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The Science behind a Ground Source Heat Pump

Summary

A Ground Source Heat Pump (GSHP) is a heating system which uses stored
heat energy from the ground to heat a building. Solar energy travels from the sun
to the earth in the form of radiation and, on average, 46% of this energy is
absorbed by the ground. The evaporator in the GSHP absorbs this heat which is
then transferred throughout the GSHP via the refrigerant. A refrigerant is a fluid
that transfers heat from the ground to the building, in the form of latent energy, by
changing its phase from liquid to gas. The compressor then pumps this gas,
increasing its pressure and temperature, into the condenser. The condenser is
located inside the building. When the gas reaches the condenser, it releases the
latent energy to warm the building. It becomes condensed and is then passed in to
the expansion valve where its pressure is reduced and then circulated back into the
evaporator to carry on the cycle.
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1.0 Introduction

The purpose of this document is to describe the operation of a ground source
heat pump (GSHP) by explaining the function of its four primary components.

This document was assembled by a team of undergraduate engineering students
from Carleton University, and we are:

Kahn Rafat ISLAM
Sahil KAZI

Christophe SIEWECKE
Mohammed ZABER

The client for whom this document has been assembled is the Kanata
Environmental Network (KEN). KEN is a volunteer-run organization in the
community of Kanata. They: “share information about practical, ecologically-
friendly solutions with Kanata residents, and work towards a green and healthy
future for all [1].”

This document will consist of a product description split into six sections.
Section 2.0 consists of an overview of the whole GSHP system, as well as an
explanation of where the énérgy in a GSHP comes from. Next, section 2.3 deals
with the réfrigerant used in the GSHP and how to choose it. Section 3.1 contains a
description of the function of the evaporator. In section 3.2 there is an explanation
of how the compressor operates, followed by section 3.3 which covers the function
of the evaporator. Finally, section 3.4 consists of a description of how the
expansion valve operates, and how it is used in the GSHP.

A glossary is included at the end of this document. All terms which can be
found in the glossary appear in italics throughout the document.
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2.0 System Overview

In this section, a system overview of the GSHP will be presented. First a general description
of the system will be given, followed by an explanation of where the énérgy for a GSHP comes
from.

2.1 General Description

In Fig. 1 below we see an example of what is called a direct expansion GSHP. The
compressor pumps gaseous refrigerant from the ground through the house where the refrigerant
becomes a liquid which then flows back to the ground where it becomes a gas. This is the type of
system we will be looking at throughout this document. Such systems can be configured to both
heat and cool a house; we will focus only on the heating cycle of such a system*.

Liquid refrigerant is
pumped into the ground

“™ W -

Gaseous refrigerant
is pumped back into
the house

— W) <«
T~

Solar energy stored in
thhe ground is extracted

Figure 1. System Diagram [2, modified]

*Visit this website for more information concerning using a GSHP to cool:
http://oee.nrcan.ge.ca/publications/infosource/pub/home/Heating_and_Cooling_with_a_Heat Pump_Section4.cfm
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The heat pump cycle shown below in Fig. 2 is the cycle that is used by a GSHP to heat a
house. The compressor is what pumps the working fluid from the evaporator to the condenser
and back again. The four primary components (evaporator, compressor, condenser, expansion
valve) of this cycle will be looked at in detail in section 3.0.

COMPRESSOR

EN=-pressure Ow=pressure
En=lEmperature ovw=lemperature

vapour VAROUr

m o
T =
Z <
— o
HEAT A ) @
z al
o T
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EN=pressure LOW=Dressure,

EXPANSION VALVE

Figure 2. Heat pump cycle [3, modified]

2.2 Energy Source: the Sun

The sun is the main source of énérgy for the ground source heat pump. Below we will
discuss feat transfer from the sun to Earth, radiation and how much of this radiation is absorbed
by the ground and what the determining factors of this absorption are.

