A The
\m/ University
oy Of
O £ Sheffield.

The Performance of Vertical Ground Source Heat Pumps

(GSHPs) in Hot/Dry Climates: Saudi Arabia as a Case Study

A thesis submitted to the University of Sheffield for the degree of Doctorof
Philosophy in the Faculty of Engineering

By
Faisal Ali Alshehri
The University of Sheffield

Faculty of Engineering

Department of Mechanical Engineering

Submission Date

June 2022



Declaration

| hereby declare that the work presented in this thesis has not been submitted for any otherdegree

or professional qualification, and that it is the result of my own independent work.

Faisal Ali Alshehri

29/05/2021




Abstract

Nowadays the use of renewal energy has become a fundamental choice in most developed and
developing countries, in order to reduce the energy demand and CO2 equivalent emissions. In order
to reduce this demand, conventional air-conditioning technology should be replaced by more
efficient renewable energy systems, such as those employing ground source heat pumps (GSHPs).
The GSHP is cooling/heating system that transfer heat to or from the ground benefiting from the
fact that the underground temperature remains almost constant all year-round at ten metres in depth
or more. This means that the effect of the ambient temperature is limited and the difference in
temperature between what is considered desirable (inside the building) and the surrounding medium

(underground soil) is small compared to the outside temperature.

In a hot and dry country such as Saudi Arabia, air-conditioning systems consume seventy per cent
of the electrical energy. In order to reduce this demand, the performance of groundsource heat
pumps (GSHPs) compared to the conventional air source heat pump (ASHP) systems which have a
poor performance when the air temperature is high. In Saudi Arabia,this can be as much as 50 °C.
Unfortunately, the majority of the previous research into GSHPs has been focused on cold regions.
Therefore, for the first time in such a hot/dry climate, the performance of ground source heat pumps
(GSHPs) has been evaluatedcompared to the conventional air source heat pump (ASHP) systems in
this type of climate. Both systems were comprehensively modelled and simulated using the

Transient System Simulation (TRNSYS) and Ground Loop Design (GLD).

In order to assess this configuration, an evaluation of a model of a single-storey office building,
based on the climatic conditions and geological characteristics that occur in the city of Riyadh in
Saudi Arabia, was investigated. The period of evaluation was twenty yearsto determine the
Coefficient of Performance (COP), Energy Efficiency Ratio (EER) and power consumption.

Generally energy efficiency ratio is calculated by taking ratio of cooling or heating output in BTU
I



to electrical energy input in W.

The simulation results show that the GSHP system has high performance when compared to the
ASHP. The average annual COP and EER were 4.1 and 15.5 for the GSHP, comparedto 3.8 and 11
for the ASHP respectively, and the GSHP is a feasible alternative to the ASHP,with an 11-year
payback period, with an 18% total cost saving over the simulation period and 36% lower annual
energy consumption. The TRNSY'S model shows that despite the positive results of the modelling,
the high rate of the underground thermal imbalance (88%)could lead to a system failure in the long

term.

In addition, Ground Loop Design software has been employed to conduct a sensitivity analysis of
12 parameters that most affect the behaviour of the system in order to determinethe near-optimum
design of a GSHP system. Thus, the entering water temperature (EWT) was selected to be the
performance measure of the system. The results showed that the mostimportant four design
parameters are: the thermal conductivity, soil temperature, building load, and fluid flowrate. And
the length of the ground heat exchanger and power consumption in the proposed design could be

reduced by 15% and 1.12% respectively, compared to the baseline system.

Despite the high underground thermal imbalance and increase in the initial capital costs of GSHP,
because of the extra expensive drilling costs for the ground loop heat exchanger andpiping, the
feasibility of GSHP system is worthy of investigation. These results can be usedto simplify the

design of buildings in similar arid regions worldwide.
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Chapter 1: Introduction

1.1 Research Background

Saudi Arabia is situated in western Asia, and it has a land mass of approximately 2,000,000 km? and a
population of 32.5 million [1]. It has a hot temperature and becomes especially hot during the summer,
except for the mountains in the south-western region. Also, the rainfall rate is very rare in the country
and occurs only in a few months [2]. However, the climate condition in Saudi Arabia is particularly
mild in the winter and very hot in summer, with the aforementioned exception of the south-western
region. Most of the climatic features are due to the desert conditionsthat are predominant in the

Kingdom.

In terms of energy consumption, energy supplies in Saudi Arabia almost totally depend on oil andgas
power plants, and the energy consumption is extensively subsidized, leading to the overuse and
misallocation of the oil and natural gas resources. The subsidization of energy has given littleincentive
for its fast-growing population to save energy consumption in different economic activities [3]. For
this reason, the domestic energy consumption of oil has rapidly grown in the past 40-year period and
has recently comprised one-fourth of the total oil production in the country.Over the last five years, Saudi
Arabia’s domestic energy consumption has rapidly grown - by 10%annually [4]. Also, the population
growth of 3.4% per year has had a large impact on the consumption of domestic oil [5]. At this rate of
growth, it has been estimated that by the year 2025the electricity generation of Saudi Arabia may be
more than double that of the existing demand [6]. Moreover, Saudi Arabia is classified as having a high
per capita consumption of energy, making it one of the predominant global polluters (in terms of the
energy used per capita). This has resulted in 16 metric tons of carbon dioxide emissions per capita
in the year 2009, in comparison to a global average of about 4.7 metric tons. Therefore, the

government of Saudi Arabia is attempting to reduce its greenhouse gas emissions by 130 metric tons



(Mt COy), preferably by 2030.

In addition, research has projected that the peak demand for electricity will reach 70% in 2030 [7],with
70% of the consumption of the electrical energy per building being consumed for ventilation,heating,
and air conditioning purposes (HVAC). For example, in 2010, due to the high temperatures during the
summer and an outdoor temperature of 45 °C, buildings consumed 65% ofthe total electricity, which
was 47% higher than the world average [8]. The actual powerconsumption in Saudi Arabia is three
times more than the world average [9], and therefore specialfocus should be given to air conditioning
systems. This can be achieved by setting higher efficiencystandards, implementing adequate insulation

measures, as well as through the use of renewable energy.

1.2 Saudi Arabia Vision 2030

One of the main goals of the Saudi Arabia Vision 2030 is to transform the Kingdom’s oil- dependent
economy to one which is diverse, sustainable, and situated at the crossroads ofinternational trade. A
significant target under Vision 2030 is to decrease the energy consumption and greenhouse gas
emissions from both the building and industrial sectors. Thus, the Saudi ArabiaRenewable Energy
programme started with the establishment of the King Abdullah City for Atomic and Renewable
Energy (KACARE), which is responsible for the development of technology that relates to renewable
energy, associated research, and the setting of the policies and legislative frameworks pertaining to
Saudi Arabia’s energy consumption [11].Thus, the Saudi Arabia government intends to encourage
enthusiastic programmes, with the purpose of harnessing renewable energy, for which there are not
only great opportunities but also much room for improvement. Furthermore, they also want to increase
their energy mix, which will include solar thermal, solar PV, waste, wind, and geothermal energy
systems. Thus, the general aims and objectives of this research fall in line with the National

Transformation Program in Saudi Arabia,which plans to cut public-sector subsidies, as a part of Vision



2030, by 2020. The Kingdom’s government plans to adjust the subsidies for petroleum products, water,
and electricity over the next five years in order to achieve the efficient use of energy, as well as the
conservation of naturalresources [12]. In fact, the Saudi government has started implementing the new
energy tariff sinceJanuary 2018; Table 1.1 shows the electricity consumption tariff for different sectors

in Saudi Arabia [13].

Table 1.1 The new electricity consumption tariffs for different sectors in Saudi Arabia, applied from 1/1/2018.

