and relates 
differential pressure between the high-pressure and low-pressure ports. 

Water-to-Air Heat Pump 

PHE 

Water-to-Water Heat Pump 



 30

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.15  DP Gauge for Checking Circuit Flow Rates 
 
The differential pressure gauge was calibrated using a column of water 100 inches in height. 
 
The first series of tests began with all circulators operating. All valves were placed in the full 
open positions and the system was allowed to operate in an unbalanced flow state. Pressure drops 
were measured at the circuit setters located at each coil and heat pump and correlated to circuit 
flow. Figure 3.16 shows the resulting flow through each coil and the total system flow as 
measured by the turbine meter. Initially, five (5) coils were fitted with spring check valves while 
the other five (5) were fitted with swing check valves. Notice that all coils containing spring 
check valves experienced lower flow rates. 

Figure 3.16  Circuit Flow Rates with Two Different Check Valve Types 
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The total system power is shown and was measured with a hand held power meter as shown in 
Figure 3.17. Measurements were calibrated and periodically verified with a three-phase power 
analyzer.  All circulators were electrically wired to the same disconnect, which facilitated the 
ease of measuring total system power. A power transducer was electrically wired in series with 
the single-phase service provided to the ten circulators. The transducer is configured such that a 
10 volt output to the digital multi-meter corresponds to a 3 kW power consumption through the 
transducer and consequently by the circulator pumps. The voltage output to the multi-meter has a 
linear relationship with the power consumption of the system such that a 1 volt reading on the 
multi-meter would correspond to a 0.3 kW power consumption. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.17  Power Measurement Instrumentation 
 
The piping design attempted to minimize the impact of failure to balance the system (which 
often occurs).  The results indicate this is not possible when different check valve types are 
present.  Thus a second test was performed on the ten circulators in the unbalanced position, but 
replacing the five spring check valves with five swing check valves identical to those already 
installed. Figure 3.18 graphically represents the results of this test. Notice that while the total 
system flow rate only increased 2 gpm, the individual circulators were more evenly balanced, 
indicating that spring check valves of the same size will increase head losses through their 
respective piping network. Total system power dropped from 1569 watts consumed in the 
unbalanced system containing 5 spring and 5 swing check valves (see Figure 3.17) to 1557 watts 
in the unbalanced system containing 10 swing check valves (see Figure 3.18). With total system 
flow increasing, the power consumption would be expected to increase, but in this instance the 
power consumption decreased due to changing only one aspect of the piping system. 
 
Tests were performed on the circulators with unbalanced flow demands of 100%, 70%, 30% and 
10% of full load. This was accomplished by closing valves on three (3) circulators to achieve 
70% demand, seven (7) circulators to achieve 30%, and nine (9) circulators to achieve 10%.  
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Figure 3.18  Circuit Flow Rates with a Single Check Valve Type 
 
Tests were performed again with balanced flow rates. All circulators were proportionally 
balanced to their design flow rates. Again, the system was tested with demands of 100%, 70%, 
30% and 10% flow. The following four figures, Figures 3.19, 3.20, 3.21, and 3.22 show the 
results of these tests. Total system flow dropped to 53.3 gpm, equal to that of the unbalanced 
100% demand with 5 spring/ 5 swing check valves, but total power increased slightly to 1578 
watts, an increase of 21 watts over the unbalanced demand shown in Figure 3.18. Flow at 70% 
demand (seven circulators in operation) decreased to 47.2 gpm but individual pump flow rates 
have increased. This was expected due to decreased system head loss as a result of lower flow 
rates. At lower head losses, individual circulators are able to deliver more flow as seen in 
Figure’s 3.2 and 3.3. Power consumption dropped from 1578 watts at 100% demand to 1149 
watts at 70% demand.  At 30% demand, system flow decreased to 28.3 gpm while individual 
circulator flows increased again, as expected. For 30% demand, total power consumption 
dropped to 516 watts. Figure 3.22 is a graphical representation of 10% system demand. For 10% 
demand, only one pump is in operation. Pump P-1 is shown, but similar results were recorded for 
other circulators chosen to operate as the 10% demand pump. Again, individual circulator flows 
increased as system demand dropped. System flow rate for 10% demand was 8.7 gpm while 
system power demand was 195 watts. 

 
Figure 3.19  Circuit Flow Rates After Balancing 
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Figure 3.20  Circuit Flow Rates at 70% Full Load 
 

Figure 3.21  Circuit Flow Rates at 30% Full Load 
 

Figure 3.22  Circuit Flow Rates at 10% Full Load 
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Figure 3.23 is a flow rates comparison of three pumps, P-2, P-5, and P-8, in the system that was 
tested during all system demands of 100%, 70%, 30% and 10%. As stated before, each 
individual circulator flow rates increased with decreasing system demand as a result of lower 
system head losses due to lower system demand flow rates. 
 
  
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.23  Individual Circulator Flow Rates at Various System Loads - Ten Pump System 
 
Figure 3.24 represents the system power consumption vs. the system flow rate for the balanced 
circulator system as tested at 100%, 70%, 30%, and 10% demand. Note that there is very little 
difference between the system performance between unbalanced and balanced circulators. And 
there is little difference between the use of a combination of swing and spring check valves (the 
middle curve on Figure 3.24) and the use of all swing check valves. The flow rate was regulated 
by turning circulators “On” and “Off”. Valves were not adjusted to regulate flow at this time. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure  3.24  Flow vs. Demand for Individual Circulator Pump System 
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3.4  Multiple Circulator Pumps in a  Sub-Central Piping Network 
 

Figure 3.23 indicates there is a rather large variation in flow through each circulator when total 
system flow is 100% compared to 10%.  This may be unacceptable in many applications.  To 
determine if this wide variation in flow occurred in systems with fewer circulators a series of test 
were performed with fewer units. This involved closing ball valves to water coils WC-5 through 
WC-10 to simulate a smaller sub-central loop. This created a loop consisting of four water coils 
and four circulator pumps. This system was labeled Loop-1. A second system was created by 
isolating water coils WC-1 through WC-4 and WC-9 and 10. This second system was labeled 
Loop-2. Each system was tested in the unbalanced and balanced configurations. Flow was 
regulated to 100%, 75%, 50% and 25% by turning circulators “On” and “Off”. 
  
Figure 3.25 represents the results of testing Loop-1 at 100% flow demand and in a balanced 
system. Total system flow for all pumps in Loop-1, P-1 through P-4, was 35.2 gpm, which 
produced a power consumption of 699 watts.  Figure 3.26 plots the results of testing Loop-1 at 
75% flow demand. Notice that pump P-2 was turned off in order to achieve 75% demand. Total 
system flow dropped to 29.1 gpm, but individual circulator flows slightly increased which again, 
was expected. Total system power dropped to 550 watts.  Figure 3.27 graphs the results of 
testing Loop-1 at 50% demand. Pumps P-2 and P-3 were turned off to achieve this flow demand. 
Total system flow dropped to 21 gpm, but again the individual circulator flows increased. Total 
system power dropped to 369 watts.  Figure 3.29 graphs the results of testing Loop-1 at 25% 
demand. Pumps P-2, P-3 and P-4 were turned off to achieve this flow demand. Total system flow 
dropped to 9.3 gpm. Total system power decreased to 196 watts. Each circulator pump was 
tested at 25% demand and is included in the results shown in Figure 3.28. 
 
 
 
 
 
 
 
 

Figure 3.25  Four Pump System Flows @ 100%    Figure 3.26  Four Pump System Flows @ 75% 
  
 
 
 
 
 
 
 
 

Figure 3.27  Four Pump System Flows @ 50%    Figure 3.28  Four Pump System Flows @ 25% 
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Figure 3.29 shows variation in flow through individual loops with total system flow was small 
for pumps P-1 and P-4. Pump P-2 was not tested at 75% and 50% system demands and pump P-3 
was not tested at 50% system demand. All individual circulator flows decreased for system flows 
of 25% demand when compared to system flows at 50% demand. When the 100%, 75%, and 
50% bars are compared, flow rates decreased with increasing system demand. Because of this, it 
was expected that the 25% demand would result with higher flow rates than the 50% demand.  

 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.29 Circulator Flow Rates at Various System Load Percentages – Four Pump System 
 

Figure 3.30 shows the combined power consumption of Loop-1 and Loop-2 in the balanced 
configuration and at various flow rates. Again, flow rate changes were accomplished by turning 
circulators “On” and “Off”. Both systems of Loop-1 and Loop-2 maximized their power 
consumption at 700 watts and at a maximum flow rate of near 35 gpm. Notice that Loop-2 has 
slightly higher power consumption for the same system flow rates. This can be attributed to the 
higher pressure drops experienced through water coils WC-7 and WC-8. Referring to Figure 3.19 
again, WC-7 and WC-8 experienced lower flow rates than the other water coils in either Loop-1 
or Loop-2. As a result, more input power is required to achieve the same flow rate in these coils, 
and consequently in Loop-2. This can be seen in Figure 3.23 where P-8 experienced lower flow 
rates at all system demands than the other pumps. 

Figure 3.30  System Pump Power  - Four Pump Loop 
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3.5  System Tests with Constant Speed Central Pump 
 
Once all testing of the circulator pumps was completed, each circulator was removed and 
replaced with a straight section of pipe as shown in Figure 3.31. The central pump was then 
installed where a straight section of pipe was used during circulator testing, as shown in Figure 
3.11.  The system was again pressurized and flushed to remove air and particulates.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.31  Typical Coil After Replacement of Circulator Pump with Pipe Section 
 

This required opening all valves, which gave an opportunity to test the central pump in the 
unbalanced flow operation before testing of the balanced system. 
 