The sun is mainly made up of hydrogen [4]. This hydrogen is then transformed into helium
by nuclear fusion and it is due to this that fgat is emitted from the sun. This héat energy then
reaches Earth by the process known as radiation.
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Radiation transfers énérgy from one source to another through the medium of space [5]. This
transfer is done via é/ectromagnetic waves [6]. When the radiation reaches the earth, before
reaching the ground the radiation has to pass through the atmosphere, the 0zone /ayer, the clouds,
water vapour, etc. [3]. Some of the radiation is also reflected back into space. On average 46% of
the radiation from the Sun is absorbed by the ground [3].

Fig. 3 below shows the radiation distribution of the sun.

SUN

ENERGY REFLECTED

Figure 3. Radiation distribution [3]

The absorption of the radiation by the soil will depend on the water content of the soil, slope
of the land, water content of the soil, vegetative cover etc. [7]. Thus, absorption will vary from
place to place.

Now that we know the main source of énérgy for the Ground Source HéatPump, we will
discuss what transfers this energy from the ground to the building: the réfrigerant.
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2.3 The Refrigerant

This section will explain what a réefrigerantis (2.3.1) and how it is chosen (2.3.2).

2.3.1 What is a Refrigerant?

The working fluid of a closed-loop diréct expansion GSHP is a refrigerant [8)]. Refrigerants
are used for both heafing and cooling and are also known as anti-freeze. A refrigerant is any
substance which is used to transfer /gat from one point to another, often using the change of
state from gas to /iquid and vice-versa. In the past, most réfrigerank were CFCS
(chlorofluorocarbons) and HCFCs (hydro-chlorofluorocarbons) [9]. These substances are quite
effective and efficient réefrigerants however they have severe environmental impacts, notably
causing depletion of the 0zone layer, as well as being very potent gréeenhouse gases. These
substances are now banned and other more eco-friendly réefrigerants must be used.

2.3.2 Choosing a Refrigerant

The choice of the refrigerantin a GSHP is a relatively complex process. It requires striking
a delicate balance between performance efficiency, safety and environmental concerns [10]. One
important performance criterion is the normal boiling point of the refrigerant. The réfrigerant
must boil at a femperature which is lower than the ground fgmpérature for it to be useful in the
GSHP. Another performance criterion is density. The higher the density, the higher the énergy
transferred by the réfrigerant. One popular refrigerant is R-134a, because its normal boiling
point is low enough to allow the system to function, and also because of its relatively high
density (see Table 1 below). Since R-134a has a higher density than propane or isopentane, it
transfers more /64l per unit volume which increases its efficiency.

Table 1. Thermodynamic properties of some compounds used as refrigerants [11]

Molecular Heat of Constant P
Name and Weight Density Melting T Boiling T Vaporization Heat Capacity
Formula (g/mol) (kg/m3) (°C) (°C) (kJ/kg) (k)/kg-K)
R134a H,FC-CF, 102.03 1206 -101 -26.6 2159 0.853
Propane C;Hg 44.096 582 —187.7 —42.1 42531 1.701
[sopentane CsH |, 72.15 626 —-160 28 3444 2.288
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3.0 Product Description by Component

Now that we have discussed the source of heat energy in a GSHP (the sun), as well as the
substance used to transport this heat throughout the system (the refrigerant), we will move on to
the four primary components of the GSHP which play a vital role in its function. As shown in
Fig. 2 (in section 2.1), the four components that we will discuss are the evaporator, the
compressor, the condenser and the expansion valve.

3.1 The Evaporator

We will start with the evaporator; first we will discuss its location and function, then the
principles behind its operation: /éaf absorption and latent 17€rgy during phase change.

3.1.1 Location and Function

The evaporator is underground tubing (refer to Fig. 1 in section 2.1). It is usually made of
hollow metal pipes, which have good thermal conductivity. The transfer or energy in the heat
pump cycle (refer to Fig. 2 in section 2.1) starts at the evaporator [3].