Consumption Residential Commercial Agricultural &  Governmental Industrial Private,

categories (H/kWh) (H/kwh) Charities (H/kWh) (H/ kWh) (H/kwh) educational,

(kwh) medical
facilities (H/
kWh)

1-6000 18 20 16

More than 30 30 20 32 18 18

6000

*(Halala (The Saudi Riyal Is Made Up Of 100 Halala)

The residential segments expected to be the most affected by the new electricity tariff; Table 1.2
shows a comparison of the old and new tariffs for residential buildings. However, the new tariff may
increase by the year 2025, and therefore new strategies should be considered in order to reducethe

electricity consumption.

Table 1.2 The comparison of old and new tariffs for residential buildings.
Total units consumed (kWh)

1500 2500 4500 6500
Old tariff 75 150 400 850
New tariff 270 450 810 1230
% Increase 260% 200% 103% 45%




1.3 Thesis Aims and Objectives

The majority of research on GSHP systems has been - and still is - undertaken in cold climate regions.

This research is aiming to investigate and simulate the performance d vertical ground source heat

pumps (GSHPs) in  hot/dry climates like Saudi Arabia, where the cooling dominant effect applies

most of the time. This is to provide a better understanding of the most important factors affecting the

GSHPs’ design as well as to reduce the initial and operationalcosts and the CO; emissions, along with

saving energy. In order to fulfil this aim, a number of objectives are addressed as follows:

The existing GSHP technology is critically reviewed in terms of GSHP types and performance

analysis in various aspects, such as using GSHPs in different climates and sizes.

The concept of the GSHP thermal performance is presented, and the various governing
equations that are necessary for assessing the performance are presented and critically

discussed. In addition, the existing modelling software is critically reviewed.

A techno-economic analysis is employed to evaluate the use of GSHPs compared to the
conventional ASHP systems, based on identifying and understandingthe climate conditions and

local geological characteristics that occur in the city of Riyadhin Saudi Arabia.

To simulate and evaluate the performance of GSHP comparedwith systems employing ASHP,
they were comprehensively modelled and simulated using the Transient System Simulation
(TRNSYS). In order to assess this configuration, an evaluation of a model of a single-story
office building, the cost analysis and energy savings across the forecast period were

investigated.



e An in-depth novel sensitivity analysis approach has been developed and implemented in order
to determine the most important parameters that affect the GSHP operation in a hot/dry climate.
Ground Loop Design (GLD) software was used to design the length of theground loop heat
exchanger and evaluate the most important parameters that play the mostimportant roles in

GSHPs’ design in the geographical conditions of Saudi Arabia.

1.4 Structure of the Thesis

This thesis is divided into seven chapters as follows:

Chapter 1. introduces the research background, including the general picture of energy
consumption and supplies in Saudi Arabia and the government plans. It also highlights the main

aims, objectives, and methodology of the study.

Chapter 2: presents a critical literature review that includes a brief energy history and trends. This is
followed by detailed explanations of the types of geothermal heat pumps, their theory of operation, and

the current status of heat pump applications in different climate zones and geological characteristics.

Chapter 3: details the numerical approaches and modelling solutions for the GSHP design. In

addition, a review of the design tools is critically presented.

Chapter 4: investigates the ability of employing a GSHP in a hot/dry climate. Mathematical
approaches are employed using the ASHRAE standards method to determine the GHX length. The
chapter also reviews the current geological and weather characteristics of the location of the proposed

newsystem, namely the city of Riyadh.

Chapter 5: describes in detail the modelling used in the new study and includes a comparison
between the GSHP and ASHP systems; the chapter also presents the results obtained from the

simulations, including the cost analysis.



Chapter 6: discusses the major components and parameters that affect the GSHP system, using a
sensitivity analysis approach. In addition, the optimum design of the system depends on the

characteristics of the surrounding soil and a detailed discussion of this is included.

Chapter 7: presents a detailed discussion of the results and conclusions. Finally, the chapter

suggests possible future work in the GSHP industry, based on hot/dry climates.



Chapter 2: Literature Review

2.1 Introduction

In this chapter, a critical literature review of the GSHP system is presented. Firstly, fundamental
knowledge of geothermal energy history and trends is introduced. This includes a brief review of GSHP
technology. An extensive literature review in using shallow geothermal energy in hot and cold regions
and on small and large scales, especially in terms of how shallow geothermal energyworks, has been

done in the Middle East and North Africa (MENA) region.

2.2 History of Energy Use

Energy has not only been regarded as a great resource in the past, but its importance and increased
continuous use has resulted from technological changes. However, the use of energy dates back to
prehistoric periods of humankind. During this age, humans have relied on the muscular power of
animals for their survival [14]. Before the advent and development of the industrial sector, humankind
has had limited energy requirements. The sun and wood were the main energy source for heat, shelter,
warmth, and food [15]. Hence, a switch to a new type of fuel was necessary. This ledto the use of coal,
oil, and other natural gases as the main source of fuel. According to the International Correspondence
Schools [16] the 17" century witnessed the use of steam engines andcoal by humans, along with the
discovery of natural gas, oil, and electricity [17]. In 1880, the steamengine was attached to an electrical
generator and powered by coal [16]. Also, the fast flow of water was used for creating light energy and
thereafter, a hydro-plant was built by Edison with theassistance of Henry Ford [18]. By the end of the
18™ century, petroleum, along with gasoline, wasbeing used as fuel to fire the combustion engines

which were slowly being developed [19].

Because of the rapid development and invention of several energy sources and technologies, the 17

and 18" centuries have often been considered as the starting point of the Industrial Revolution[20]. The



world’s human population and their energy usage saw a significant growth during this period. To
achieve the increasing energy requirements worldwide, the world’s energy production increased
rapidly. This energy demand was supported by the larger power plants as well as hydroplants. A large
variety of energy sources were being sought to generate more power and electricitywas made available

even in rural regions [21].

New technologies have been developed in the modern age. Due to the extensive use of natural gas,
petroleum, and other fossil fuels that have been used to support the high energy demand, there wasa
great decline in the availability of these non-renewable fossil fuels. This called for the inventionof new
technologies and alternative sources of energy in order to generate the requisite amount ofpower. In the
20" century, nuclear power started to be used [22],[23]. In the end of 20™" century can be regarded as
the modern era with regard to energy usage, consumption, and technological developments. The
development and advancement in the field of computers, IT sectors, space exploration, etc. have
provided ample support towards exploring new energy sources in the modernera. Along with fossil fuels
and petroleum, renewable energy sources have also been used to produce the required amount of energy
[24]. At present, the use of renewable energy sources has been large-scale. Nowadays, many countries
are quite dependent on solar and wind energy while eschewing their dependence on conventional
sources of energy [19]. Along with harnessing windand solar energy, developed countries have
increased the funding of research activities aimed at identifying and harnessing different sources of
energy including biomass, hydraulic, solar, wind, geothermal, wave, tidal, biogas, ocean, fuel cells,
and hydrogen, in order to improve the ways of harnessing energy from sources and support a clean

environment with no gaseous emissions [25].



2.3 Renewable Energy

In 1973, the oil crisis in many countries made them think about alternatives to oil and they started
looking for sources of renewable energy. Actually, there are numerous different sources and formsof
energy. Broadly, there are two sources: renewable and non-renewable energy [26]. However, there is
a slight difference between the two sources of energy; renewable energy is obtained fromsources at a
less, or equal, rate in which the source replenishes itself. In other words, it is derivedfrom sources
which will never be completely depleted and will continue to provide energy for many years to come.
Examples of renewable energy include, but are not limited to, solar, wind, geothermal, biomass, ocean
waves, and hydropower energy. On the other hand, non-renewable energy sources are obtained at a
rate which exceeds the rate at which the sources replenish themselves, e.g. uranium (which is used for

nuclear fusion) and fossil fuels [27].