A separate power source was supplied to the central pump due to 3-phase service requirements 
of the pump. The circulators only required single-phase service. Figure 3.32 shows the power 
supply to the central pump as it passes through the frequency drive. The initial tests of the central 
pump were performed without the frequency drive, which could easily be unplugged from the 
system and bypassed. The test box located at the center of Figure 3.32 consisted of an accessible 
panel through which each phase could be accessed. This arrangement permitted the use of a true 
RMS power analyzer or a clamp-on power meter to measure the power of each individual phase 
and then collectively added to determine the total power consumption of the central pump. The 
induction clamp-on meter agreed within +2% with the analyzer when measuring power with or 
without the variable speed drive.  The clamp-on meter was used because of its convenience in all 
test cases concerning the central pump. 
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Figure 3.32  Central Pump Station with Instrumentation 
 

A pump performance curve was generated for the central pump using the frequency drive and 
without the drive. This curve is shown in Figure 3.33. All valves in the system were fully open. 
The frequency drive was run at 60 Hz and flow was regulated when using the drive and without 
the drive by closing a gate valve at the flat plate heat exchanger, which regulated the system 
flow. Note that the head vs. flow performance of the pump had negligible effect from the 
presence of the drive when running at 60 Hz. The power performance and efficiency of the 
pump/motor system is denoted in the text boxes above the curves when the drive was not used 
and in the text boxes below the curves when the drive was used. Notice that at maximum flow, 
the power consumption remained the same at 1390 watts for efficiency of the pump/motor/drive 
system increased from 40.6% without the frequency drive to 42.6% when a drive was not used. 
At all points along the curve the total power consumption of the pump/motor system without the 
frequency drive was either equal to or less than the power consumed when using a frequency 
drive, with the exception of one point. Also, the system efficiencies are higher when a drive is 
not used than when the drive is used, again with the exception of one point. This test point 
occurred at approximately 40 gpm and 40.7 ft of head. Without the drive the pump/motor power 
consumption measured 1210 watts with an efficiency of 28.8% while the power consumption 
when using the drive was 1205 watts with a system efficiency of 29%. It was expected that the 
drive would consume power, which would lower the system efficiency when the system is 
delivering the same flow rate at the same head loss, which was shown in Figure 3.33. 
 
Since a pump may not always operate at 60 Hz, a test of this central pump at other speeds was 
performed. Figure 3.34 graphs the flow performance of the pump at various speeds using the 
frequency drive. Once the speed had been established by the frequency drive the flow was 
regulated by closing the valve at the heat exchanger. Head performance remained relatively 
stationary due to the operation point on the pump’s performance curve. Note that in Figure 3.33 
flow rates below 50 gpm produce a relatively flat curve when plotted against pressure drop. This 
was also verified by the manufacturer’s curve, which is also plotted on Figure 3.33. 
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Figure 3.33  Pump Curves from Test Results at 60 Hz and from Manufacturer’s Data 
   
A similar graph was generated from the same test to relate system power demand vs. flow rate 
when using a variable speed drive. This graph is shown in Figure 3.34. At 60 Hz, 1741 rpm, the 
system power dropped as flow rate dropped, but at lower frequencies the power curves remained 
relatively flat as flow rates dropped as shown in Figure 3.35. Total power demand for the 
pump/motor/drive system dropped at lower operating frequencies as expected. 
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Figure 3.34  Pump Head-Flow Curves from Test Results at Four Speeds 

Figure 3.35  Pump Demand-Flow Curves from Test Results at Four Speeds 
 
With the performance of the central pump established, the system of water coils could be tested. 
The first step was to test the system with all valves fully open, which is an unbalanced system 
flow. Figure 3.36 graphically shows the results of testing the system unbalanced and without a 
frequency drive. This graph is the flow results as tested at 100% flow demand. Total system flow 
was 55.2 gpm with a power consumption of 1557 watts. Similar tests were performed for the 
unbalanced system operating at 70%, 30%, and 10% flow demands. To achieve the lower flow 
demands, water coil circuits were isolated from the system by closing a flange ball valve. For 
70% flow demand, three water coil circuits were closed, for 30% demand, seven circuits were 
closed and for 10% demand, all but one circuit was closed. 
  

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.36  Circuit Flow Rates for Central Pump System – Unbalanced 
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As with the circulator pumps, the next step was to proportionally balance flow through all of the 
water coils. Once the flows had been proportionally balanced according to design flows at 100% 
flow demand and full pump speed (no frequency drive), each coil’s flow rate was measured at 
each circuit setter and the total system power was measured at the power input to the central 
pump as shown in Figure 3.32. Figure 3.37 graphs the results of this test as run at 100% flow 
demand.  

 
Figure 3.37  Circuit Flow Rates for Central Pump System - Balanced 

 
Total system flow was 67.2 gpm while total system power demand was 1415 watts. Note that 
water coils WC-1 through WC-6 and WC-10 all have the same design flow rates, but after 
balancing WC-10 is slightly higher than the others. But even at this difference, WC-10 is within 
±0.7 gpm of WC-1 through WC-6, which is within ±10% of balanced flow. 
 
Figure 3.38 graphs the results of the system as tested at 70% flow demand. Water coils WC-7, 9, 
and 10 were isolated from the system by closing the flange ball valves. Total system flow was 
measured to be 59.5 gpm while the total system power demand was measured to be 1330 watts. 
Again, the pump was operating at 60 Hz (no frequency drive) and the system was allowed to 
move as much water as it desired. The system was not rebalanced for 70% demand but left in the 
balanced state from testing at 100% flow demand. Note that individual water coil flow rates 
increased above their recorded amounts at 100% demand, which was expected. 
 
Figure 3.39 shows the results of testing the same system at 30% flow demand which was 
achieved by closing flow to all water coils except WC-2, 3, and 8. Again, individual water coil 
flow rates increased. Total system flow dropped to 37.4 gpm while total system power demand 
dropped to 1190 watts. 
  
Figure 3.40 below shows the last test performed in the balanced central pump with no frequency 
drive mode of operation. Only water coil WC-2 was left open for flow. The resulting flow was 
13.9 gpm and a power demand of 1040 watts. Other tests were performed at 10% demand with 
water coil WC-2 closed and a different coil opened.  
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Figure 3.38  Circuit Flow Rates for Balanced Central Pump System – 70% Load 

Figure 3.39  Circuit Flow Rates for Balanced Central Pump System – 30% Load 

 
 Figure 3.40  Circuit Flow Rates for Balanced Central Pump System – 10% Load 
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3.6  System Tests with Variable Speed Central Pump 
 
The frequency drive was once again installed to operate the central pump as seen in Figure 3.32. 
The 0-100 inch differential pressure gauge was installed across the inlet and outlet of the water 
coil WC-6. The pump was turned on and operated at 60 Hz and the differential pressure across 
WC-6 was measured to be 71 inches of water column. All coils were open to their balanced flow 
rates at 100% demand. Once the circuit setters have been set at a balanced flow rate, they are not 
adjusted again. Coils are closed to flow by closing separate flange ball valves to mimic two-way 
valves typically used for flow control on variable volume pumping systems. Again, flow rates at 
all coils were again measured and found to be a total of 67.1 gpm for the system, as shown in 
Figure 3.41.  This varies by only 0.1 gpm from the tests performed at full speed and 100% 
demand without the frequency drive as expected. Again, total system power demand increased 
by 5 watts to 1420 watts when compared to the balanced 100% demand without a frequency 
drive. 

 Figure 3.41  Circuit Flow Rates for Balanced Central Pump System with Drive  
 
Water coils WC-7, 9, and 10 were closed with the flange ball valves. The pump was turned on 
and operated at a frequency that would then produce a pressure drop of 71 inches of water 
column across water coil WC-6. At this point, individual water coil flow rates were again 
measured at each circuit setter and the total system power demand was also measure. The total 
system flow rate was measured to be 48.2 gpm while the total power demand was measured to be 
790 watts as seen in Figure 3.42. This is a lower total system flow rate than that measured for 
70% demand without a frequency drive, but the individual coil flow rates have now remained 
much closer to their 100% demand full flow balanced flow rates. Wildly varying individual 
circuit flow rates have now been eliminated and allow the operator to more closely maintain 
constant flow rates through individual circuits when other circuits have closed. Water coils that 
are still in operation at this time will still have the same performance as when all units were in 
demand (100% demand). Total power demand has drastically dropped from 1330 watts without a 
frequency drive to 790 watts with a frequency drive. 
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Figure 3.42 Circuit Flow Rates at 70% Load  Drive and Constant Differential Pressure 

Figure 3.43  Circuit Flow Rates at 30% Load  Drive and Constant Differential Pressure 
 
 

 
 
 
 
 
 
 
 
 
 
 

 
Figure 3.44  Circuit Flow Rates at 10% Load  Drive and Constant Differential Pressure 
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Again, the system was dropped to 30% demand by closing all water coils except WC-2, 3, and 6. 
The frequency drive was again adjusted to slow the pump until a pressure differential of 71 
inches could be maintained across WC-6. At this time the flow rates were measured through each 
of the three water coils and the system power was measured. The results of this test are seen in 
Figure 3.43. Again, individual circulator flow rates remain close to their rates as measured at 
100% demand.  The total system flow rate was 21.5 gpm while the total system power demand 
dropped to 380 watts from 1190 watts as measured at 30% demand and no frequency drive. The 
final test was performed by dropping the system to a 10% demand flow rate, which meant 
closing off flow to all coils except WC-6. Again, the frequency drive was adjusted to maintain 71 
inches of differential across WC-6. The flow rate across WC-6 was measured and the total power 
demand was measured and recorded in Figure 3.44. Total system flow was 7.6 gpm while total 
system power dropped to 300 watts from 1040 watts as measured at 10% demand without a 
frequency drive. 
  
Figure 3.45 graphs the flow through water coil WC-6 as tested during the constant volume 
pumping tests and during the variable volume pumping tests. Because the variable volume 
testing required the monitoring of the pressure drop across WC-6 at all times, this was the only 
coil at which flow rates were measured at 10% demand during both the variable volume and 
constant volume testing. The flow rates remained relatively constant during the variable volume 
pumping because the pressure drop was kept at a constant 71 inches of water column across WC-
6, which produced a consistent flow rate at all demands. During constant volume pumping, the 
flow rates through WC-6 were less predictable as system demand changed which decreases the 
ability to predict heat pump performance. 
  
