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Preface
This paper focuses on the use of geothermal heat pumps (GHP) 
for heating, ventilation, and air conditioning (HVAC) applications. 
It explains the basic elements of geothermal energy and the op-
erating principles of GHP. It also examines different types of GHP 
and discusses the benefits and challenges of using a GHP system 
for residential and commercial applications versus implementing a 
traditional HVAC system. 

GHPs can significantly reduce the energy consumption of commer-
cial and residential buildings. They also lower the carbon emissions 
resulting from a building’s energy use by up to 50%.

What is geothermal energy?
The earth contains a large amount of thermal energy, which is 
stored underground in the form of a temperature sink (see Figure 
1). This energy is an abundant source of heat, in addition to being 
renewable and clean.  Geothermal energy can be used for a vari-
ety of applications, including electricity generation, direct use (spas 
or hot springs), and commercial or residential heating and cooling 
operations. The amount of thermal energy depends on where and 
how deep one bores into the ground. Figure 2 shows the average 
ground temperature for the three main uses of geothermal energy. 

In recent years, GHPs have been given several different labels: Geo-

1. Department of Energy, Guide to Geothermal Heat Pumps, p. 1

Figure 1: Earth acting as a solar battery

Figure 2: Temperature ranges for various geothermal applications



Exchange, earth coupled, or ground source heat pumps.1  GHPs use 
the shallow thermal capacity of the planet to heat and cool build-
ings. Figure 1 shows how thermal energy is absorbed and stored 
below the earth’s surface.

The earth acts as a solar battery that absorbs almost half of the 
sun’s energy. Underground temperatures provide the GHP con-
nected to the building with a heat source in winter and a heat sink 
(cooling) in summer. The GHP uses a series of underground, liq-
uid-filled pipes to transfer heat from the building to the ground or 
the ground to the building.

GHPs utilize the lagging effect between ground temperatures and 
the seasonal air temperatures. Ground temperatures are relatively 
constant below the earth’s surface. Above ground, air temperatures 
are usually more variable. 

Figure 3 shows the contrast between ground temperatures and air 
temperatures.  At a depth of 8 ft (2.4 m), the ground temperature 
fluctuates between 38°F to 62°F. This data establishes the consis-
tency of undisturbed soil temperatures below the earth’s surface at 
depths of 2 ft (0.6 m), 5 ft (1.5 m), and 8 ft (2.4 m). In summer, the 
ground acts as a heat sink such that heat from the warm building air 
can be transferred to the ground. Likewise, the warm ground (45°F 
(7.2°C)) can be used to transfer heat to the building These ground 
temperatures can be relied on as sources of clean, renewable energy 
for heating and cooling throughout the year. How GHPs work

A GHP is similar to a traditional water source heat pump. However, 
instead of using a boiler and/or cooling tower water loop, a GHP 
uses a ground heat exchanger. A ground heat exchanger consists 
of high-density polyethylene (HDPE) pipes buried below the frost 
line in the ground. 

The frost line is the depth where the ground temperature will never 
drop below 32°F (0°C) freeze condition.  This depth varies between 
0 to 8 ft (2.4 m) across North America. See Figure 4.  

Below the frost line, undisturbed soil in the ground remains with-
in the desired range of temperatures, which is generally between 
40°F (4.4°C) and 85°F (29.4°C). Water circulates through the under-
ground pipes and either extracts or supplies heat to the building. 

Below the frost lines at depths of 250 ft (76.2 m), the ground tem-
peratures can provide a relatively constant water temperature for 
HVAC design purposes.

A GHP can also provide supplemental heat to a domestic water 
tank if it is equipped to do so. 

In principle, GHPs function like conventional heat pumps in a tra-
ditional HVAC system. However, there is a fundamental difference. 
Traditional air source HVAC systems collect and remove heat using 
the outside air. GHPs transfer heat through a network of under-
ground pipes connected to a building.

Geothermal Heat Pumps

Figure 3: Soil Ambient Temperature (Possible Available Water 
Temperature)

Figure 4: Frost line



Sustainable, clean, and energy efficient

Figure 5 shows the cooling cycle of a GHP. Figure 6 shows the 
heating cycle of a GHP. Unlike traditional air-source heat pumps, 
GHPs find it comparatively easy to extract or disperse heat through 
the liquid—typically 40°F (4.4°C) heating design and 85°F (29.4°C) 
cooling design temperatures—circulating in their underground 
pipe network. 