The refrigerant flows inside the evaporator. It is used to transfer /éaf energy to the house
from the ground. When the evaporator absorbs this heéat energy, it vaporizes the refrigerant
which transforms the réfrigerant from /iquid to gas. This process is called evaporation. This gas
is then compressed by the compressor and is circulated throughout the GSHP.

3.1.2 Heat Absorption

As mentioned in section 2.2 above, 46% of the sun’s radiation is trapped by the ground. This
heat energy from the ground is then absorbed by the evaporator.

The radiation from the sun is absorbed by the ground and it is then absorbed by the
evaporator. The evaporator then transfers the hgar energy to the refrigerant and the réfrigerant
changes from /iquidto gas. Latent énergy is then stored in the gas as will be explained in section
3.1.3 below.

3.1.3 Latent Energy during Phase Change

Any Substance can take the form of or a combination of three phases: a so/id, /iquid, or gas
[13]. A change in chemical and thus physical properties causes the substance to change phase.
We can cause a change in physical or chemical properties by adding or removing /éat from any
substance [14].
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The heat added or released which causes a change of state is called latent /éat (or latent
energy) [14]. Latent énérgy or latent heat is the énéergy which causes bonds between adjacent
molecules of a substance to break. Bonds hold molecules of a substance together. The
absorption of én6rgy causes bonds to break, while the release of énérgy causes bonds to be
formed.

Fig. 4 below illustrates the concept of latent ér76rgy during the phase change of water, which
is analogous to the behaviour of the réfrigerantused in the GSHP.

In Fig. 4, the y-axis represents the fempeérafuré and the x-axis represents the énergy
supplied. As we supply énergy to the water, the femperature increases. When we reach part D,
the femperalure stops rising, but the €n6rgy, on the x-axis, keeps on increasing. This énérgy is
the latent énéergy which is used to break the bonds between water /mo/ecu/es to change to gas.

T(°C)
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Water

| Ice +
| water
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Figure 4. Latent energy and phase change of water [15, p. 13]

To summarize, the Evaporator absorbs /6at énergy from the ground, which is used to turn
the refrigerant into a gas. In doing so, the gas stores this énéergy in the form of latent gnérgy. It is
then circulated throughout the GSHP using the compressor and this latent énérgy that is stored in
the gas is then released in the house, via the condenser. These components will be more
elaborately discussed in sections 3.2 and 3.3 below.
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3.2 The Compressor

The purpose of this section is to describe the role and the working principles of the
compressor. The compressor is what actually initiates the flow of réefrigerant through the whole
ground source h6at pump (GSHP) when it pumps the réfrigérant from the evaporator. A brief
description of the compressor can be found in section 3.2.1, followed by an explanation of the
working principles of the compressor in section 3.2.2.

3.2.1 About the Compressor

A compressor is a mechanical device that increases the pressure of a gas by reducing its
volume. Compression of a ¢as naturally increases its femperature [16]. Fig. 5 shows what a
compressor looks like.

Compressor

Figure 5. Compressor [17]

There are different types of gas compressors but the best suited one for a GSHP is called the
reciprocating compressor [18]. It gives out gas at a high pressure and fémperaturg. It has higher
efficiency and it needs less electricity to run than other compressors.
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The compressor has an inlet (see Fig. 6) where it takes gas in and an outlet where it releases
the gas. The compressor is made of a strong metal such as stainless steel.

Figure 6. Schematic diagram of compressor [19, modified]

In the GSHP the inlet is connected to the evaporator and the outlet to the condenser (see Fig.
6). There is a piston that moves back and forth in the compressor. When the piston moves
backwards, it sucks the gas from the evaporator. Since the réfrigerant changes completely from
liquid to gas in the evaporator, the compressor only takes gas from the evaporator. While the
piston moves forward, the gas is compressed causing volume to decrease and pressure to
increase [20]; this will be discussed more in section 3.2.2.2.