2.4 Renewable Energy Trend

Over the last few decades, excessive use of fossil fuels has resulted in an increase in carbon dioxide
emissions. Due to the massive use of oil and the high demand for energy, developed anddeveloping
countries are seeking to apply advanced technological innovations that meet the requirements of safe
and efficient energy and do not adversely affect the climate [26],[28]. Although technological
innovation is a key driver of energy transition, there are many other relatedfactors which include, but are
not limited to, politics, culture, economy, and geography. These considerations are important when
selecting distinct technologies which are to be adopted in the course of harnessing energy sources as
well as providing other energy-related services worldwide.Also, developed countries have increased
the funds allotted towards research activities regarding different sources of renewable energy, in order

to support a clean environment with no emissions[25].

According to the renewable global status report [30] the increase in the demand of renewable energy



has taken place in several directions and can be summarized as follows:

e Growth: In 2015, the use of renewable energy amounted to about 19.3% of the global energy

consumption.

e Energy Policy: 176 countries had renewable energy targets, 126 countries had power policies,

68 countries had transport policies, and 21 countries had heating and cooling policies.

e Job Opportunity: In 2016, the renewable energy industry employed around 9.8 million to their

workforce, which was 1.1% higher than their employment percentile in 2015.

e Investment: The market share of renewable energy was 241.6 billion USD in 2016. For thepast

five years, the investment in the sector of renewable power energy has been almost double of

what has been invested in harnessing the energy based on fossil fuels.

Fossil fuels

78.4%

Nuclear power

2.3%

Biomass/ Hydropower
geothermal/
solar heat 3.6%

4.2%

Wind/solar/biomass/
geothermal power

9.1% 1.6%

Biofuels
for transport

0.8%

Traditional biomass

Figure 2-1 Estimated share of renewable energy in the total final energy consumption [30].
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2.5 Geothermal Energy

Geothermal energy is a clean, efficient, sustainable, environment friendly, and cost-effective formof
renewable energy. Its sources are as follows: hot molten lava in the Earth’s core, heat producedby the

decay of radioactive elements inside the Earth, and solar radiation which warms the Earth’ssurface [31].

Geothermal energy has various applications with regard to power generation including thermal baths,
spas, heating and cooling, along with industrial and agricultural applications [32]. Geothermal power
can be classified into three categories—Ilower depth, intermediate depth, and shallow depth—
depending on the resource temperature and regardless of its distance from the Earth's surface as shown
in Figure 2.2. In addition, Figure. 2.3 shows some geothermal applicationsbased on the resource
temperature. However, analysis of the lower depth and intermediate depthsare beyond the scope of this

literature review, which focuses on the geothermal heat pump (whichpertains to shallow depth).

Figure 2-2 Geothermal energy classification depending on the resource temperature [32].
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Figure 2-3 Geothermal energy applications based on the resource temperature [32,p. 6].

2.6 History of the Heat Pump

In 1748, the demonstration of artificial refrigeration given by William Cullen provided the groundsfor
the scientific principle behind the heat pump. In 1852, Lord Kelvin further explained the scientific
concept of the heat pump. The first ever heat pump system was made by Peter Rittingerbetween 1855
to 1857. In the late 1940s, the first ground source direct exchange heat pump was developed by Robert

C. Webber while he was experimenting with his deep freezer [33].

In 1948, J.D. Krocker built the first successful commercial project in the Commonwealth Building

situated in Portland, Oregon. After the first oil crisis of the world in 1970, detailed work on GSHP
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started in Europe and North America with suitable focus being laid on investigation-based experiments.
In the 1980s, geothermal energy started to gain popularity, along with the use of GSHPs which reduced
the cost of cooling and heating [34]. In the two subsequent decades, concerted efforts were applied for
the development, design, and installation of the vertical boreholesystem. Nowadays, GSHP technology
has gained worldwide popularity and, especially, in cold climatic conditions. Between 2006 and 2011,
in the case of the new detached homes in Finland, the geothermal heat pump was the most preferred
heating system and had a market share of morethan 40%. Similarly, in the US the number of such

installed units reached 80,000 per year [35].

2.6.1 Heat Pump and Refrigerators

Heat pump: Heat energy is naturally transferred from higher to lower temperatures, but the reverse
transfer of energy, from lower to higher temperatures, requires external work. A heat pumpis a device
that is designed to transfer thermal energy from a cold to a hot reservoir. Furthermore, it absorbs the
external work done while transferring heat energy through the aforementioned pathFigure 2.4.a. Both

refrigerators and air conditioners are examples of heat pump technology.

Refrigerator: A refrigerator uses the same working principle as a heat pump, but its purpose and

objective are different. It removes heat from a low temperature reservoir or a cold space, see Figure

2.4.b. Both heat pumps and refrigerators are cyclic devices and the latter mostly follows a vapor-

compression refrigeration cycle.

The main purpose of a heat pump is to produce the heating effect while that of a refrigerator is to
produce the cooling effect. In the heat pump, a condenser performs the main function while in the

refrigerator, an evaporator does the same [36].
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Figure 2-4 (a) The objective of a heat pump is to supply the heat Qn into the warmer space. (b) The
objective of a refrigerator is to remove the heat Q. from the cold place [36, pp. 284-285].

2.6.2 Heat pump components

A heat pump consists of four main components, namely compressor, condenser, expansion valve,
evaporator, and refrigerant [36]. Figure 2.5 shows the basic vapor-compression cycle for a heat pump

which consists of the following parts:

Compressor: This is the most important part of a heat pump. When the compressor starts, it absorbsthe
refrigerant from the evaporator at a low temperature and pressure, raises its temperature and pressure
by compressing it, and finally pushes it through the exhaust valve, in a vapor form and ata high pressure

and temperature, into the condenser.
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Condenser: This is an important component of the heat pump that produces the heating effect andis
used to deliver the heat to the desired location. The condenser cools the refrigerant bytransferring the

heat to a warm space—a hot temperature reservoir. It consists of copper coils.

Expansion valve: This is a pressure control device which rapidly reduces the refrigerant pressure

coming from the condenser. As a result, the temperature rapidly reduces.

Evaporator: This is used to absorb the heat from a cold space. The refrigerant, which has a smaller
temperature than the cold space in the evaporator, absorbs the heat energy and transforms it into a

gaseous state before it enters the compressor. It consists of copper coils.

Refrigerant: This is usually a liquid or gaseous substance used in the heat pumps. It is the same as the
refrigerant which is used in an air conditioner. It carries the heat from the evaporator, whichis at a low

temperature, and delivers it to the condenser, which is at a high temperature.

High pressure liquid QQm High pressure vapor
< Condenser f
Compressor
Expansion X W
valve
> | Evaporator >
\' Low pressure vapor

Low pressure
Liquid + Vapor Qin

Figure 2-5 Schematic of the basic vapour-compression cycle.
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2.6.3 Basic heat pump cycle

Figure 2.6 shows the basic thermodynamic cycle for a heat pump, where the refrigerants, as saturated
vapor, enters the compressor at point 1. From point 1 to point 2, the compressor compresses the vapor
that goes to the condenser (at constant entropy) with the rise in the enthalpy of the vapor. The vapor
leaves the compressor at a very high pressure and temperature—a superheated vapor—at point 2. From
point 2 to point 3, the condenser cools down the refrigerant and removes the superheat by cooling the
vapor. The process of de-superheating as well as condensation of vapor follows the constant pressure
process and enthalpy of vapor falls during these entire processes. Between point 3 and point 4, the
vapor travels through the remainder of the condenser wherein the heat is transferred to a warm space

and vapor gets converted to saturated liquid refrigerant at point 4.