These temperatures lead to a key product requirement - piping in-
sulation. In the heating mode, the leaving water temperatures can 
drop below the ambient space dewpoint inside the cabinet (35°F 
(1.6°C)).

Therefore to prevent piping and heat exchanger condensation 
which can cause water damage, all piping should be insulated in 
the cabinet. In general, some type of antifreeze is added to these 
systems to prevent freezing. In addition, the water freezestat must 
be lowered from its normal trip point to around 30°F (-1.1°C) before 
unit shut down.

A GHP only needs 1 kilowatt-hour (kWh) of electricity to produce 
12,000 British thermal units (BTUs) of cooling and heating. A stan-
dard air-source heat pump uses 2.2 kWh to produce the same num-
ber of BTUs on a day when air temperatures rise to 95°F (35°C). 
Therefore, geothermal systems are twice as efficient as the top-rat-
ed air conditioners and almost 50% more efficient than the best gas 
furnaces.

Types of GHPs
Open loop systems
Open loop systems employ groundwater heat pumps that use water 
from a well, lake, or stream as a heat source or heat sink. Water tem-

peratures are linked to climatic conditions and may vary between 41°F 
(5°C) and 77°F (25°C). This application must meet all local groundwater 
codes and regulations. 

Closed loop systems
There are two types of closed loop systems: a ground loop and a 
pond/lake loop.

A ground loop system uses a brine-to-air heat pump to propel 
brine (anti-freeze) solution through a piping loop below the earth’s 
surface. The system uses the piped solution to transfer heat from 
the ground to the building or the building to the ground.

The heat exchange loop may be in vertical bores or in horizontal 
trenches. The installation costs of closed loop systems are higher 
than conventional HVAC systems because of the size of the pipes 
and the expense of boring into the ground.

The general equation use to determine pipe length is :
	              q = L* (Tg-Tw)/R
                            Where 
                                  q = Heat Capacity (btu/h)
                                  L = Pipe Length (ft)
 	                    T = temperature of ground and water (°F)
                                  R = Resistance (h•ft•°F/btu)

The resistance value R is evaluated as a function of time related to 
soil type, pipe material, water flow, soil temperatures and piping 
geometry. The industry often uses 250 ft (76.2 m) of pipe per ton 
of cooling with 15 ft (4.6 m) to 20 ft (6.0 m) of space between pipes. 
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Figure 5: Refrigeration cycle: cooling water loop
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Designers can use bores that are 400 ft (121.9 m) to 500 ft (152.4 m) 
deep to decrease this footprint. This reduces the number of wells, 
and also lowers the amount of piping needed to connect the wells 
together.

Most electric companies that provide tax rebates for GHPs speci-
fy ground loop temperatures must remain between 40°F (4.4 °C) 
and 90°F (32.2°C). Temperatures usually fall outside this range at 
a depth of 200 ft (60.9 m). However, one can achieve the correct 
temperature range at a depth of 150 ft (45.7 m) in certain parts of 
the United States. Consequently, local geological conditions are a 
vital consideration for closed loop system costs.

Pond/lake loop systems
This is an alternative form of closed ground loop that uses a heat 
exchanger submerged in a pond or lake. The water source must be 
resistant to drought. It is considered mid-range in terms of costs. 

Typically, one can expect to achieve 25 to 50 tons of heating and 
cooling for every acre of the water’s surface area. Pipes may be 
arranged in a slinky orientation, as shown in Figure 7, to reduce 
installation costs and boost the performance of the heat exchanger.

This type of closed ground loop can also be configurated to use 
lake plates. In this setup, a series of perforated metal plates are 
submerged in a body of water. These are installed parallel to one 
another and connected by a series of pipes used to transfer heat 
from the water. These solutions are excellent options for buildings 
situated close to suitable bodies of water and are a great option for 
building owners.

Benefits of GHP Systems
Geothermal systems offer numerous benefits to building owners 
looking to replace traditional HVAC applications in older buildings 
or install innovative, energy-efficient solutions in new builds.