  
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.45  Comparison of Individual Coil Flow Rates – Constant vs. Variable Speed Pumps 
 
Conclusions 
 
Each system’s performance curves have been graphed and are shown in Figure 3.46 as a 
compilation of power demand vs. flow rates for each system tested. Only the balanced circulators 
are shown in this graph. Figure 3.25 indicated the unbalanced circulator performance curve is 
similar to the balanced curve and can be omitted when comparing more significant system 
differences. The same is true when comparing Loop-1 to Loop-2 circulators, therefore the Loop-
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2 performance curve was also omitted in Figure 3.46 and can be assumed to be the same as 
Loop-1. 
  
Notice that for the same flow rates above 20 gpm, the central pump with frequency drive 
operates at a lower power demand than the other system tested. Between 20 and 50 gpm, the 
circulators of all configurations offer the next lowest power demand while the central pump 
without the frequency drive operates at the highest power demand in this flow range. For flow 
rates above 50 gpm, the central pump with a frequency drive required the least power demand 
while the circulators required the highest power demand. At flow rates below 20 gpm, the 
circulators of both smaller loops and of the full system required the smallest power demand 
followed closely by the central with the frequency drive. As expected, the central pump without 
a frequency drive was highly inefficient in this operating range. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.46  Power Consumption Comparison of Pumping Options
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4.  DEVELOPMENT OF A PUMP ENERGY ESIMATION METHOD 
 
4.1  Development of Correlations for Pump Electrical Demand with HVAC Load 
 
The complexity and difficulty of conducting detailed building energy simulations is beyond the 
capability of many engineering design firms.  Clients often request life cycle cost analysis but 
few are willing to pay for the level effort required to design multiple options so that meaningful 
analysis is possible.  In lieu of analysis of completely designed system evaluations, building 
simulations with multiple assumptions are conducted.  These simulations are often conducted 
using programs developed by major manufacturers and equipment correlations may be limited to 
particular product lines. 
 
A simplified (bin method) energy analysis program package specifically for ground-coupled heat 
pumps has been developed. The program breaks out the pump demand and energy consumption 
and permits multiple pump options to be compared simultaneously. The level of effort required 
of the user is only slightly more than that required to conduct the building heating and cooling 
load calculation.  However, the validity of the output is improved because the pump demand and 
energy use is based on the correlations that are generated from information gathered and 
measured during this project. 
 
The pump energy estimating program has been integrated into a four-hour increment bin method 
energy calculation program for ground coupled heat pumps (GCHPs).  Required input includes 
occupied and unoccupied building load data, occupancy patterns, heat pump output and demand 
data as a function of water flow and temperature, maximum and minimum loop temperatures, 
and ground temperature.  Output includes part-load flow rates at all bin temperatures.  This 
provides input for the pump demand and energy calculation.  Additional required input for the 
pumping calculation is system and pump head at full load, motor-pump efficiency, and type of 
pumping arrangement. Base pumping system options include individual circulators, constant 
volume, and primary-secondary. 
 
An additional correlation for variable speed pump demand and energy consumption has been 
developed.  The correlation was developed from results of this project and with data from 
projects found in the literature.  The correlation involves the computation of VSD pump system 
efficiency (= ηDrive × ηMotor × ηPump) as a function of several variables.  These include maximum 
pump head and flow rate; full load efficiencies of the drive, motor and pump; actual system flow 
rate at full and part-load; head, flow rate and power input at the minimum system flow rate; and 
minimum manufacturer recommended drive frequency.  The correlation for system efficiency is 
given below.  The system efficiency contains corrections for the drive, motor, and pump 
efficiencies.  Therefore, the power consumption at any part-load value above the minimum is the 
product of head and flow divided by the system efficiency. 
 
 ηSys@FL = ηDrive@FL × ηMotor@FL × ηPump@FL        4.1 
 
 SpcFlow = gpmActual ÷ gpmMaximum       4.2 
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The formulation of this correlation departs from the traditional use of the pump affinity laws 
which have difficulty accounting for changes in the system curves that result when two-way 
valves are closed when heat pumps or terminal units are cycled off.  These laws also assume 
constant efficiencies for the pump, motor and drive and must be corrected. 
 
An alternate approach has been proposed as a result of the consistent shape of the curves 
generated by plotting VS pump system flow versus system (pump, drive, and motor) efficiency 
for a variety of operating conditions.  This is demonstrated in detail in Figure 2.3 and also in 
Figure 2.2.  Both VS pumping systems tested during this project have demonstrated similar 
behavior when installed in a typical system.  The general shape of the curve can be approximated 
with a second order polynomial as shown in Figure 4.1.  To be applied in a system, the 
correlation must be corrected for (1) pump over-sizing (or under-sizing), (2) efficiency variations 
for different pumps, motors, and drives, (3) head at minimum flow; and (4) the minimum 
allowable frequency specified by the drive manufacturer. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.1  Plot of System Efficiency vs. Flow for VS Pumps 
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The polynomial in Equation 4.4 is written as a function of specific flow using the maximum flow 
of the pump rather than the system to allow for correction of over-sizing (correction 1).  The 
equation also corrects a typical mid point full load system efficiency of 57% (ηD=95%, ηM=92%, 
and ηP=65% in Equation 4.1) to the combined value of the actual pump, motor and drive.  An 
additional correction is made based on the ratio of minimum head (the speed control parameter 
of the VS drive) to the total system head at maximum flow (correction 3).  The final correction 
for minimum allowable frequency is best made to Equation 4.5 for power rather than pump 
efficiency.  This correction is simplified by noting that at lower frequencies the electrical 
demand of the system is no longer a function of flow rate.  This is demonstrated in Figures 3.34 
and 3.35 at 25% (458 rpm) and 50% speed (883 rpm) the power requirement is relatively flat.  
The correction is made by correlating minimum frequency to power, which is independent of 
flow and head at lower frequencies in the region of the pump curves where HVAC systems 
typically operate at low loads. 
 
4.2  Use of the Bin Method for GCHPs 
 
Weather data can be arranged in temperature bins of typically 5°F increments (Degelman, 1986 
and InterEnergy, 1999).  The number of hours per year that the outdoor temperature is within the 
range of the bin is referred to as the bin hours.  For example, there are typically 7 hours per years 
in Birmingham, AL where the temperature is between 95°F and 99°F (97°F average).  Thus, 
there are 7 bin hours in the 97°F temperature bin.  Each location also has a mean coincident wet 
bulb temperature (WBT), which is an indicator of the humidity level at the location. 
 
The bin data used in this program is subdivided in to 4-hour increments.  Of the 7 bin hours in 
the 97°F bin, 6 occur between noon and 4 p.m. and 1 occurs between 4 and 8 p.m.  This allows a 
more detail approach to bin calculations since loads change with time of day and occupancy.  
The structure of the program allows loads for both the occupied and unoccupied conditions at 
any of the six 4-hour time increments.  The number of days per week the building is occupied 
can also be adjusted.  The program currently computes the energy based on annual bin hours at 
20 locations.  Since GCHPs are widely used in schools, nine month bin data is also available for 
selected locations. 
 
The traditional bin method (ASHRAE, 2001) correlates the outdoor air temperature to 
conventional air based equipment capacity and demand using linear or higher order polynomial 
correlations as shown in the examples here. 
 
 TC (MBtu/h) = -0.125 x OAT(°F) + 42.5      4.6 
 kW (cooling) = 0.02375 x  OAT(°F) + 1.375      4.7 
 
For each bin the cooling capacity of the unit normally exceeds the load.  So the unit will run part 
of the time.  This fraction is referred to as the part-load factor (PLF).  For example, if the load on 
a building is 24.1 MBtu/h when the outdoor temperature is 82°F, 
 
 PLF82 = Load at 82°F (N-4 pm) ÷ Total Capacity at 82°F = 24.1 ÷ 32.25 = 0.75 4.8 
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Since equipment normally takes a short period to begin cooling effectively after it has been 
started, a cycling capacity adjustment factor (CCAF) should be applied when the unit has to stop 
and start.  For the example at 82°F, 
 
 CCAF = 1 – CD(1-PLF) = 1 – 0.25(1-.75) = 0.94     4.9 
 
 where the 0.25 is a typical default value for the degradation coefficient (CD).   
 
To find the energy use for each temperature bin, 
 
 kWhBin Temp-cool = kW for the unit × PLF × No. Hours in Bin ÷CCAF  4.10 
 
To find the seasonal cooling energy use for the time period, 

 
 kWhcool = ∑ kWhBin Temp-cool        4.11 
 
This is repeated for all 4-hour time periods for cooling. 
 
Unfortunately, GCHP capacity and demand are not direct functions of outside air temperature.  
Additional steps are necessary to relate outdoor temperature to building load, building load to 
estimated part-load factor, and estimated part-load factor to the ground loop temperature, which 
can be estimated from maximum system (design) loop temperature and local earth temperature 
surrounding the ground loop.  A primary variable for estimating water-to-air heat pump 
performance is liquid temperature entering the unit. It is used to replace the outdoor air 
temperature for the variable required to calculate equipment capacity and demand.  These 
correlations are widely available from manufacturers. 
 
When the outdoor temperature is maximum the loop temperature is at the design point, and the 
part-load factor is near unity.  When the load is near zero but the equipment is operating in 
cooling the loop temperature will be offset slightly above the normal local ground temperature.  
The offset is dependent on flow rate and earth temperature recovery.  A conservative estimate is 
to offset the loop temperature at zero PLF to a value equal to the temperature rise in the heat 
pump condenser, which is approximately 10ºF (6ºC) at 3 gpm/ton and 12.5ºF (7ºC) at 2.5 
gpm/ton).  However, in multi-zone applications where simultaneous heating and cooling are 
likely to occur the offset is near zero.  A linear correlation between this temperature (PLF=0) and 
the design loop temperature (PLF = 1.0) can be developed.  The computation can then proceed as 
described for the air-based equipment bin method calculation. 
 