3.2.2 Working principles

The compressor uses the principles of pressure and conservation of energy to operate. These
working principles of a compressor are discussed in sections 3.2.2.1 and 3.2.2.2.

3.2.2.1 Pressure

Pressure is defined as force per unit area, which is calculated by taking the total force and
dividing it by the area over which the force acts [21]. The equation of pressure is given by
Equation 1 below:

Eq. 1 P =- [21]

Where P is Pressure, F is the net force and A is the area over which the force is acting.
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The piston is moving constantly due to a motor. When the pisfon moves forward inside the
compressor the inlet closes and the outlet opens (see Fig. 6). The ideal gas law states: “Pressure
is inversely proportional to volume for gas in a closed system and directly proportional to
temperature” [22]. This explains why the pressure of gas inside compressor increases
instantaneously with femperature. As the piston moves forward the gas compresses and the
volume decreases which, in turn, increases pressure and fémpérature according to the ideal gas
law.

A balloon can be used as a model to explain the compressor (see Fig. 7 below).

Force

Figure 7. Analogy of a compressor [Mohammed Zaber]

If we take a balloon, fill it up with water, hold the balloon upside down and squeeze the
balloon at the bottom, the water at the bottom will move upwards. This happens due to an
external force being applied at the bottom of the balloon. The pressure inside the balloon
increases which forces the water to move upwards. This is what happens in the compressor
except that the femperature increases because the compression is much higher than that in the
balloon.
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3.2.2.2 Conservation of Energy:

According to the law of conservation of energy, £/16rgy in a system may take on various
forms (e.g. mechanical and heat) [23]. The law of conservation of energy states that €7¢rgy may
neither be created nor destroyed. Therefore, the sum of all the energies in the system is a
constant.

As shown in Fig. 3, the input of électrical energy to the compressor from the electrical
source of the house is what starts the compressor. The é/ectrical energy moves the piston back
and forth in the compressor causing the é/éctrical energy to be converted into mechanical energy
[9]. When the p/ston moves backwards, it sucks the gas from the evaporator. Then the piston
moves forward, the inlet closes and the gas compresses increasing the pressure and fempeérature
(refer to Fig. 6). This increase in pressure and fgmpérature cause the mechanical energy to be
converted into /éat energy.

= <Yeid glet=1 Mechanical
energy energy

Figure 8. Conservation of energy [Mohammed Zaber]

The role of the compressor in the ground source /8af pump is to increase the pressure of the
gaseous refrigerant, which also causes the pressure of the réfrigerant to rise. As we have seen,
electrical energy transforms into fat energy in the compressor. The compressor also helps the
gaseous refrigerant to maintain the flow in the GSHP. The hot gas is then pumped into the
condenser which will be discussed in section 3.3.
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3.3. The Condenser

3.3.1 Introduction to the Condenser

This section of the GSHP description consists of three principles which will be used to
explain how #heat is released from the réfrigerant and circulated throughout a house via a
condenser. The condenser is a radiator used to circulate /€4t throughout a room by condensing a
substance from a gas to a /iquid (see Fig. 9). To understand how the condenser releases heat
from the réfrigerant and circulates it throughout a house, the concepts of latent énérgy during
phase change, the second law of thermodynamics, and the conservation of énérgy will be
explained. Fig. 1 below is one example of a condenser which consists of coils underneath the
floor that transfers /184t to the cooler air above.

The high temperature refrigerant is pumped into the condenser by the compressor [24, p. 4].

Radiator Coils

Figure 9 — Hollow coils located beneath the floor [25]

3.3.2 Release of Latent Energy during Phase Change in the Condenser

An explanation of latent énergy during phase change enables us to understand how héat
is transferred from the refrigerant to the cooler air inside a room. Any Substance can take the
form of or a combination of three states: a $0/id, /iquid, or gas [26]. A change in chemical and
thus physical properties causes the substance to change state (or change phase). We can cause a
change in physical or chemical properties by adding or removing /éat from any substance [27].