Energy Efficiency
GHPs are significantly more efficient than traditional air source or 
water source heat pumps despite operating in a very similar way. 
Estimates show that GHPs can reduce energy consumption by 25 
to 50% when compared to air source heat pumps. On cold winter 
nights, GHPs may reach energy efficiencies as high as 300 to 600%.2

Figure 8 shows the efficiencies of GHPs. You use a small amount of 
electricity to run the system.  1 kWh of energy purchased from the 
grid is combined with a significant amount of free energy absorbed 
from the ground (3 to 4 kWh). Therefore, the efficiencies yielded 
are three to four times the amount of energy it takes to run the 
system.

Heating and cooling account for the majority of a building’s energy costs. Now, 
with the rising prices of utilities such as electricity and natural gas, it makes 
sense to choose a system that mitigates these costs as much as possible.

Figure 7: GHP Configurations
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2. Department of Energy
3. Myers, “As Cities Begin Banning Natural Gas, States Must Embrace Building Electrification via Smart Policy.”
4. Ivanova, “Cities are Banning Natural Gas in New Homes, Citing Climate Change.”
5. GeoExchange, “Geothermal 101.”



Heating and cooling account for the majority of a building’s energy 
costs. Now, with the rising prices of utilities such as electricity and 
natural gas, it makes sense to choose a system that mitigates these 
costs as much as possible.

There is also an increasing focus on carbon-reduced alternative en-
ergy in the United States. Several municipalities have banned the 
use of fossil fuels for heating. Since June 2019, many councils have 
prohibited the installation of natural gas equipment in new build-
ings.3 

Recently, half a dozen other jurisdictions in the United States have 
passed laws to encourage electric-only buildings. These are buildings 
that only use electric, not natural gas or other fossil fuels. For example, 
the town of Brookline, MA with a population of 58,000 people has 
banned the use of natural gas for all newly constructed buildings and

major renovations starting January 2021, per article 21 of the local 
ordnances.4  

These challenges are not confined to commercial buildings. Orga-
nizations such as GeoExchange have assessed the energy require-
ments of a typical home and discovered that heating and cooling 
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Figure 8: Transfer heat efficiency of GHPs

Figure 9: Cost of a conventional HVAC system vs a GHP system

Heating and AC
60%

Lighting and 
appliances

27%

Hot water
13%

Heating and AC
18%

Lighting and 
appliances

27%

Hot water
6%Geothermal energy 

(provided free 
from the earth)

49%

consumes more than 70% of the energy. GHPs cut these energy 
bills in half because the ground supplies a large amount of free 
energy. Building owners can also expect to see a decrease in their 
utility bills for hot water if the system is properly equipped to heat 
their standard water supply.

Reduced carbon footprint
GHPs cut the carbon emissions resulting from a building’s energy 
use by up to 50%.5 GHP systems reduce oil consumption in 100,000 
residential homes by 2.15 million barrels a year. GHPs release vir-
tually no emissions onsite. Overall, GHPs have the lowest emission 
levels of all HVAC applications.

6. Department of Energy.
7. Internal Revenue Service, “About Form 3468, Investment Credit.”
8. Oklahoma Gas & Energy Company, “OG&E Presents Gulfport Energy with $237,000 Rebate.”
9. ENER�GY STAR. “Renewable Energy Tax Credits.”
10. ENER�GY STAR. “ENERGY STAR Certification for Your Building.”

Overview of benefits from GHPs

Reduce energy - 20 to 25%

Cut carbon emissions from a building’s energy use by up 
to 50%

Heat pumps have a life expectancy of more than 20 
years, while underground components may run more 
than 50 years

Save money with commercial and residential tax and 
utility rebates

Source: Department of Energy. 



Extended service life
The expected service life of GHPs can vary. However, components 
such as the heat exchanger and overall infrastructure of the GHP 
operate underground and may run successfully for 25 to 50 years. 
The heat pumps, which are not exposed to any outdoor elements, 
have an expected service life of more than 20 years.6

Tax rebates
Commercial tax credits
Federal tax credits are available for commercial buildings that use 
geothermal systems. The building is eligible for this rebate in the 
United States if construction on it began before January 1, 2022. The 
tax credit is equal to 10 % of the total system cost, with a five-year 
Modified Accelerated Cost Recovery (MACR) system depreciation 
on a total system and cost basis. There is no limit to the amount of 
the total credit. Tax credits claimed against the costs of GHPs can be 
combined with the credits for wind and solar energy.