Heat pumps have similar characteristic in heating.  Heating capacity (HC) and power demand are 
strong functions of outdoor temperature.  The heat pump PLF is computed by dividing the 
building load at each bin temperature by the unit’s capacity at this temperature.  To find the heat 
pump energy use for each temperature bin, 
 
 kWhBin Temp-HP heat = kW for the unit × PLF × No. Hours in Bin ÷CCAF  4.12 
 
The season energy use of the heat pump unit is, 
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kWhHP-heat = ∑ kWhBin Temp-HP-heat       4.13 

 
Air source (and some ground source) heat pumps are not able to meet building loads when 
outdoor air temperatures are low.  Normally, this difference is made up with auxiliary electrical 
resistance furnaces.  An indication of this need is when the PLF is greater than 1.0.  The amount 
of auxiliary energy required from each bin is computer by first calculating the required heating 
capacity for each bin. 
 
 qAux.(MBtu/h) = qLoad(MBtu/h) - qHP-Cap.(MBtu/h)     4.14 
 
 kWhBin Temp-Aux.heat = qAux.(MBtu/h) ÷(3.412 MBtu/kWh)    4.15 
 
To find the seasonal heating energy use of the auxiliary heat energy, 

 
 kWhheat-Aux.heat = ∑ kWhBin Temp-Aux.heat      4.16 
  
The total heating energy for the system is the sum of the heat pump and auxiliary energy. 
 
 kWhheat = kWhHP-heat + kWhheat-Aux.heat      4.17  
  
The computation for GCHPs in heating also involves using the water temperature entering the 
heat pump, which is essential the same as the loop temperature leaving the ground.  The 
procedure in heating is similar to the procedure for computing loop temperature in cooling. 
 
Table 4.1 is a screenshot of the input portion of the GCHP bin method program for the heating 
and cooling loads in both the occupied and unoccupied periods.  The bin data is also loaded by 
specifying location and choosing between 9-month data (for schools) or 12-month data for all 
other building types. 
 

Table 4.1  Heating and Cooling Load Input Information 
 

Todc 94 ºF   uTodc 94 ºF 
CLoad 1100 MBtuh   uCLoad 300 MBtuh 
Tbpc 55 ºF Location  uTbpc 55 ºF 

   Birmingham    
Todh 18 ºF Occ.Schedule uTodh 18 ºF 

HLoad 400 MBtuh 12 Mon.Occ. uHLoad 200 MBtuh 
Tbph 55 ºF   uTbph 55 ºF  

 
Table 4.2 is the portion of the program where the heat pump performance is specified.  For both 
heating and cooling the user inputs the total capacity and power input to the compressor and fan 
for two temperatures that span the expected operating temperatures of the ground loop.  The data 
below was taken from a manufacturer’s nominal 4-ton (14 kW) water-to-air heat pump @ 12 
gpm, 1600 cfm of air flow at 75ºF dry bulb / 63ºF wet bulb in cooling and 70ºF in heating (WFI, 
1996).  The utility electric energy rate is also provided for both the heating and cooling seasons. 
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Table 4.2  Heat Pump Performance and Utility Cost Input Information 
 

Ccaphi 45.6 MBtuh Hcaphi 55.6 MBtuh
kWchi 3.71 kW kWhhi 3.56 kW
Twchi 90 ºF Twhhi 60 ºF
Ccaplo 50.4 MBtuh Hcaplo 42.2 MBtuh
kWclo 3.23 kW kWhlo 3.13 kW
Twclo 70 ºF Twhlo 40 ºF
NoHPs 26
kWhc 0.075 $/kWh
kWhh 0.065 $/kWh  

 
Table 4.3 is a portion of the program that contains the output operating hours in several formats.  
These include the total hours of operation in each bin and the equivalent full load hours in both 
heating and cooling with an added breakout of hours that occurred during the occupied and 
unoccupied periods.  This table also contains the 12-month bin data that is stored for 
Birmingham, AL.  The user must specify the occupation schedule in two “total (occupied and 
unoccupied) hours” columns.  If building is occupied from 8:00 am until 8:00 pm for seven days 
per week, the user must write an equation that sums the bin data in the 8-n, n-4, and 4-8p 
columns for each temperature row in the “total occupied hours” cells.  A second equation 
summing columns 8-m, m-4, and 4-8a is inserted into the “total unoccupied hours” cells.  If the 
building is only occupied five days per week the occupied bin data hours is multiplied by 5/7 and 
the other 2/7 hours for the 8-n, n-4, and 4-8p data are moved to the total unoccupied column. 
 

Table 4.3  Operating Hours, Equivalent Full Load Hours and Bin Data 
 

Occup. Unnoc/ Occup. Unnoc/ Total Total
EFLHc EFLHc EFLHh EFLHh Occup. Unocc.
Hours Hours Hours Hours Hours Hours 

4 1 4 3
115 23 129 81
190 51 241 208
184 78 271 370
137 123 244 711
81 120 184 890
62 73 193 754
35 36 184 628
10 10 179 617

5 11 194 672
9 22 122 488
9 33 76 461
5 29 31 291
4 33 19 264
2 23 7 148
3 12 9 69
0 3 0 14
0 1 0 4

818 514 37 168 2086 6674
EFLHc= 1332 EFLHh 205 Total = 8760

oat m-4 4-8 8-n n-4 4-8p 8p-m 
ºF hrs. hrs. hrs. hrs. hrs. hrs. 

102       
97 0 0 0 6 1 0 
92 0 0 41 139 30 0 
87 0 1 158 180 109 1 
82 2 40 178 202 186 33 
77 99 143 176 165 165 207 
72 227 211 138 119 171 208 
67 206 158 120 150 140 173 
62 144 153 123 135 125 132 
57 144 123 132 118 128 151 
52 162 139 159 113 133 160 
47 117 114 102 69 108 100 
42 106 133 65 41 84 108 
37 84 72 32 11 43 80 
32 88 80 18 8 24 65 
27 52 58 10 0 7 28 
22 22 26 8 4 6 12 
17 7 5 0 0 0 2 
12 0 4 0 0 0 0  
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Table 4.4a provides the output of the bin data for the cooling mode.  Information includes the 
building cooling loads, ground loop temperature, heat pump capacity and power, part-load factor 
(PLF), and electrical energy for the compressor and indoor fan for the both the occupied and 
unoccupied periods.  The energy use for all temperature bins are summed and multiplied by the 
utility rate to provide the cost of operating the heat pump compressor and indoor fan in cooling. 
 
Table 4.4b repeats this for the heating mode including the heat pump compressor, indoor fan, and 
auxiliary electric heat if necessary.  The total energy use and cost are also provided. 

 
Table 4.4a  GCHP Bin Method Output for 40 per Week Birmingham Office - Cooling 

 
oat qcl(o) qcl(u) EWTo EWTu qcc(o) qcc(u) PLFo PLFu Wc(o) Wc(u) Ec(o) Ec(u)
ºF MBtu/h MBtu/h ºF ºF MBtu/h MBtu/h kW kW kWh
107
102

97 1185 323 88.7 71.5 1194 1301 0.99 0.26 95.7 84.9 408 73
92 1044 285 85.9 70.7 1211 1306 0.86 0.23 93.9 84.4 10776 1943
87 903 246 83.1 69.9 1229 1311 0.73 0.20 92.1 83.9 17502 4299
82 762 208 80.3 69.2 1246 1316 0.61 0.17 90.4 83.5 16603 6484
77 621 169 77.4 68.4 1264 1320 0.49 0.14 88.6 83.0 12141 10211
72 479 131 74.6 67.6 1282 1325 0.37 0.10 86.9 82.5 7071 9916
67 338 92 71.8 66.8 1299 1330 0.26 0.07 85.1 82.0 5244 5953
62 197 54 69.0 66.1 1317 1335 0.15 0.04 83.3 81.5 2924 2903
57 56 15 66.1 65.3 1335 1340 0.04 0.01 81.6 81.1 809 819
52

Cooling
Occ upied Unocc.

kWh 73478 42601
Cost $(Clg.)= $5,511 $3,195  

 
Table 4.4b  GCHP Bin Method Output for 40 per Week Birmingham Office – Heating and Total 

 
oat qhl(o) qhl(u) EWTo EWTu qhl(o) qhl(u) PLFo PLFu Wh(o) Eh(o) Eh(u) Eaux(o)Eaux(u) Etotal
ºF MBtu/h MBtu/h ºF ºF MBtu/h MBtu/h kW kWh kWh kWh kWh kWh
52 32 16 64.7 64.8 1527 1530 0.02 0.01 88.1 481 1002 0 0 1483
47 86 43 64.1 64.6 1517 1525 0.06 0.03 85.3 777 1866 0 0 2643
42 141 70 63.5 64.3 1507 1520 0.09 0.06 82.5 753 2754 0 0 3507
37 195 97 63.0 64.0 1498 1515 0.13 0.08 79.7 407 2310 0 0 2717
32 249 124 62.4 63.7 1488 1510 0.17 0.10 76.9 301 2568 0 0 2869
27 303 151 61.9 63.4 1478 1505 0.20 0.12 74.1 135 1673 0 0 1808
22 357 178 61.3 63.1 1468 1500 0.24 0.14 71.3 183 885 0 0 1068
17 411 205 60.7 62.9 1458 1496 0.28 0.16 68.5 0 196 0 0 196
12 465 232 60.2 62.6 1449 1491 0.32 0.18 65.7 0 60 0 0 60

Heating Aux. Ht. Total
Occ. Unocc. Occ. Unocc.

3038 13314 0 0 132431
$197 $865 $0 $0 $9,769
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GCHP System Pump Energy Using the Bin Method 
 
The bin method provides much of the required information to determine the pump energy and 
demand requirements for the most common pump and control options for GCHPs.  This includes 
total hours and part-load during all operating hours.  Table 4.5 is the output from the GCHP bin 
method program that demonstrates three different pumping options.  The results shown are for 
designs that are considered to energy efficient (ASHRAE, 2001) with no over-sizing.  The 
central pumps provide 70 ft. of head which results in an 8.2 hp (6.1 kW) at the required flow rate 
of 300 gpm. The circulator pumps (see Figure 3.3) draw 200 watts at 12 gpm. 
 