Page 14 of 23



Kahn Rafat ISLAM, Sahil KAZI, Christophe SIEWECKE, Mohammed ZABER
The Science behind a GSHP

The heat absorbed or released which causes a change of state is called latent /gat (or
latent énergy) [28]. Latent énergy or latent heat is the énérgy which causes bonds between
adjacent molecules of a substance to break. Bonds hold adjacent mo/éculés of a substance
together. The absorption of énérgy causes bonds to break, while the release of énérgy causes
bonds to be formed [27]. As a result, /8at absorbed or removed in the form of latent énergy
causes no further increase in fgmpérature, rather a change

of phase [27]. For example, water begins to boil when the
temperature of liquid water plateaus at 100 degrees ea—a
Celsius [28]. The additional inflow of heat is used as
energy to break bonds between adjacent water molecules
rather than increase the femperature [29]. The release of
latent energy is a result of phase change. Fig. 10 on the
right illustrates the absorption of latent énergy during
evaporation and the release of latent énergy during
condensation. This process occurs inside the coils of the

condenser (refer to Fig. 9). | \‘r
| (liquid)

In the condenser, latent énergy is released as a Figure 10 — Condensation of liquid water
result of phase change. The initiation of phase change via t0 Water vapor [30]
a condenser will be explained in section 3.3.3.

3.3.3 How Is Phase Change Initiated? (Second Law of
Thermodynamics)

A lemperature gradient is defined as a difference in fempérature between two points. The
second law of thermodynamics states that /#eat will always spontaneously flow from a point at a
higher femperature to a point at a lower femperaturé[3][27]. For example, a cup of hot coffee
will become cold over time if it is exposed to the cooler fémpérafuré of the atmosphere (as
shown in Fig. 11). This is an example of the second law of thermodynamics which can be
applied to the condenser. In the condenser, the high temperature refrigerant will lose its heat to
the cooler air above. Hear will spontaneously flow from the high femperature refrigerant to the
lower femperaturé atmosphere. As a result, the femperature of the refrigerant will decrease.
The temperature of the refrigerant continues to decrease until the réfrigerant begins to change
phase. At that point, the fémperature of the refrigerant remains constant. During phase change,
latent énergy is released as hgatto the house.
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Figure 11 —A cup of hot coffee at temperature (T,) greater than the temperature of the atmosphere (T) [Sahil Kazi]

3.3.4 How Is Energy Conserved During Condensation? (Conservation
of Energy)

During the condensation process, €1€rgy is conserved. The /aw of conservation of énergy
(refer to section 3.2.2.2) enables us to understand how énergy is conserved. This /aw states that
energy can neither be created nor destroyed [13]. As a result, énérgy can only be transformed
from one state to another [13]. In the condenser, the release of latent énérgy during phase
change transforms into /éat, also a form of énergy. Thus, énergy is conserved. This heat then
rises and warms the cooler air above the condenser. As a result, the femperature of the air rises.

3.3.5 Summarizing the Condenser

The condenser completes the /18at transfer process. Energy absorbed by the réefrigerant from
the ground (the evaporator) is pumped by a compressor into the condenser. As a result of the
difference in femperature between the réefrigerant in the coils and the air above, phase change is
initiated causing the release of latent /6al. The release of latent /64t causes the femperature of
the cooler air inside the house to increase. This is a result of the second law of thermodynamics.
Throughout each process, the total £nérgy remains constant, thus n6rgy was conserved (law of
conservation of energy). The final process, completing the /éat pump cycle of the GSHP, is the
expansion process by an expansion valve (see section 3.4.).
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3.4 Expansion Valve

In this section, we will explain the operation of the expansion valve and describe a
simplified expansion process.