For more information, or to apply for these tax credits, please refer 
to Internal Revenue Service form 3468.7 Utility and energy compa-
nies offer sizable tax rebates for customers that implement energy 
efficiency projects. Rebates are substantial if commercial buildings 
use GHPs to deliver significant savings. 

These rebates provide two benefits. Firstly, a customer is able to 
make significant cost savings on their utility bills by switching to 
clean electricity. Secondly, the electricity company is able to procure 
new business. 

Electric utility companies experience much lower demand in the 
winter when many buildings switch over to fossil fuels for heating. 
Electric utilities offer incentives for GHPs because this offers them 
steady demand throughout the year. In addition, the high efficiency 
of geothermal systems reduces their peak demand in the summer. 
There are very high costs for electric utilities to support peak de-
mand in the summer. Importantly, GHPs help to preserve and main-
tain the environment of each municipality.

Residential tax credits
Homeowners in the United States can benefit from tax credits cour-
tesy of the Energy Policy Act of 2005. This allows households to claim 
a tax credit against what they spend on a GHP system.

This tax credit expired in 2016 but was reinstated in February 2018, 
retroactively including any geothermal system installed on or after 
January 1, 2017. The tax credit was initially set at 30%, however the 
credit was reduced to 26% through 2022 and stepping down to 
22% in 2023.9  The incentive is set to expire after December 31, 2023.

Buildings need to meet one of the following conditions to qualify 
for these tax credits. First, the GHP system must be installed be-
tween October 3, 2008 and December 31, 2023. Second, the Envi-
ronmental Protection Agency (EPA) must certify that the home is an 
ENERGY STAR building.

ENERGY STAR buildings save energy and help to protect the envi-
ronment by reducing greenhouse gas emissions. The EPA will certify 
a home as an ENERGY STAR building if it earns a score of 75 or high-
er. The score verifies that the home performs better than at least 
75% of similar buildings nationwide.10 The information submitted in 
the certification application must be verified by a licensed profes-
sional engineer or registered architect to be eligible. 

Rebates are frequently an option for both installing new GHPs and 
replacing old HVAC systems. Some utility companies offer their cus-
tomers as much as $1,000 for every ton of heating and cooling in-
stalled. This is a major incentive for homeowners who want to install 
GHPs in their homes.

Additional Benefits of GHPs
Geothermal heat pumps have several unique benefits over a tradi-
tional water source heat pump.  A GHP pump is typically designed 
to handle a wider range of water loop temperatures (30°F (-1.1°C) 
to 90°F (32.2°C)) as compared to a regular WSHP (65°F (18.3°C) to 
85°F (29.4°C)), which means that heat can be extracted from or 
transferred to the water in a variety of conditions. This can aid in a 
higher overall efficiency. While there is a high upfront construction 
cost associated with GHP infrastructure, there is no need to install 
a boiler or cooling tower, eliminating the cost of maintenance as-
sociated with that equipment. Overall HVAC system lifespan is an-
other consideration. The lifespan of a GHP system is typically longer 
than a traditional air source heat pump because most of the system 
components are located inside the building or underground. 

Considerations for using GHPs
GHPs provide many benefits in terms of energy efficiency and emis-
sions reduction, but our building owners and designers must take 
certain considerations into account before choosing these systems.

Initial costs
The main obstacles to installing GHP systems are the upfront capi-
tal costs. However, payback periods along with innovative business 
models and financing help to reduce the financial burden and risk 
for consumers. The initial cost of installing a GHP can be several 
times that of a conventional HVAC system but this additional cost is 
returned in energy savings within 5 to 14 years.13

Overall, the installation costs of a ground loop system can be high. 
Alongside the components of a GHP, one must factor in the cost 
of excavation for the network of underground pipes. However, if 
the installation costs are part of the mortgage for a new building, 
savings are realized immediately because utility savings offset the 
increase in mortgage repayments.