After leaving the condenser at point 4, the refrigerant enters a capillary tube or an expansion valve,
between points 4 and 5, in order to reduce the pressure created due to the process of throttling which is
isenthalpic in nature. Dueto the sudden decrease in pressure, there is a rapid decrease in temperature to
about -10°C. At point 5, this low-pressure refrigerant liquid enters the evaporator. Between points 5
and 1, the cold and partially vapourized refrigerant travels through the coil, which absorbs the heat
energy and transforms it into a gaseous state, and enters the compressor at point 1. Enthalpy of the
vaopour increases during this process of evaporation. This cycle is repeated in order to produce the
cooling or heating.[36],[37]. Enthalpy exchange at the terminal points represents work and heat
interaction of heat pump cycle. Qn, QL and Wner mentioned in equation 2.1 and 2.2 are representing

enthalpy difference of ha-hs, hi-hs and hz-h; respectively.
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Figure 2-6 Schematic of the basic thermodynamic heat pump cycle

2.6.4 Performance of the heat pump

The heat pump provides heating or cooling to the space and its performance is expressed in terms

of a coefficient of performance (COP). This is defined as the ratio between the power of the compressor
(input power) and the amount of useful heating or cooling (output) done at the  evaporator on cooling

mode or at the condenser on heating mode. The COP for each mode can be expressed as follows:

Desired output QL QL
cooling Required input Wnet Qyg—Q 1)
Desired output Qu Qu
COPreating = = = 2.2
feating Required input Wy, Qu-Q 2.2)

Where Q. is the heat removed from the refrigerated space and Qw is the heat reject to the environment.
Thus, the higher COP the more efficient the system. For example, in the cooling mode, if the COP =4
means the heat pump need 1 kW of electricity to extract 4 kW of heat. Heat rejection in the condenser
is more than the heat absorbed in the evaporator section and thereby, it needs to work harder when in
warmer conditions and less hard in cooler conditions. Thus, the COP varies on a daily basis. This is

why it can be efficiently measured by a Seasonal Performance Factor (SPF), which is defined as the
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ratio of the heat rejected by the heat pump to the workdone by the compressor over the heating season

[32].

Moreover, the COP varies along with the types of heat pumps, i.e. air source and ground source heat
pumps. An ASHP absorbs heat from the air while the GSHP absorb heat from the ground. To evaluate
the seasonal performance of the heat pump in hot/dry regions, the term used is called the SPF or
Seasonal Performance Factor, which is the ratio of seasonal heat generated to the seasonal electricity
consumed by the heat pump. During summer, the SPF of the ASHP is less than 2.5 due to the reduced
heat capacity of outdoor air, but in the winter, it may be as high as 4. For ground source heatpumps, the

SPF is always about 4. Thus, ground source heat pumps are much more efficient for the heating season.

In the past, CFCs were used as refrigerants in heat pump, which eventually wee phased out due to
major damage to the ozone layer when released into the atmosphere and they were replaced with
hydrocarbons, such as R 134a and R410a with similar thermodynamic properties with insignificant
ozone depletion potential but they had a problematic global warming potential. Recent refrigerants
used are difluoromethane R32 and isobutane R600A, which do not deplete the ozone and are also far

less harmful to the environment.

2.7 Ground Source Heat Pump Technology

The ground source heat pump (GSHP) technology is based on the natural differences between the
external temperature of the air and the underground temperature. The temperature below the ground
surface, at a depth of more than 10-15 m, is relatively constant. Subsequently, the temperature
increases by about 3 °C per 100 m of depth, depending on the geographical location[38]. Thus, the
ground temperature is warmer than the air in winter and colder in summer. Temperature as a function

of depth is shown in figure 2.7
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Figure 2-7 Temperature as a function of depth (0-100m) below the Earth’s surface [32,p. 65].

2.8 Principle of Operation of GSHPs

Ground Source Heat Pumps (GSHPs) are systems that consist of the following three major elements
(a) the ground loop is contained in the HP which is known as the ground heat exchanger,GHX. (b) a heat

pump unit, and (c) the heat distribution system. Figure 2.8 shows a schematic representation of the
operation of a GSHP system.
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Figure 2-8 Schematic of the basic ground source heat pump system components [39].

2.8.1 Ground loop of GSHP

The ground loop is formed by the connection of a network of pipes which are located either
underground or underwater. The entire setup of the ground loop is always located outside the building
footprint. The main function of a ground loop is collection or rejection of heat from the ground. Thisis
accomplished when the circulating fluid is circulated through the pipes [40]. Thereare several types of
ground loops, e.g. closed loops, open loops, and vertical or horizontal loops. Section 2.10 provides a

comprehensive explanation of the types of ground loops.

2.8.2 Heat pump of the GSHP

A heat pump is an electrical device that extracts heat from one place and transfers it to another. It
transfers heat from a fluid with low temperature and passes it to another fluid at a very high temperature.

As an example, one can consider using a heat pump to heat a swimming pool. Heat, collected in the
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ground, is transferred to the swimming pool using a refrigerating medium where the ground is used as
the heat source. The discharged heat is transferred from the swimming poolto the ground in the cooling

mode.

2.8.3 Distribution system of the GSHP

The major function of the distribution system is to distribute heat within the application as well as
remove heat from the application. Distribution systems can have forced the air system or radiant
heating system and in either case, it has a number of important components, e.g. Ducts, Plenums, and
Fans. Moreover, the efficiency of the HVAC system is affected by the design quality of the distribution

system.

2.9 Factors Affecting GSHP Operations

Two prominent scientists, Eskilson (1987) and Hellstrom (1991) [32], gave a comprehensive
explanation of the thermal analysis of Ground Heat Exchanger (GHX) and provided essential
benchmarks regarding their performance. According to Chiasson [32], the five essential parameters

are:
i.  Thermal conductivity of the soil or rock
ii.  Undisturbed temperature of the earth
iii.  The mass flow rate of carrying the heat liquid
iv.  Thermal resistance of the borehole
v.  The extraction and rejection rate of heat

The thermal conductivity is directly proportional to the thermal performance of the GHX, with granite
being a better thermal conductor than the clay soil. For the last 20 years or so, research is being

postponed with the aim of determining the thermal conductivity of the Earth which can be used for
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simulation and design tools.

Borehole thermal resistance provides another parameter for measuring the performance of GHX. A
number of components are used for describing the borehole thermal resistance, such as the rate of heat
transfer of the liquid and its composition, the diameter, the material used in the heat exchange pipe, the
material of the grout, and the structure of the flow channel. Length of ground heat exchanger is decided
by the thermal resistance. As the thermal resistance decreases, the rate of heat transfer between the
conducting fluid and soil increases and the length of the heat exchanger decreases and thus minimum

thermal resistance leads to cost reduction and efficient operation.

The undisturbed temperature of the Earth is another parameter in the performance measurement. The
rejection and extraction of heat is quite opposite to that on the Earth’s surface and the boreholedepth is
directly proportional to the difference between the temperature of the Earth and the temperature of the

design heat pump.

The nature of the heat rejection and extraction is also a parameter for measuring the performance of
GHX. At low temperature, the efficiency of the heat pump gets affected because the performance of
the heat pump degrades with a fall in atmospheric temperature as less heat is available for the heat
pump to boost. This method is described withregard to a residential system in International Ground
Source Heat Pump Association (IGSHPA) standard [41]. In the case of a commercial system, at the
lowest cost, the design tools take the monthly and hourly load apart from the yearly load into
consideration, for a period ranging between 10 to 20 years. This method is discussed in further details

in the ASHRAE handbook [42].