The expansion (or throttle) valve (see Fig. 12 below) is the fourth and final major
component in the GSHP’s heating cycle. The valve is usually located in the same place as the

compressor (see Fig. 5 above in section 3.2), about halfway between the evaporator and the
condenser (see Fig. 2 in section 2.1)

Figure 12. A typical expansion valve [31]

It is the counterpart to the compressor [32] which the high pressure /iquid refrigerant must
pass through in order to reach the evaporator after leaving the condenser. The primary purpose of
the expansion valve is to sufficiently decompress the refrigerant to allow it to boil in the

evaporator. This can be done simply by increasing the diameter of the pipe in which the
refrigerant is flowing as shown in Fig. 13 below.
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HIGH PRESSURE

Figure 13. The expansion process [Christophe SIEWECKE]

LOW PRESSURE

14

As mentioned in section 3.2.2.2, volume and pressure are inversely proportional. What this
means for the fluid passing through the expansion valve is that once the diameter of the pipe
increases, the volume will also increase, causing the pressure to drop. The expansion process
will also result in a significant fempérature drop [3], which, with low pressure, will allow the
refrigerant to boil once again in the evaporator and restart the /gafing cycle.

4.0 Conclusion

In closing, we hope that this document contributes to an understanding of how a GSHP
works.

We are available to answer any questions and respond to any concerns that may arise. We
are also open to make changes where necessary to better integrate this document with the KEN
website. Please contact us by email at:[group8gshp@groups.live.com|
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Glossary of Terms

CFCsand HCFCs:

Chemical Properties:

Direct expansion GSHP:

Electromagnetic waves:

Energy:

Gas/Gaseous:

Greenhouse gases:

Heat/Heat energy:

Liquid:

Mechanical energy:

Molecules:
Normal Boiling Point:

Nuclear fusion:

Ozone layer:

Refrigerants which have been banned because of their serious
damage to the ozone layer when released into the atmosphere [9].

Properties which describe how a substance changes into a
completely different substance [33].

A GSHP in which the refrigerant flows directly into the compressor
once it leaves the evaporator [28].

Another term for light. Light waves are fluctuations of electric and
magnetic fields in space [34].

Equivalent, but not limited, to the ability to exert a push or pull on
another object. Energy can take on many forms [35].

One of the three physical states of matter. A gas fills its container,
taking both the shape and the volume of the container [26].

Group of gases, including carbon dioxide (CO2), which contributes
to the greenhouse effect. This effect is thought to be the cause of
Global Warming [36].

Heat energy is the result of the movement of atoms, molecules or
ions in solids, liquids and gases. Heat energy can be transferred from
one object to another and the transfer or flow due to the difference in
temperature between the two objects is called heat [37].

One the three physical states of matter. Occupies a fixed volume
(shape of container) [33].

Mechanical energy is the energy that is possessed by an object due to
its motion or due to its position [38].

A group of two or more atoms held together by bonds [39].
Temperature at which a substance boils at atmospheric pressure [40].

Process by which nuclear reactions between light elements form
heavier elements [41].

Layer of ozone (O3) that is in the upper atmosphere. It protects Earth
from ultraviolet (UV) radiation which causes sunburns [42].
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Physical Properties:

Piston:

Refrigerant:

Solar system:

Solid:

Temperature:

Thermal Conductivity:

Properties which can be observed without changing the identity of a
substance [33].

A solid cylinder or disk that fits into a hollow cylinder and moves
back and forth under the pressure of a fluid, or moves or compresses
a fluid, as in a pump or compressor [43].

Substance such as R-134a used in heat pump/refrigeration cycles
(such as a refrigerator) to transfer heat [44].

The solar system is the sun, its eight major planets, the dwarf planets
and small bodies, and interplanetary dust and gas under the sun’s
gravitational control [45].

One of the three states of matter. Solids hold their shape and have a
fixed volume [26].

Measure of the kinetic energy of molecules (measure of how fast
molecules are moving) [46].

The measure of the ability of a material to transfer heat. The higher

the thermal conductivity, the more easily heat will be transferred by
the material [47].
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