Case study: Gulfport Energy, Oklahoma (2017)
In April 2017, Oklahoma Gas and Electric (OG+E) presented 
Gulfport Energy with a rebate of $237,000. The rebate was 
granted for the cost savings Gulfport Energy achieved as a 
result of energy-efficient projects at their newly constructed 
corporate headquarters in Oklahoma City.8

Gulfport Energy’s headquarters take advantage of GHPs to 
drive savings and ensure an optimal work environment. Their 
building uses 168 geothermal wells to provide 430 cooling 
tons and more than 2 million annual kWh savings. This dra-
matically reduces the amount of electricity that the building 
needs for heating and air conditioning.8

11. Taylor, “HVAC Contractors Dig into the Ground, Building One ‘Geo Hood’ at a Time.”
12. Whisper Valley, “What is a Zero-Energy Capable Home?”
13. Department of Energy, GeoVision: Harnessing the Heat Beneath Our Feet, p.35
14. Halozan, “Direct Exchange Ground Source Heat Pumps.” p.26
15. �Bais and Gupta, U.S. Geothermal Heat Pump Market Size by Product, by Application, Industry Analysis Report, Regional Outlook Application 

Potential, Competitive Market Share & Forecast, 2018-2024.
16. �LEED credits are assigned to buildings by the non-profit U.S. Green Building Council (USGBC). LEED credits are comprised of a set of rating 

systems for the design, construction, operation, and maintenance of sustainable buildings, homes, and neighborhoods. These rating systems 
are designed to assist building owners and operators be environmentally responsible and use resources effectively.
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Geological concerns
Certain areas may prevent the installation of GHPs due to geolog-
ical constraints such as unfavorable properties in the soil or rock.

Load imbalance
Based on their location and designed purpose, some buildings are 
heating or cooling dominant.  This can present challenges for a 
geothermal system, because it is important to design the ground 
loop to avoid significant escalation or deescalation of ground tem-
peratures based on annual heat exchange patterns. This problem is 
easily corrected with a hybrid system. A hybrid system supplements 
the heating and cooling capacity of a geothermal loop with a boiler 
or water tower. Hybrid systems offer greater flexibility than stand-
alone GHPs. 

Geothermal energy - past and future
Geothermal energy dates back to 1912. Heinrich Zoelly, a Mexi-
can-Swiss engineer, was the first person to utilize the thermal en-
ergy stored in the ground as a source of heat for HVAC systems. 
The United States and Germany were conducting more research 
into ground source heat pumps and direct expansion (DX) systems 
by the 1940s. However, ground source heat pumps were not fully 
commercialized until the 1970s.14

The market share of DX heat pumps is currently less than 5%, which 
is partially due to the limited space and land available to horizontal 
ground collectors.14 This accounts for the lack of public awareness of 
geothermal energy as compared to other renewable energy sourc-
es such as wind, solar, and nuclear power.

GHPs in the sustainable energy market
According to a report published by Global Market Insights, the mar-
ket for GHPs is projected to exceed $2 billion in the United States 

by 2024.15 Builders and developers are expected to fuel this increase 
in demand as they try to obtain Leadership in Energy and Environ-
mental Design (LEED) credits and reduce energy costs.16

Globally, Europe is the driving force behind the growth of the geo-
thermal energy market. Sweden, for example, has made it man-
datory to eliminate oil usage and has a large focus on renewable 
energy, including geothermal.

The number of GHPs installed in the United States is increasing ev-
ery year. While currently lagging behind Europe, the U.S. market 
is becoming more favorable for GHPs. States like California, New 
York, and Vermont have implemented strict energy codes and are 
committed to reaching certain climate goals while also encouraging 
residents to use air source and water source heat pumps. 

The United States military will also implement geothermal technol-
ogy in many new installations or remodels of existing facilities.

Heat pump products are becoming more advanced and efficient. 
The rapid adoption of variable speed compressors, connected de-
vices, and building automation systems creates further incentives 
for customers to tap into the renewable energy market and up-
grade their older systems. 

Overall, geothermal heat pumps are proving to be a compelling 
premium-efficiency heating and air-conditioning solution aligned 
with decarbonization macro trends. The numerous benefits of GHPs 
are making them a viable option for a variety of customers.  With 
unmatched energy efficiencies, low environmental impact, long ser-
vice life and flexible heating and cooling applications, GHPs can 
help people create comfortable and sustainable places to live, work 
and play.
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