The last parameter in the performance measurement of GHX is the bulk flow rate of the heat exchange
liquid. This is mainly used in the calculation of the borehole thermal resistance. The rateof the flow

should be maximized and the flow is turbulent so that it supports a smooth flow of energy. The heat
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transfers the liquid as natural water. However, in cold climates, the liquid comprises of propylene
glycol or methanol, which is an aqueous solution of antifreeze nature. The bulk flow rate has to balance
well with the pumping power of the heat pump and the optimization is required between the point of
maximum system performance in terms of the COP and pumping power. As per the ASHRE 2015
benchmark, the recommended value of the pumping power is less than 0.05hp/ton of thermal load or

0 Ol kwe/kWton.

2.10 Types of Geothermal Heat Pump Systems

There is a wide range of available GSHPs which are suitable for different applications. GSHPs are

mainly classified as being either closed loop or open loop.

2.10.1 Closed loop system

Heat transfer in the closed loop systems do not have any direct contact with the ground and the loop
fluid for the heat transfer is enclosed. Furthermore, there is direct contact of the closed loop system
with the ground. It is only through the installed pipes that the heat transfer occurs [43]. Theclosed loop
is broadly classified into different types—one is a vertically closed loop and the otheris a horizontally
closed loop. Slinky or spiral closed loops, in addition to closed pond loops, are some other types of
closed loop systems. For each of these closed loop systems, the configurationof the system, the space

requirement, and the installation depths vary.

2.10.1.1 Vertical closed loop

For the installation of a vertical closed loop, ground boreholes have to be constructed as they contain
vertically oriented heat exchange pipes. For residential applications, a borehole, ranging from 45 to
100 meters in depth, is usually required. And for industrial application, a 150-meter- deep borehole is
usually constructed [44]. Thermal contact has to be maintained between the heatexchanger and the

borehole wall. The entire gap in the borehole, between the pipes and the ground,can be filled with

23



grouting material that has a high thermal conductivity. In the heat exchanger, the fluid is circulated and
transfers the heat from the ground to the heat pump and back to the ground again. This process leads
to the exchange of heat between the bore hole and the ground surface. Based on the type of the heat
exchanger and grouting material that is employed, the thermal efficiency of the BHE varies. Table 2.1
represents the different grouting material and their conductivity [32]. Properties required from the grouting
material is that it should protect the groundwater contamination, enhance heat transfer, easy to use and

have an affordable cost.

Table 2.1 Thermal conductivity of different grouting material [32]

Material Thermal Conductivity W/mK
Bentonite (20- 30% Solids) 0.73-0.75
20 % Bentonite 80 % Silica sand 1.47-1.64
15 % Bentonite 85 % Silica sand 1.00-1.10
30 % Bentonite 70 % Silica sand 2.08-2.42
Graphite — Bentonite mixture 2.10-2.77

Moreover, the performance of the GHE is based on the initialground temperature. The hydraulic and
ground properties also impact on its performance. In general, the vertical loop system is more
advantageous for larger applications but it has the majordisadvantage of a large installation cost, which

is higher than the cost of the horizontal closed loop.

2.10.1.2 Horizontal closed loop

The heat exchange well contains a horizontally installed loop of piping. It has to be installed 15 feet
below the ground surface due to a lot of heat generated underneath which is transferred throughthe pipes
to the surface for heating process. A horizontal closed loop is considerably the most cost-effective and
cheaper than a vertical closed loop and its installation reduces the cost by up to 30%[45]. Several factors

impact on the reduction in the cost of the horizontal closed loop:

I.  Poor geology: larger collector field is required.
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ii.  Horizontal collector protection: The horizontal collector has to be protected from sharp

stones. And underground features that can damage it.
iii.  The amount of time spent for excavating trenches has to be considered.
iv.  Landscaping, such as leveling the land, is also one of the key factors.

These aforementioned factors affect the cost of a horizontal closed loop. However, the exact costcan be

calculated only after its installation.

2.10.1.3 Slinky closed loop

Slinky closed loops, or spiral loops, are horizontally oriented loops installed within shallow trenches.
Hence, it resembles a conventional horizontal loop. Piping in the slinky closed loop is laid out in the
form of circular loops. These loops require a smaller area as compared to a horizontalclosed loop.
Moreover, at the end of a slinky closed loop, a return pipe is attached to the heat pump. However, it
requires a huge amount of piping in order to carry the heat. Further, Spiral GHX can be fixed vertically
as well as horizontally. Another disadvantage of a spiral GHX is thatthe heat transfer is low. However,
slinky loop supports high pumping due to the added pipe lengthand this is the main advantage of its use

[46].

2.10.1.4 Closed pond loop

The geothermal long pipe is defined as a closed pond loop. It is attached and placed inside a lake or a
similar waterbody, since it has to be completely immersed in water. Pond loops have to be installed in
such a way that they must have eight feet of water above it. Only ponds or lakes whichhave a larger
volume can be used for its installation. Coils of the pond loop are connected to the skid to facilitate
heating process and installed underwater to prevent them from freezing. Theexposed pipe is buried

by digging a trench and placing the pipe within it.
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2.10.2 Open loop systems

For large commercial applications, an open loop system is frequently used. This system directly
interacts with the ground. Under groundwater or surface water is used as a direct medium for the heat
transfer in open loop systems. Moreover, it requires a huge amount of groundwater for its operation;
as a result, it is not suitable for all kinds of locations. The water from the lake or groundwater is directly
extracted and sent to the heat exchange pipe. After the heat exchange, water is discharged to its source
through a separate pipe. The only key factor regarding the installation of an open loop system is the
sufficient availability of groundwater. Hence, its installation cost is very low. Open loop systems have
a high coefficient of performance. And, moreover, they are environment friendly as the heat carrier

medium is in direct contact with the ground.

Ground-coupled heat pumps Surface water heat pumps Groundwater heat pumps

a) Horizontal close loop ¢) Close loop ¢) Surface discharge

L
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b) Vertical close loop d) Open loop f) Aquifer injection

Figure 2-9 Schematic of the different types of geothermal heat pump systems [40].



2.11 Ground Source Heat Pumps in Hot and Dry Climates

Geothermal energy has various applications with regard to power generation, heating and cooling,along
with industrial and agricultural applications [32]. Geothermal power can be classified into three
categories - low depth, intermediate depth, and shallow depth -depending on the resource temperature
and regardless of its distance from the Earth's surface. The geothermal heat pump (which pertains to
shallow depth) has limited application in the Middle East and North Africa (MENA) countries and
therefore the following studies have evaluated the heat exchange process in MENA countries and

different hot regions like Arizona, USA.

2.11.1 Saudi Arabia

Said et al. [47], investigated whether ground-based condensers might be used to support air-
conditioning systems in the Kingdom of Saudi Arabia. This was done by running thermal response
tests and as an outcome the effective thermal resistance and thermal conductivity were calculated using
the line source model. The studyfound that there were significant differences between the ground
temperatures and the ambient temperature with 12°C being recorded and this temperature difference is
constant below 30m depth which is a favorable factor for the performance of the GHX. Also, a cost
analysis was undertaken, which indicated thatthe use of ground source heat pumps in Saudi Arabia
would result in about 28% energy savings. However, this was deemed to be not economically viable
due to the low electricity prices prevalentin the country due to government subsidies and high drilling

costs.