Table 4.5 Constant Speed Pump Energy for 40-Hour per Week Birmingham Office 
 

Primary
Head 70 Ft.Wtr. PPHead 40 Ft.Wtr. Pump HP
Flow 300 gpm PPFlow 300 gpm WattsIn 200

PumpEff 65 % PPEff 65 %
MotorEff 90 % PMEff 90 %

Second. E(pump) oat
SPHead 30 Ft.Wtr. kWh ºF
SPFlow 300 gpm 107
SPEff 65 % 102
SMEff 90 % 15 27 97

399 716 92
699 1254 87
758 1359 82
754 1352 77
584 1048 72
389 698 67
205 368 62

58 104 57
49 88 52
90 161 47

123 221 42
99 177 37

108 194 32
71 127 27
43 78 22

8 15 17
3 5 12

Primary Second. -28
4.7 HP 3.5 HP Pump

8.2 HP 33851 kWh 4454 kWh H & C
59239 kWh 2,370 312 7992

$4,147 Total = $2,681 $559

Circulator 
Pump Data

Continuous
Constant Volume

Pumping

Primary - Continuous & 
Constant Volume

Secondary - On-off
Constant  Volume - Cont.
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The highest operating cost is the continuously operating central pump that consumes 59,239 
kWh of electrical energy which converts to $4,147 annually at the average local utility rate.  This 
is 42% of the $9,769 annual cost of operating the heat pump compressors and indoor fans.  The 
operating mode of the primary-secondary system is to operate the 3.5 hp (2.6 kW) loop field 
pump based on the load and to continuously operate the 4.7 hp (3.5 kW) building loop pump.  
This lowered the energy use to 38,305 kWh and the cost to $2,681 or 27% of the heat pump 
energy.  The circulators required only 7992 kWh of energy and $559 or 6% of the heat pumps.  
However, this implies that the low head circulators would provide adequate head to the 
individual loops.  The test results reported in chapter 3 indicate single pumps can not provide 
sufficient head when connected to central loops.   This implies the units would be connected to 
sub-central loops or individual loops located in close proximity to the heat pumps. 
 
Table 4.6 provides the results for the same office if a variable speed drive is used.  Again the 
pump is sized to exactly meet the load at the design condition.  However, the minimum speed is 
set at 20 Hz and this correlates to a demand of 0.96 kW.  The pump will draw this demand even 
when the building load is non-existent and the demand correlation of Equation 4.5 provides a 
lower value than 0.96 kW.   Use of the variable speed drive reduced the energy use to 9785 kWh 
and the cost to $707 or 7% of the heat pump energy. 
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Table 4.6  Variable Speed Pump Energy for 40-Hour per Week Birmingham Office 
 

Pump Mtr/Drv
MaxHead 70 Ft.Wtr. MtrEffFL 90 %
MaxFlow 300 gpm DrvEffFL 95 %
MinHead 20 Ft.Wtr. PmpEffFL 65 %

Design gpmpton= 3 DsgnHead 75 Ft.Wtr.
MinFreq 20 Hz MinPow 960 watts

oat Qc(o) Qh(o) Flowc(o) Qh(u) ηsys(o) ηsys(o) ηsys(u) ηsys(u) Wpc(o) Wph(o) Wpc(u) Wpc(u)
ºF gpm gpm gpm gpm cool heat cool heat (hp) (hp) (hp) (hp) kWhc(o) kWhc(u) kWhh(o) kWhh(u)
107
102

97 296 81 0.555 0.330 5.10 0.10 29 3
92 261 71 0.551 0.309 3.49 0.07 607 78
87 226 62 0.535 0.287 2.26 0.05 760 199
82 190 52 0.505 0.264 1.36 0.03 543 355
77 155 42 0.463 0.240 0.73 0.01 288 683
72 120 33 0.407 0.214 0.34 0.01 176 855
67 85 23 0.339 0.188 0.12 0.00 185 724
62 49 13 0.257 0.161 0.02 0.00 177 603
57 14 4 0.163 0.133 0.00 0.00 171 593
52 8 4 0.146 0.134 0.00 0.00 187 645
47 22 11 0.184 0.154 0.00 0.00 117 468
42 35 18 0.221 0.173 0.01 0.00 73 443
37 49 24 0.256 0.192 0.02 0.00 29 280
32 62 31 0.288 0.210 0.05 0.01 18 254
27 76 38 0.319 0.228 0.09 0.01 7 142
22 89 45 0.348 0.245 0.14 0.02 8 67
17 103 51 0.375 0.262 0.21 0.03 0 13
12 116 58 0.401 0.279 0.31 0.04 0 4

7
2

-3
-8

-13
-18
-23
-28

FLPowe 8.2 HP 2937 4093 439 2316
$220 $307 $29 $151

Total = $706

Variable Speed Drive Pumping
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5.  DEVELOPMENT OF A PIPING SYSTEM COST ESTIMATION METHOD 
 

5.1  Overview of GCHP Piping Cost Program 
 
GCHP systems have proven be the energy efficient and reliable systems but these systems are 
still cost prohibitive in many regions of the United States.  Many designers are unsure of the first 
costs of GCHP components and are unable to financially evaluate options.  Design decisions are 
made that may have unnecessarily high cost options and the system will eliminated from 
consideration by lower cost alternatives. The lack of cost estimating programs available to 
designers has directly contributed to this result. Previously, engineers would design a geothermal 
system, unsure of the impending installation costs, and rely on contractors to meet the 
construction budget. With lack of information, designers could not determine which section of 
the design pushed the cost over budget. This limits their ability to design around this portion of 
the project and lower first cost, which would make the GCHP system cost competitive with 
conventional systems. 
   
A GCHP piping cost estimating program has been developed from data gathered from by two 
primary sources. The first was from direct surveys distributed to contractors and engineers 
asking for cost information for previous contracts. The summaries of these surveys are discussed 
in Chapter 2.  The second was from 2001 R.S. Means Mechanical Cost Data publications. Many 
GCHP components are similar to component used with water loop heat pump systems or chilled 
water systems, so cost data is directly available.  Other items are similar and adjustments were 
made to correct to GCHP specific materials.  For example, the cost of interior HDPE piping can 
be estimated by using the installation cost of PVC or steel piping and adjusting the material and 
joint fabrication cost of HDPE. 
 
The cost analysis program has been divided into seven (7) different sheets with an additional 
sheet of miscellaneous calculations which contains no useful information output, but is used only 
for internal calculations performed on the other seven sheets. Those seven sheets are as follows: 
 

1. Start 
2. Intro (Introduction) 
3. Ext. Headers (Exterior Headers Installation) 
4. Int. HDPE (Interior High Density Polyethylene Piping Installation) 
5. Vert. Loop (Vertical Bore Hole Field Installation) 
6. Summary 
7. Instr. (Instructions) 
 

The program is initiated with the “Start” on the opening sheet with a “Start” which brings up the 
“Intro” sheet.  The Introduction sheet is a brief explanation of the software with some simple 
instructions. For more detailed instructions the user can refer to the Instructions sheet, which 
gives instructions for each input cell. From the “Intro” sheet, the user can select the arrows 
located at the top and bottom of each sheet and will be forwarded to the next or previous sheet 
depending on the direction of the arrow selected. Each sheet can also be accessed independently 
by selecting the sheet tabs at the bottom of the screen. 
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Only the “Exterior Headers”, “Interior Piping HDPE”, and the “Vertical Loop” sheets require 
user inputs. The user is required to input values or select values from a pull down menu for all 
cells colored yellow on these pages. All other cells are locked and cannot be changed without 
unlocking the sheet. The lock code has been set as “HVAC”.  The start page has been included to 
give a general overview of the operation of this software with basic instructions and information 
concerning the need and development of this program.  
 
5.2  Exterior Headers 
 
Section 1:   This section has been developed to handle the cost of piping for all exterior in 
ground headers. Figure 5.1 shows the “Ext. Headers” sheet as viewed from most computer 
screens with Section 1 viewed. This section covers the cost of installing all exterior pipe except 
the piping used in the vertical portion of the well fields or in the close header section covered in 
Section 2. Excavation and backfill are included in Section 3. 

 
Section 2: This section is used to cover the cost of the close-header portion of the project, 
which is used to distribute flow to various sections of the bore field when a vault is not used. 
Reverse-return headers should be accounted for in Section 1.  The user needs only to scroll down 
the page from Section 1 to view Sections 2, 3, and 4. Figure 5.2 shows the screen view of both 
Sections 2 and 3. 
 
Section 3: This section covers the cost of excavation and backfilling buried headers and can 
include multiple sets of headers. Header configurations are restricted to common sizes. 
 
Section 4.  This section covers the cost of buried vaults.  Only common vault sizes are listed 
with their typical configuration of circuits. When ground loops become too large to house valve 
manifolds in equipment rooms, vaults provide an option to distribute flow to various portions of 
a well field.  A vault is typically used to distribute flow through several header circuits of the 
field, each containing several vertical loops.  
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Figure 5.1 Exterior Header Sheet – Section 1 

 
Figure 5.2 Exterior Header Sheet -  Sections 2 & 3 
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5.3  Interior Piping 
 

Section 5: This section is used to determine the material cost of all un-insulated and 
insulated interior HDPE piping. Installation costs are determined in Section 8. 
 
Section 6: This section is used to determine the cost of all insulated and un-insulated HDPE 
fittings for interior piping. Again, installation costs are included in Section 8. 
 
Section 7: All building penetrations costs pertaining to HVAC piping can be calculated in 
this section. 
  
Section 8: The cost of installing all interior piping can be determined in this section. This 
includes elevation differences and pipe hanger options. Figure 5.3 is a view of this section of the 
“Int. HDPE” sheet. 
 