2.11.2 Erbil, Iraq

Due to the wide and varied climatic and soil conditions encountered in Saudi Arabia, a literature review
of these conditions in Erbil, Iraq was performed. Erbil has more northern latitude than Saudi Arabia

but it closely resembles the dry mountainous region of Hejaz which forms a naturalbarrier running
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parallel to the Saudi coastline from Yemen in the south to Jordan in the North. Amin [48], investigated
the energy storage technology used to save energy for a school building in Erbil, Irag. The assessment
covered a borehole thermal energy storage system in an undergroundstructure for large quantities of heat
and stored energy in the soil and rocks. The Earth Energy Design 2.0 PC-Program was used for the
borehole design and the test building consisted of six class rooms within the school with a total build
area of about 1200 m?, the height of the room was 3 m and a total volume of 3600 m®. The annual mean
temperature was calculated to be 20.95 °C and the method that determine the temperature variation
after on hour was used to calculate the energy demand above the base temperature 17 °C for heating
and 20 °C for cooling. The required maximum power demand for heating was calculated at 158.4 kW
and the maximum power demand for cooling the building was 211.2 kW based on the climatic yearly
extremes experienced in Erbil. The months from November until April were used for calculating the
total heating demand for theschool building, and this was calculated to be 254,52 MWh. The months
of May until September were used for calculating the total cooling demand for the building, and it was
calculated to be 10MWh. The month of October had a mild climate and therefore required no heating
or cooling. This study found that the borehole depth and borehole spacing were the main factors that

affect the performance of the borehole thermal energy storage system.

2.11.3 Tunisia

Naili et al. [49] conducted the first evaluation of the potential for geothermal energy in Tunisia, which
featured the evaluation of a horizontal ground heat exchanger, in Bork Cedria, in the north of the
country. A heat transfer coefficient was derived based on temperature readings taken at different

locations below the surface. The loss of pressure at each length of the heat exchanger was determined
based on the calculated mass flow rates. Using a room with a surface area 12 m?, it was established

that a GHX system consisting of 25 m of pipeline located a meter underground could account for 38%
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of the cooling required for that room. From this, it was concluded that a GHX could provide a novel
cooling mechanism for buildings, thus demonstrating the scope that existedfor Tunisia to become a

leader in the development of geothermal heat pumps.

2.11.4 Qatar

Kharseh et al. [50], analyze the effect of global climate change on ground source heat pump systems
in a different climate by considering thermal quality of the building envelope (TQBE) on the thermal
performance of GSHP. Two buildings that were modelled in three cities with three different climates
and these were taken as references. One building was in Stockholm, Sweden ina cold climate, the

second was in Doha, Qatar in a hot climate, and the third city was in Istanbul,

Turkey in the mild climate. The two building were modelled according to the climate experiencedin the
area. In general, a 144 m? modelled house has a lifespan of about 50 years or more. In the study, the
weather information in 2014 was used and the data for 2050 was predicted by using theMeteonorm
software. The cooling and heating loads were estimated using the HAP software, andthe Earth Energy
Designer (EED) software was used to design the borehole heat exchanger. In thestudy, by the year 2050,
the mean temperature will increase in each city. The temperature will riseby 1.3 °C in Stockholm, 0.9
°C in Doha, and 1.8 °C in Istanbul and the annual energy consumptionof GSHP systems have a

significant impact in the cold and hot climate.

The projected calculation shows that the impact of the warming on the heating load will be reduction
by 10 % in cold climates and 55 % in hot climates and the effect on the cooling load will be increased
by 10 % in cold climates and 34 % in mild climates by the year 2050. It is anticipated that change in
annual energy consumption of the GSHP system ranges from -8.5 % in cold climates to +18.7 % in hot

climates by the year 2050
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2.11.5 Egypt

An experimental study into the thermal performance of an Earth-Air Heat Exchanger (EAHE) system
was used in Egypt by Serageldin et al. [51] and experimental data was employed to validate the
simulations using the ANSY'S Fluent and MATLAB codes. In that study, investigations were carried
out into five parameters for the pipes that were used, and these were diameter, length, spacing, materials

used and fluid flow velocity. The following results emerged:
e Increases in pipe diameter caused a decrease in outlet air temperature.
e Increases in fluid velocity caused a gradual decrease in outlet air temperature.

For ground source heat pumps to be used with confidence in hot/dry climates, certain critical design
factors have to be achieved. If the underground heat exchanger (in this case an earth—air exchanger
(EAHE)), can reduce the temperature of the incoming air to that of the surrounding soilat the selected
depth, then the temperature difference between the ambient outside air in the hottestmonths and the air

being returned will be suitable to allow a GSHP to be used.

2.11.6 Palestine and Jordan

The first GSHP system was installed in Palestine in the city of Ramallah - Mediterranean climatezones
with a 23 kW cooling/heating capacity and 10 boreholes with 70m depth [52]. This pilot project
achieved a COP of 4.2 in heating and 14.5 EER in cooling. However, it is important to notethat the main
design conditions for this project were the outside temperature in the summertime, which was 31°C,
and the soil temperature was 18.3 °C. This project proved the feasibility of the GSHP system, which
reduces the operating costs by 67% compared to conventional boilers for heating and air-source split
units for cooling, and the payback period was 4.2 years. Likewise, in Jordan [53], the American
University of Madaba has installed a large GSHP system with an approximate capacity of 1.7 MW and

1.4 MW for cooling and heating, respectively, and it serves an educational building.11 422 boreholes
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of depth 100m were connected to 26 heat pumps units to meet the building demand for the cooling and
heating where the operation hours are from 7 amto 5pm for approximately 330 days per year. The
results show that the University saved 200,000 kWh electricity and 100,000 litres of diesel fuel per year.

The system COP were 6 and 4.5 for the heating and cooling, respectively.

2.11.7 Algerian

Belatrache et al. [54] investigated the effect of the length of the buried pipe and the air flow rate of the
horizontal Earth-Air Heat Exchanger (EAHE). The model and experiment on the EAHE contain
primarily a PVC pipe of length 45m and at a depth 5m, and the simulations used climaticconditions of
the Algerian Sahara. In the study, the air temperature inside the EAHE drops significantly at a depth
5m from 46 °C until it achieves the soil temperature at about 25 °C and themaximum temperature
difference in July between the ambient temperature and the buried pipe temperature is about 20.7 °C.

This indicates the possibility of using the GSHP in such conditions.

2.11.8 Florida and Arizona, USA

Despite the increasing use of GSHPs in cold regions in the USA, GSHPs are a relatively unfamiliar
technology in hot and humid climates, such as Arizona and Florida. Zhu et al. [55] investigated the
feasibility of using GSHPs in Florida. In this study, a commercial building in Pensacola, FL with
GSHPs that have been in operation since 2010 and thus was used as the case study. Actual data has
been collected to determine the life-cycle cost, comparing a deterministic life cycle costing method
with a probabilistic life cycle costing method for GSHP and conventional systems.The study has shown
that installing GSHP to be more feasible than using a conventional system, from a life cycle

perspective.

On the other hand, Tambe [56] investigated the feasibility of using GSHPs for a small office building

in Phoenix, Arizona. This master's dissertation presented a critical review, as well as a detailed
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evaluation, of the energy performance and technical feasibility of both a vertical and a horizontal closed
loop heat pump in Phoenix. The study showed approximately 40% energy savings from the GSHP
system, compared to the ASHPs. In addition, there was a significant difference between the dry soil and
saturated soil condition. The saturated soil decreased the lengthof the GHX by 26% and 25% for the
horizontal and vertical ground source heat pumps, respectively. However, the payback periods were
found to be 2.3 —4.7 years for the horizontal system and over 25 years for the vertical system, implying

that the option of the vertical system would not be economical.

2.12 GSHPs in Cold Climates

GSHP systems are mostly used in a heating mode in residential and commercial buildings. The use of
GSHP systems in cold climates such as those of North America, Scandinavian countries and China has
been discussed for decades, to use GSHP in many countries needs more data about weather and
geological zones. For example, in China, Zhihua et al. [57], investigated the feasibilityof using GSHP in
an office building in five different climate zones based on the COP value. The e-QUEST and TRNSYS
were employed in this study, and the results show that in the very cold and cold cities the GSHP is
applicable. in contrast, in the hot and warm cities, such as Guangzhou,the GSHP system is not feasible

due to the thermal imbalance between the cooling and heating seasons.

However, the underground thermal imbalance issue is clearly demonstrated in a region with a harsh
climate, such as Alaska, when more heat is extracted from the ground, or in Arizona, when used in a
cooling mode, with more heat being rejected to the ground. The thermal imbalance issuemay lead to a
system failure after long-term running. Several studies have investigated the thermalimbalance issue, in
order to increase the performance of GSHP. You et al. [58] proposed a solutionfor performance
degradation of a ground-coupled heat pump system (GHCP) in cold regions due to the imbalance in

heat exchange between the ground and the ambient environment. This work describes the use of a heat
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compensation unit with a thermosyphon (HCUT) for compensating thedecrease in soil temperature
during the winter by rejecting the appropriate amount of heat, whichis extracted from the ambient air
during the summer season. DeST software was used to simulatea heating and cooling load model of a
ten-floor office building of 16,000 m? in Harbin, China. Then, the performance of the HCUT-GCHP
system developed was measured by simulation using TRNSYS. The developed system, while
consuming some energy for pumping heat to the ground,provided a 15% energy saving as compared

to a traditional boiler and split air-conditioner, and could be used to balance the heat in the ground [59].

On the other hand, a study by Eslami-nejad & Bernier [60] showed the effect of frozen ground in
thermal boreholes. The study described the problem and developed a 1-D model, with some
assumptions to account for the multiple layers of ground and phase change of is covered by the use of
effective capacity. The results from this model were compared with the experimental set- up outcome,
and no significant difference was found. Based on the newly proposed model for theborehole, a
different configuration was made, and the results were noted. It was found that the configuration using
saturated sand rings provided a promising steady borehole wall temperature of 0°C for several days,
even with a maximum heating setup without a saturated ring. The use of solar energy in melting the
ice and recharging the saturated rings reduced the borehole length by 38% of small thermal conductivity

ground [60].

Research by Garber-Slaght [61] studied the effect of ice formation, freezing ground and cold weather
on a ground heat pump system in places such as Alaska, where the cooling load is estimated to be 400
hours per year, while heating hours per year is 7509. The paper covers a study period of over ten years,
and features ground with permafrost, so that the causes behind the performance degradation of GSHPs
can be found, and future designs can be refined so that they are suitable forsuch cold environments.

With the help of a numerical simulation of the finite-element model andthe pseudo-heat capacity
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method, over a finite number of the years, within a small range of temperatures below 0 °C, a simulation
over ten years was produced. An analysis of three years’ data indicated a 14% decline in COP in the
system; further analysis suggested that five years wouldbe required to level out the decline, with COP

not falling below 3.4.

The paper by Tu et al. [62] presents a refined resistance capacitance RC model for calculating theeffect
of freezing soil and ice cover on a ground heat pump system. In this work, a thermal resistance and
capacity model was used to validate the effectiveness and authenticity of the model. The RC model was
used to model the soil and the borehole, and to generate a nodal equation for the borehole. In addition
to consideration of effective heat capacity and latent heat capacity, a module was developed to
describe freezing conditions over a range of temperatures. Finally, the results obtained showed that

30% of the heat rise was solely due to the phase change in the soil, which could reach up to 75-80 W/m.

A study by Wu et al. [63] featured different heating system solutions in cold regions. The work
comparatively analyzed the two major types of ground source heating pumps (GSHPs) - a Ground
Source Absorption Heat Pump (GSAHP) and a Ground Source Electrical Heat Pump (GSEHP) - in the
coldest cities, such as Hrbin. The study provided solutions regarding energy efficiency, theimbalance
ratio (which is the ratio of heat rejected to the ground to heat absorbed) and soil temperature (Wu et
al., 2013). GSAHP, when used for both heating and cooling, was found to bemore appropriate and
energy efficient, in the long run, in the coldest cities, but when used for heating only, the soil

temperature was found to increase by 4-6 °C in 10 years than that of using GSEHP.

Similarly, a paper by Slaght et al. [64] identified the major problems regarding the use of a groundheat
pump system in cold regions such as Alaska, and, in addition, set some of the criteria neededto produce
the most accurate and applicable outcome. The document focused particularly on two issues: the need

for better data on the effectiveness of GSHPs, and the need for better informationon the installation cost

34



of GSHPs. The work was carried out in Fairbanks, Alaska, and the findings were presented under three
categories: heat delivery system, site considerations and costs. The work concluded that GSHP can be
an efficient heating system, yet the long-term effects remainedto be studied; the use of a baseboard heat
delivery system was not suitable when using GSHP; thesite must be such that there is sufficient solar

energy; the cost of electricity and of heating fuel impacts on the cost-effectiveness of the GSHPs.

Present work is for Saudi Arabia and this does not resemble cold climate conditions presented in this
section, however exhaustive parametric investigations have been performed in the cold climatic
conditions and this is useful to decide the appropriate parameters and work methodology. Also, to

demonstrate that the system can work in extreme climates.

2.13 Large-scale GSHPs

Over the years, the use of the large pump system for heating and cooling purposes has spread in several
countries, especially in Europe and North America, where the cold climate is the prevailingclimate. The
operating principle for large scale commercial GSHP systems is exactly the same asthat of the small
GSHP systems. the main difference between the two systems is the vast land arearequired to operate
large systems, which hinders its use in a narrow area. So far, there is no agreement on classifying the
size of large and small systems. The classification of the size of largesystems varies from one
organization/institution to another. The Massachusetts Department of Energy Resources (DOER) for

example, classifications the size of GSHPs based on system capacity as shown in Table 2.2 [65].

Table 2.2 Size classification of ground source heat pumps

Technology Small Intermediate Large

Ground source heat pump Output capacity less than Output capacity between Output capacity greater
or equal to 134,000 Btu 134,000 and 1,000,000 than or equal to 1,000,000
“per hour (= 11 ton) Btu per hour (= 83 ton)  Btu per hour (= 85 ton)
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Another industry organization such as ASHRAE has standard built on many factors to ensure the
adequate design of GSHP meet accurate, performance expectations and decrease the maintenance
issues. One of these factors is Equipment Eligibility whereas the rated operating COP and EER ofthe
heat pump unit must be not less than 3.6 and 17.1 respectively. Table 2.3 Illustrate the minimum COP

and EER heat pump unit requirements for a small GSHP system [65].

Table 2.3 Minimum COP and EER requirements for a small GSHP system.

Type Cooling EER Heating COP
Closed Loop Water to Air 17.1 3.6
Open Loop Water to Air 211 4.1
Closed Loop Water to Water 16.1 3.1
Open Loop Water to Water _20.1 _3.5

In general, the factors that affect the performance of small GSHP (the subject of chapter 6 in this thesis)
are the same as those that affect large GSHP, such as the thermal conductivity of the soil and the soil
temperature. Many monitoring studies have been implemented to evaluate the performance and
installations of large GSHP system to Increased knowledge in GSHP technology.Rees et al [66] used
one-year data collected from a large educational building at De Montfort University Leicester, UK.
This building has 15,607m? required 360 kW and 330 kW for cooling and heating load, respectively.
The GHX consisted of 56 boreholes and 100 meters depth, and theground thermal conductivity was
estimated to be 3.1-3.3 W/mK. High-quality data collected frommonitoring the GSHP system for one
year showed high COPs range from 3 to 6 based on the timeof the year. Jingyang Han et al[67]
investigated the thermal performance of a GSHP system compared to Solar energy coupled ground
source heat pump system (SGSHP) for the large Librarybuilding located at Hebei University of Science
& Technology, Hebei, Shijiazhuang, China. Thisbuilding consists of eight floors with a total area of
49,000 m?. For the purposes of this analysis, three large heat pump units join to 1200 borehole with

100 m depth. The results show that the GSHP is more cost-effective for long-running compared to
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SGSHP for the large building.Furthermore, in term of energy saving, it has revealed that 1131 metric

tons of standard coal and 4641 metric tons of CO.emission can be saved.