 
Figure 5.3 Interior Piping Sheet 

 
Section 9: This section covers the cost of heat pump connections and offers the options of 
braided hose, copper piping, or HDPE piping with male adapters. It also includes several valve 
options, which cover service valves, control valves, check valves, circuit setters and Y-strainers.  
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5.4  Vertical  Loop 
 
Section 10: This section was developed to deal specifically with the cost of drilling the 
vertical well portion of a well field. It includes the costs of installing the HDPE pipe in the 
vertical wells and the costs of backfilling with various types of grout. A designer may choose 
various types of grout, which have varying thermal properties and consequently will require 
different size well fields and thus, different first costs. A view of this section can be seen in 
Figure 5.4.  The user can extend the type of grout and fill options since the program can be 
unlocked and modified. 

Figure 5.4 Vertical Loop Sheet 
 
5.5  Output Summaries 
 
This section provides an overview of the component costs.  Designers can focus on higher cost 
components where other options may have potential for making the project economically viable 
without compromising performance. This section collects the totals from each of the previous 10 
sections and combines them in both tabular and graphic output. Figure 5.5 is an example of the 
output table and Figure 5.6 shows the component cost via a bar graph.   The example used is for 
a 40,000 ft2, 4-story office with a 100-ton (350 kW) cooling load requiring 20,000 ft. of bore.  
The program can be modified by the user to add other indicators.  For example, the bore cost in 
this case $6.63/ft ($132,572/20,000 ft) or $1326/ton ($132,572/100 tons.)  The entire piping 
system cost is $10.97/ft ($219,360/20,000 ft) or $2194/ton ($219,360/100 tons.)   
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Figure 5.5  Output Summary Sheet – Totals 

Figure 5.6  Output Summary Sheet – Graphic 
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6.  PROCEDURES AND RESULTS 
 
6.1  Application of Results - Example Building 
 
This section discusses the application of the two public domain programs that have been 
developed with the information gathered from this project and previous studies.  The programs 
both contain embedded instructions with more detailed information than what is presented in this 
report.  Use of these tools will be demonstrated for a 40,000 ft2, 4-story office with a 100-ton 
(350 kW) cooling load requiring 20,000 ft. of bore located in Birmingham, Alabama.  A floor 
plan with a piping diagram for one level of the building is shown is shown in Figure 6.1.  Figure 
6.2 is a plan view of the central loop vertical bore locations and external header connections. 
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Figure 6.1  Example Building Floor Plan, Piping Diagram and Heat Pump Locations 

 
The GCHP energy estimation program discussed in Chapter 4 of this report provides the results 
for the base case.  The input screens for the building and heat pump system are shown in Tables 
4.1 and 4.2.  Details of the cooling and heating loads and the design conditions are shown in 
Table 4.1.  Information regarding the performance of the heat pumps and local utility rates is 
shown in Table 4.2.  Table 4.3 provides the resulting operating hours and equivalent full load 
heating and cooling hours (EFLHh, EFLHc), bin data for Birmingham, and columns for adjusting 
the building operating schedule.  The following figures provide the output energy and demand 
for cooling (Table 4.4a), heating, and annual totals (Table 4.4b).   These results may be of 
primary concern to many users.  However, the focus of this project was on the pumping and 
piping systems of GCHPs.  Thus, the information displayed in Tables 4.5 and 4.6 are more 
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pertinent for this discussion.  The annual energy consumption of 132,431 kWh for the heat pump 
compressors and fans is shown with the pump energy use in the graphs that follow. 
 

80 Bores - 1" HDPE U-Tubes @ 250'

6" Main Headers

20'

20'

2"

2" 1" 1-1/2"

Vault

 
Figure 6.2  Vertical Bore Field Arrangement with Reverse-Return Headers and Vault 

 
Table 6.1 is the head loss summary for a sub-central piping loop design that will be considered as 
an alternative design that links three 4-ton (14 kW) heat pumps into a common loop that is 
connected to nine 270 ft. bores via a set of 2-inch (5 cm) headers.  The low head requirement of 
this loop permits the use of the circulator pumps that draw 200 watts.  Although the 
manufacturers curve indicates the pump can provide the total head shown in Table 6.1, test 
results indicate the head is lower than advertised.  A flow reduction from 12 to 11.5 gpm would 
result when a system curve is drawn through curve of the measured data shown in Figure 3.3.   
 

Table 6.1   Head Loss for Sub-Central Loop 
 40,000 s.f. B'ham Office, 3rd Floor   
 Three 4-ton Units (SW,W, W-core)   
 Water @ 86ºF   

Qty. Item gpm L, Leqv or Cv ∆h/100' (ft) ∆h (ft) 
1 Heat Pump Coil 12   12 
2 1"  Valve (Ball) 12 Cv=35  0.54 
2 1 1/4"  HDPE  Butt Reducer 12 5.5 7.45 0.82 
1 1 1/4"  HDPE  SDR 11 Pipe 12 60 2.37 1.42 
2 1 1/4"  HDPE  Butt Tee Branch 12 17.2 2.37 0.81 
1 2"  HDPE  SDR 11 Pipe 36 180 3.06 5.5 
1 9-Loop Header End Take-Off 4 18 1.02 0.18 
1 9-Loop Header Last Side Take-Off 4 28.5 1.02 0.29 
1 1"  HDPE  SDR 11 Pipe 4 620 1.02 6.32 
1 1"  HDPE  UniCoil 4 10.2 1.02 0.1 

   Total= 27.98 

 
As mentioned previously, the ASHRAE Handbook of Fundamentals (2001) recommends a self-
imposed limit of 70 ft. (21 m) of head for efficient hydronic system design.  Table 6.2 is the 
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result of a design for the central ground and building loop piping system shown in Figures 6.1 
and 6.2 that complies with this limit. 
 

Table 6.2 Head Loss from Most Remote Heat Pump through Most Remote U-tube 
 

 40,000 s.f. B'ham Office, 100-tons   Water @ 86ºF  
 20  4-Ton + 8 3-ton Units, 4 Floors  

Qty. Item gpm L, Leqv or Cv ∆h/100' (ft) ∆h (ft) 
 Most Remote Heat Pump    

1 Heat Pump Coil 9   12
1 3/4"  Zone Valve (Ball) 9 Cv=25  0.3
2 1"  Ball Valve (App) 9 Cv=35  0.32
1 1"  Rubber Hose  SCH 40 Pipe 9 10 8.19 0.82
 Interior Piping to most remote units    

1 1"  HDPE  SDR 11 Pipe 9 50 4.4 2.2
4 1"  HDPE  Butt Elbow 9 10 4.4 1.76
2 1"  HDPE  Butt Reducer 9 4.8 13.2 1.27
2 1 1/4"  HDPE  Butt Tee Run 9 5.5 1.41 0.15
1 1 1/2"  HDPE  SDR 11 Pipe 21 40 3.4 1.36
2 1 1/2"  HDPE  Butt Tee Branch 21 10.7 3.4 0.73
1 2"  HDPE  SDR 11 Pipe 33 40 2.61 1.04
2 2"  HDPE  Butt Tee Run 33 4.1 2.61 0.21
1 2"  HDPE  SDR 11 Pipe 45 20 4.62 0.92
2 2"  HDPE  Butt Tee Branch 45 15.2 4.62 1.4
1 3"  HDPE  SDR 11 Pipe 78 40 1.89 0.76
2 3"  HDPE  Butt Elbow 78 32 1.89 1.21
2 3"  HDPE  Butt Reducer 78 10.3 12.94 2.67
1 4"  HDPE  SDR 11 Pipe 158 40 2.03 0.81
2 4"  HDPE  Butt Tee Run 158 7.1 2.03 0.29
1 4"  HDPE  SDR 11 Pipe 234 30 4.23 1.27
2 4"  HDPE  Butt Tee Branch 234 36.9 4.23 3.12
2 4"  HDPE  Butt Tee Run 234 7.1 4.23 0.6
2 4"  HDPE  Butt Reducer 234 13.4 14.87 3.99
 Ground Loop to most remote U-tube    

1 6"  HDPE  SDR 11 Pipe 300 300 0.99 2.98
2 2"  HDPE  Butt Tee Run 38 15.2 3.38 1.03
2 2"  Butterfly Valve 38 Cv=144  0.32
1 2"  HDPE  SDR 11 Pipe 38 120 3.38 4.05
1 2"  HDPE  SDR 11 Pipe 34 40 2.75 1.1
2 2"  HDPE  Butt Tee Run 34 15.2 2.75 0.84
1 2"  HDPE  SDR 11 Pipe 30 40 2.19 0.87
2 2"  HDPE  Butt Tee Run 30 15.2 2.19 0.67
1 2"  HDPE  SDR 11 Pipe 27 40 1.8 0.72
2 2"  HDPE  Butt Reducer 27 6.8 5.41 0.74
1 1 1/2"  HDPE  SDR 11 Pipe 23 40 4.02 1.61
2 1 1/2"  HDPE  Butt Tee Run 23 3 4.02 0.24
1 1 1/2"  HDPE  SDR 11 Pipe 19 40 2.83 1.13
4 1 1/2"  HDPE  Butt Elbow 19 10.7 2.83 1.21
2 1 1/2"  HDPE  Butt Tee Run 19 3 2.83 0.17
1 1 1/2"  HDPE  SDR 11 Pipe 15 40 1.84 0.74
2 1 1/2"  HDPE  Butt Reducer 15 6 3.56 0.43
1 1"  HDPE  SDR 11 Pipe 11 40 6.35 2.54
2 1"  HDPE  Butt Tee Run 11 2.7 6.35 0.34
1 1"  HDPE  SDR 11 Pipe 8 40 3.55 1.42
2 1"  HDPE  Butt Tee Branch 8 7.1 3.55 0.5
1 1"  HDPE  SDR 11 Pipe 3.8 520 0.93 4.84
1 1"  HDPE  UniCoil 3.8 10.2 0.93 0.09
 Total= 67.8
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6.2  Application of Results – Pump Energy 
 
The results of the GCHP pump energy estimation program presented in Tables 4.5 and 4.6 are 
summarized in Figure 6.3.  As noted in the figure title, the pump is sized to meet the system flow 
and head requirements.  The unitary circulator pump system consumes the lowest amount of 
energy while the continuously operating pump consumes the greatest amount.  The variable 
speed pump is very near the circulator pump consumption while the primary-secondary system 
use is high due to the continuously operating building loop pump.  
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6.3  Energy Use for 4-Story, 40 Hour/Week Birmingham Office Building 
 

Figure 6.4 demonstrates the impact of adding capacity to the installed pump(s) greater than the 
design calculations indicate is necessary.  This practice is a method of dealing with the variations 
in installation quality and the possibility pumps may not meet advertised performance.  The 
results are predictable for the three constant speed options but the results for the variable speed 
pump are more complex.  The results indicate a variable speed drive will provide lower 
consumption when pump flow is oversized compared to when head is oversized an equivalent 
amount. 
 
Figure 6.5 demonstrates the impact of weekly occupancy hours on annual pump energy use.  As 
expected the continuously operating pump experienced no change and the primary-secondary 
system change is moderate.  However, it should be noted the variable speed drive becomes the 
lowest energy system as the operating hours are extended.  This is a result of the reduction in 
hours where the pump operates at minimum demand.  The circulator pumps energy use increases 
proportional to equivalent full load operating hours. 
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Figure 6.4  Pump Energy Use with Over-sizing 
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Figure 6.5  Pump Energy Use for Various Occupancy Schedules for 25% Oversized Pumps  
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6.3  Application of Results – Piping System Cost 
 
Chapter five provided an overview of the GCHP pipe cost estimation program.  The cost was 
calculated for a central loop with ground loop piping consisting of an 80-bore vertical loop with 
eight sets of reverse-return headers to central vault and an interior HDPE piping network.  Each 
heat pump connection includes two isolation ball valves and a single motorized zone valve to 
provide the necessary means of flow control for a variable speed drive.  The second column of 
Table 6.3 summarizes the results. 
 
The third and fourth columns summarize the results of a repeat of the procedure for sub-central 
loop.  This scenario would pipe heat pumps in groups of 3 or 4 units.  Ground loops are located 
around the perimeter of the building.  Three rows of loops that “ringed” the perimeter were 
required. An example was prepared for a loop with 12 tons (42 kW) of capacity.  This was then 
prorated in the last column on a per ton basis to arrive at an equivalent total for the entire 
building.  The total cost of this loop is 8% lower than the cost of the central loop.  In both cases a 
base drilling cost (drilling and U-tube insertion) of $5 per foot was used.  Pipe, grout, and grout 
placement cost were computed separately.  The results of this procedure fall within the mid-
range of the values reported in Chapter 2. 
 

Table 6.3  GCHP Piping Cost Comparison for Four-Story Office 
Sub-Central Loops  

Section 
 

Central Loop Single Loop Building 
Header Piping $6385 $526 $4382
Close Headers 0 $352 $2932
Excavation/Fill $2493 $227 $1891
Vaults $13069 0 0
Interior Pipe $20427 $2968 $24873
Interior Fittings $9603 $802 $6681
Penetrations $440 $234 $1949
Int. Pipe Inst. $9402 $519 $4323
Unit Connections $16986 $2328 $14411
Vertical Loop $132680 $16,120 $134280
 $211,485 $195,722
Vertical Loop $/ft. $6.63/ft $6.63/ft
Total Loop $/ft $10.57/ft $9.67/ft
Vertical Loop $/ton $1327/ton $1343/ton
Total Loop $/ton $2114/ton $1956/ton

 
This procedure was repeated for the 57,000 ft2 (5,300 m2) elementary school shown in Figure 
6.6.  Results of the comparison are provided in Table 6.4.  The 20% reduction in cost of the 
unitary system is more significant compared to the reduction in the four-story office due to the 
layout of the building.  The single-story large footprint design increases the cost of a central loop 
because of the long interior piping runs even though the vertical portion of central loop system 
was 10% smaller.  The unitary loop system benefits because the large footprint provides ample 
space for loops to be located near the heat pump units. 
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Figure 6.6  School with Central Loop 

 
Table 6.4  GCHP Piping Cost Comparison for School 

Unitary Loops (132 bores @ 245 ft.)  
Section 

Central Loop 
120 @ 245 ft Single Loop Building 

Header Piping $22655 $85 $3744
Close Headers 0 $117 $5134
Excavation/Fill $4053 $80 $3520
Vaults $14858 0 0
Interior Pipe $66442 $1230 $54120
Interior Fittings $17252 $113 $4979
Penetrations $440 $234 $10296
Int. Pipe Inst. $32175 $60 $2644
Unit Connections $26664 $362 $15928
Vertical Loop $195039 $4876 $214544
 $379,570 $314,909
Vertical Loop $/ft. $6.63/ft $6.63/ft
Total Loop $/ft $12.91/ft $10.71/ft
Vertical Loop $/ton $1300/ton $1430/ton
Total Loop $/ton $2530/ton $2099/ton
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6.4  Summary of Project Results and Conclusions 
 
The summaries of the project result and conclusions are presented topically. 
 
GCHP Piping Loop Cost 

• The total cost of vertical ground loops in the survey results ranged from a low of $3.00 
per ft. to a high of $16.60 per ft. 

• The cost of headers is a significant portion of the total cost of total and in several cases 
exceeded the cost of the vertical bore. 

• In the cases where respondents provided both vertical bore cost and total cost, the cost of 
the vertical portion ranged from $3.27 to $6.90 per ft. 

• Information is provided in the Appendix and the GCHP pipe cost estimating program to 
determine typical costs for piping components and installation. 

• Multiple unitary and sub-central GCHP loops are often a lower-cost alternative to central 
loops. 

 
Pumps 
 

• The pumps tested during this project typically provided 5% to 10% lower head than 
indicated by pump curves. 

• However, the small circulator pumps tested (<250 w) required 15% to 25% lower 
electrical demand than nominal values. 

• The small (<250 w) wet rotor and close coupled pumps demonstrated relatively poor 
system (wire-to-water) efficiencies (20% to 28%) at medium to high flow rates. 

• The system efficiencies of variable speed drive pumps experience only moderate declines 
down to 50% flow rate but declines are dramatic below 40% and 50% of rated flow. 

• A similar relationship for efficiency vs. drive frequency is exhibited. 
• The efficiency declines result from decline in all three components (pumps, motors, and 

drives). 
• Pump over-sizing is common in GCHP systems and some reports indicate pump energy 

exceeds the combined consumption of the system compressors and fans. 
 
Pump/Piping System 
 

• The small on-off circulator pumps arranged in unitary or small (<5 or 6 heat pumps) sub 
central loops are the lowest pump energy options for low to moderate occupancy 
buildings (<60 hours/week). 

• Flow variations through individual heat pumps were significant when 10 small circulators 
shared a common loop and the system part load varied from 10% to full load. 

• Flow variations through individual heat pumps were insignificant when 4 small 
circulators shared a common loop and the system part load varied from 25% to full load. 

• The variable speed pump option was the lowest energy system for buildings with higher 
occupancy hours (>60 hours per week) and was a close second to circulators for buildings 
with low to moderate occupancy. 
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• Variable speed drives operating in low to medium occupancy buildings consume a 
significant portion of the total energy during unoccupied periods. 

• The energy consumption of continuous constant speed pumping of central systems is 
30% to 50% of the totals for the GCHP compressors and fans with no pump over sizing.  
This consumption can approach or exceed the GCHP compressor and fan total with as 
little as 25% over-sizing of the head and flow capacity. 

• Primary-secondary systems provide only modest improvements compared to continuous 
pumping if the primary pump is continuous. 

 
6.5  Recommendations  

 
The summaries of the project recommendations are also presented topically. 
 
GCHP Piping Loop Cost 

• Designers are encouraged to use the results of the project cost surveys, and component 
prices in the GCHP cost estimator program to avoid higher cost items with designs that 
have viable lower cost alternatives.  

• Entities that provide GCHP incentives are encouraged to condition financial or in-kind 
contributions with a requirement to provide itemized and documented costs for the entire 
system. 

• In small and medium size buildings [<50,000 ft2 (5,000 m2)], unitary and sub-central 
loops will generally be the lowest installation and operating cost options.  Designers are 
encouraged to use these as the first and second options in these buildings and use central 
loops only when conditions make unitary or sub-central loops impractical.  

 
Pumps 
 

• Avoid continuous constant speed pump systems. 
• Avoid primary-secondary pump systems with continuous constant speed primary pumps. 
• The manufacturers of small circulator pumps (<250 w) are encouraged to enhance 

efficiency and differential head capacity.  
• Designers are encouraged to avoid using low efficiency circulator pumps in systems that 

have a calculated head loss above 25 ft. (8 m) of water until performance is improved.  
An alternative is to provide a secondary or booster pump that is cycled on at higher loads 
in conjunction with circulators on each heat pump. 

• As an alternative to over sizing, designers are encouraged to observe the modest 
reduction in the cooling and heating capacity of modern high efficiency, extended range 
water-to-air heat pumps when flow rates are reduced from standard practice to the 2 to 
2.5 gpm/ton (2.2 to 2.7 Lpm/kW) range. 

 
Pump/Piping System 
 

• When variable speed drives are used, effort should be made to turn them off and provide 
some alternative means of pumping water to critical building zones during low or 
unoccupied periods.  This is especially recommended for building with occupancy less 
than 60 hours per week. 
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• Until higher head small circulators pumps are available, use of more than 6 units in sub-
central loops should be avoided unless the total system head loss at full load is less than 
30 ft. (9 m) of water or load dependant secondary or booster pumps are incorporated. 

• Heat pump water coils remain a high percentage of total system loss.  Manufacturers are 
encouraged to reduce losses since there is no correlation between high efficiency and 
high head loss in this application as demonstrated in Figure 2.5. 

• The relatively low material cost for high density polyethylene (HDPE) alters the standard 
rules of thumb regarding the optimum economic head loss.  Designers should consider 
replacing high head loss sections to minimize pump size.  However, gross over sizing 
should be avoided because of the difficult of purging air and debris from ground loop 
sections with low water velocities (< 1.0 fps at design flow). 
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 APPENDIX  
 

List HDPE Pipe Cost 
(Multipliers applied based on job size and customer classification) 

Small Pipe 3/4” 1” 1-1/4” 1-1/2” 2” 
155’ U-tube coil (2 tubes) $144 -    
205’ U-tube coil (2 tubes) $190 $215    
255’ U-tube coil (2 tubes) $237 $354 $571   
305’ U-tube coil (2 tubes) - $424 $683   

500’ coil $200 $315 $460 $610 $935 
20’ Straight Length $8 $12.60 $18.40 $24.40 $34 

Fittings      
Socket 90ºL $2.80 $3.22 $4.10 $8.42 $11.18 
Socket Tee $4.08 $5.37 $8.60 $16.45 $15.05 

Socket Coupling $1.80 $2.50 $3.22 $4.95 $5.16 
Butt 90ºL $7.12 $7.12 $8.48 $10.75 $12.04 
Butt Tee $10.57 $10.80 $11.62 $16.32 $15.00 

Adpt. Tee with Swivel $35 $35 $40   
Male Adpt. with Swivel $24 $28 $38   

Larger Pipe 3” 4” 6” 8” 10” 
Straight Price per ft. $2.70 $4.45 $9.40 $15.80  

Coils $4.03 $6.66    
 

List HDPE Valve Vault Cost 
(Multipliers applied based on job size and customer classification) 
Main Header Pipe Size HDPE Vault Cost 

4” $13,520 
6” $14,640 
8” $16,020 
10” $20,727 

Outlet pipe Size Cost per Circuit with Valves 
2” $1,235 
3” $1,430 
4” $1,795 
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GchpCost – A Ground Loop Cost Estimating Program 
Draft Copy for Your Review and Feedback 

 
We are in the process of finalizing a project funded by ASHRAE to investigate optimum methods of piping and 
pumping closed-loop geothermal heat pump systems for larger buildings. In addition to a formal report the project 
will generate two “free” programs that may be helpful to the industry.  The first program is a loop cost estimating 
program, a draft is appended to this e-mail or it can be downloaded from www.geokiss.com. The second program, 
which is expected to be available in the Spring 2003, is a pump and heat pump energy calculation program. 
 
We are requesting your assistance in providing information in two areas where our data is insufficient, which are the 
cost of the exterior ground loop headers (and vaults) and the heat pump connections.  Please provide as much 
information as possible and leave blanks in spaces requesting any information items which you do not have.  This 
program will be made available to the industry at no cost with or without your assistance. So I encourage you to 
provide input to make it accurate as possible.  THANK YOU. 
 

Steve Kavanaugh, Ph.D., Steve Lambert, P.E., and Dapne Messer, E.I.T. – The University of Alabama 
 
Headers 
For job in which you are involved, what percentage of following header types are used? 
Reverse-return ____%,  Close Headers ____%,  Direct return ____% 
 
For the most frequently used header type for the previous question, estimate the: 
Supply/Return Header set cost with   5 U-tube take-offs: Mat’ls = $______, Labor = $______, Total = $______ 
Supply/Return Header set cost with 10 U-tube take-offs: Mat’ls = $______, Labor = $______, Total = $______ 
Supply/Return Header set cost with 20 U-tube take-offs: Mat’ls = $______, Labor = $______, Total = $______ 
Avg. header depth =____ft.,  Typical distance from building (or vault) to last take-off = _____ft. 
 
Header Connections or Vaults 
Percent of jobs in which you use the following: 
Vaults ____%,  Header Connections in Building ____%,  Individual loops for each unit ____% 
 
For a typical small job:               Mat’l          Labor         Total              Mat’l       Labor         
Total 
A vault will have ____ to _____ header sets and cost $______/$______/$______to $ ______/$______/$______ 
For a typical large job:               Mat’l          Labor           Total            Mat’l       Labor         
Total 
A vault will have ____ to _____ header sets and cost $______/$______/$______to $ ______/$______/$______ 
 
Heat Pump Connections – Interior 
Percent of jobs in which connections between the interior piping and heat pumps are made with: 
Braided Hose____%,  HDPE____%,  Rubber Hose____%, Copper____%, Other (_____) ____% 
 
The most frequently used components on jobs you are familiar with include the following: 
Isolation ball valves  Yes ( ) No( ),      Motorized valves  Yes ( ) No( ),     Solenoid valves Yes ( ) No( ) 
Balancing valves       Yes ( ) No( )       Auto flow control valves(Griswold type)               Yes ( ) No( ) 
Swivel connections   Yes ( ) No( )       Pressure/Temperature Ports Yes ( ) No( ) 
 
For the most frequently used type of connection, estimate the cost of a set for a 
Three ton heat pump connection: Materials = $______, Labor = $______, Total = $______ 
Five    ton heat pump connection: Materials = $______, Labor = $______, Total = $______ 
Ten     ton heat pump connection: Materials = $______, Labor = $______, Total = $______ 
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GCHP Piping Cost Survey 
 
GSHP Professionals,         
 
An important step in the design of closed loop ground source heat pumps is to optimize the 
piping cost in order to improve the economic value compared to conventional HVAC systems.  
A frequently used option is to reduce heat exchanger size, which will lower efficiency and 
increase energy consumption. However, experienced designers can look at the big picture of the 
overall system costs and make adjustments to designs without compromising performance.  
However, cost information is critically important to this practice.  For example, note the cost 
summary that recently appeared in the newsletter, Outside the Loop (Vol. 1, No. 2). 
 
A 95,300 ft2 high school in Iowa with 180 bores @ 160 feet each, 54 high efficiency heat pumps, and a variable 

frequency drive on the loop pump.      
Well field cost with enhanced grout  $ 2.38/ft2 ($7.88 per foot of bore) 
HVAC piping (Interior for heat pumps)  $ 2.54/ft2 
HVAC equipment (Heat pumps, OA furnace, pump) $ 2.45/ft2 
DDC control system    $ 0.67/ft2 
Balancing     $ 0.09/ft2 
Sheet metal     $ 4.18/ft2 
Pipe and duct insulation    $ 0.68/ft2 
                              $ 12.99/ft2 
 
The interior piping and ductwork (with insulation) account for $7.40 per square foot compared to 
only $2.38 for the ground loop. This accounting would suggest that a wise designer would 
consider less elaborate piping and ducting before reducing ground loop size.   
 
We solicit your assistance in providing information to engineers and their clients that will 
discourage the practice of reducing the quality and length of ground loops.  We have attached a 
one-page form for you to complete.  Please refer to recent jobs that you have completed and send 
us an estimate of the amount you were paid to do the project.  If you do not have the time to 
itemize the components, then just send us the total price with a short description of the loop field, 
the headers, the backfill or grouting methods, and the drilling conditions. If you can send reports 
on several jobs, we would appreciate one or more typical jobs, a difficult job, and a job of less 
than average difficulty. We also invite you to include a few of the practices that cause you 
unnecessary difficulty.  We will not identify individuals as the source other than to indicate 
average costs by region (i.e. southeast, upper mid-west). 
 
We hope you choose to participate.  We think we can help by showing others how to contain 
GHP costs without shortchanging the ground loop and the ground loop contractor.   
 
Sincerely yours, 
 

 
Steve Kavanaugh 

Thanks For Your Assistance 
Box 870276 -- Tuscaloosa, AL 35487-0276 -- 205-348-1649 --205-348-6419 (FAX) -- skavanaugh@coe.eng.ua.edu  
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Job Cost Summaries and Comments 
Job Location_________________ Building Type (Elem. School, Office, etc.)_______________ 
Loop Field Description:  Number of Bores______ Average Depth  __________Grid ____×____  
 U-tube diameter_______ Bore Diameter_______ Backfill or grout__________________ 

Drilling conditions ________________________________________________________ 
Loop cost (Total or $ per ft. of bore) = ______________________ 
 
 
Header Description & Cost (Total or $ per ft of header, $ per ft of sub-header, etc.) 
 
 
 
 
(Examples:  Ten U-tube loops connected to close headers with a 2-inch line to building, 4 ft. depth ($3.50 per ft.) 
  --OR-- Twelve sub-headers, eight bores each on 2” reverse-return headers connected in a vault with 6” headers to 
the building, 3 ft. depth. (2” @$3 per ft, 6” @ $11 per ft, vault @ $1100 each, 6” penetrations @ $200 each).  
 
Job Location_________________ Building Type (Elem. School, Office, etc.)_______________ 
Loop Field Description:  Number of Bores______ Average Depth  __________Grid ____×____  
 U-tube diameter_______ Bore Diameter_______ Backfill or grout__________________ 

Drilling conditions _______________________________________________________ 
Loop cost (Total or $ per ft. of bore) = ______________________ 
 
 
Header Description & Cost (Total or $ per ft of header, $ per ft of sub-header, etc.) 
 
 
 
 
(Examples:  Ten U-tube loops connected to close headers with a 2-inch line to building, 4 ft. depth ($3.50 per ft.) 
  --OR-- Twelve sub-headers, eight bores each on 2” reverse-return headers connected in a vault with 6” headers to 
the building, 3 ft. depth. (2” @$3 per ft, 6” @ $11 per ft, vault @ $1100 each, 6” penetrations @ $200 each).  
 
Practices or Designs that are Difficult and/or Costly for You to Follow: 
1. ___________________________________________________________________________ 
______________________________________________________________________________ 
______________________________________________________________________________ 
______________________________________________________________________________ 
2. ___________________________________________________________________________ 
______________________________________________________________________________ 
______________________________________________________________________________ 
______________________________________________________________________________ 
3. ___________________________________________________________________________ 
______________________________________________________________________________ 
______________________________________________________________________________ 
______________________________________________________________________________ 

Please feel free to Add Additional Comments or Job Cost Summaries on Attached 