Zhai and Yang [68] investigated the efficiency of GSHP compared with ASHP system operatingin
cooling dominates the region in Shanghai, China. Two large heat pump unit with a total coolingcapacity
of 500 kW installed under the university archives building joint to 280 boreholes with 80m depth to
meet the cooling demand of 8000m?. It was deduced that the average COP under thetypical weather

condition of Shanghai for cooling and heating are 5.4 and 5.2, respectively.

2.14 Conclusion

This chapter has provided an overview of the literature regarding ground sour heat pump systems
(GSHPs). An overall history of energy, the demand of renewable energy, types of geothermal energy,
and the existing GSHP technology has been reviewed, and the various aspects of GSHP have been
discussed. Also, this chapter reviews the performance of GSHP, and the use of this system in cold and
hot/dry climates. Finally, at the end of the chapter several case studies for largescale GSHP systems are

presented showing the advantages and ability of using GSHP systems.

From the above review, it can be seen that the use of ground source heat pump (GSHP) systems incold
climates, such as those in parts of North America, Scandinavian countries and China has beendiscussed
for decades. However, hot and dry climates are encountered in vast regions across the globe but,
unfortunately, not much research has taken place in the use of GSHP systems in hot anddry regions.
This thesis aims to investigate the feasibility of using GSHP systems in hot and dry regions, and Saudi
Arabia is an example. Therefore, we are now in a good position to conduct suchan investigation as there
is now good data on the climate and importantly on the underground temperature in this region. This
thesis now uses this to examine the engineering and economic viability of these systems compared to

the ASHP predictions in these conditions.
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Chapter 3: Ground Source Heat Pump Modelling

3.1 Introduction

A ‘model’ can be defined as a physical or a mathematical representation of an actual system. A model
may help to explain a system and to study the effects of different components, and to makepredictions
about system behaviour. A numerical model is the best way to break everything downto an elemental
level, with a view to reconstruct and predict how the system would behave under different conditions.
One of the fundamental tasks in the design of a reliable GSHP system is the proper sizing of the GHX
length. Over the past two decades many research efforts have produced several methods and
commercially available design software tools for this purpose [69]. This chapter aims to briefly

summarize the development and application of GSHP modelling in terms of methods and software.

3.2 Vertical Ground Source Heat Pump System Modelling

Over the years, many analytical and numerical models have been developed to estimate the heat transfer
capacity of GSHP system. All of these models are based on the principles of heat conduction and rely
on some estimate of the ground thermal conductivity and volumetric specificheat. These parameters
are perhaps the most critical in the system design, yet adequately determining them is often the most

difficult task in the design phase.

The effectiveness of the GHSP system is dependent on the size of GHX loop which is consideredas the
most expensive component of the GHSP system [70]. Undersized GHX lead to system failure due to
accumulative heat in the soil around the heat exchanger. In contracts, oversized heatexchangers lead to
high initial installation cost affecting the GSHP system's competitiveness with other traditional
systems. Hence, for the mitigation of the cost of the GSHP system for the installation and

optimum design, along with the reducing of the length of the GHX, it is essentialto do further research
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about the performance of GHXs [71]. In order to determine the temperatureof the carrier fluid, a
mathematical model is essential. This calculation helps to determine the circulation between the heating
pumps and the GHX for different operational conditions. It also helps to determine the evaluation of

different GSHP systems [72].

Two different zones are used in the analysis of the heat transfer process of GHXs. One of them is
outside of the GHX, which is surrounding area such as rock or soil, and the other is the inside zoneof the
GHX, which includes grout material, U-tub pipes and fluids circulating inside the pipe [73]. Many
mathematical calculations have been implemented in order to determine the transfer of the transient
heat from the outside zone of the GHX [72]. The classification of the models can be donein two ways -
numerical models and analytical models. The analytical model is generally based oncylindrical heat
source theory and infinite line sources theory [74]. From the simulation point of view, analytical models
are based on the line source model (LSM) and cylindrical source model (CSM), which are widely used
to determine the thermal disturbance resulting from liquid circulation in the GHX. Table 3.1 showed

the development in analytical models over the years [75].

In recent decades, numerous researchers monitored and simulated the ground source heat pump
performance to investigate the elements that affect the heat transfer in the ground heat exchanger.These
modelling approaches are beyond the scope of this thesis because this work emphasises simulating the
GSHP system using the TRNSY'S and GLD software, and not using mathematical/ analytical models’
approach such as the 3D heat transport model or the finite element matrix assembly technique.
Therefore, in this chapter, it willbe sufficient to mention the main methods used in the design of GSHP.

The various analytical models are described below.
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Table 3.1 The main analytical models’ approach for GHX.[75].
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3.2.1 The line source model

The line source model was developed based on Kelvin’s line source theory (Kelvin, 1882). The line
source model is usually used to describe the heat transfer process in long-term responses (days,months,
years). The fluid temperature inlet and outlet of the GHX are determined to ensure that the temperature
is within the design limits of the heat pump unit. In the line source model, the borehole is considered
to be infinitely long, so that the heat flow is always radial and normal to the borehole the temperature
of the ground surrounding the borehole at any radius and at any pointat any time can be obtained. The
heat flux at the source point is considered as the constant radial heat flow normal to the length of the
source, and it transfers the heat from the line source to an infinite homogenous medium surrounding it.
In the line source model, the geometry of the borehole is necessarily ignored, along with the thermal
capacities of the fluid, pipes and grout material within the borehole. Consequently, the model is not
suitable for short timescale applications where the dynamic response within the borehole should be

considered [76].

Despite its limitations, the line source model has been widely used in the analysis of in situ thermal
response test data, due to its simplicity and efficiency in terms of computing. Moreover, more
sophisticated analytical models of GHXs have been developed, and contributions have been madeto

improve such models in recent decades [71].

3.2.2 Cylinder source model

The cylindrical source model estimates the temperature difference between the outer cylinder surface
and the surrounding soil for short operating periods of less than six hours. This short-termresponse is
important for energy analysis and hybrid systems design. For example, the heat transferinside the GHX

constantly changes as a result of changes in the building load requirement over ashort period.
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The cylinder source solution assumes the borehole to be infinitely long and the ground to be
homogeneous along the depth [69]. The geometry and the thermal properties of the materials insidethe
borehole, including the thermal mass of the fluid, were ignored and the cylinder source solutioncan be
used to calculate the temperature distribution of the infinite ground with the initial temperature
surrounding the borehole at any time. As a result of the heat transfer below the borehole, this model is
not suitable for multi-annual simulations: for example, over 20 years, wherethe end effect becomes

important and cannot be neglected.

In short, analytical models have been developed by making a number of simplifying assumptionsand
applying them to both the design of GHXs and the analysis of in situ test data. Both the theories(line
source model and cylindrical source model) allow us to assume infinite length in infinite homogeneous

medium in the case of the vertical GHX.

3.3 Numerical Methods

Although analytical solutions require less computing effort, they are less suited to design and
simulation tasks where one would like to take into account the varying time of heat transfer rates and
the influence of the surrounding boreholes on long timescales. The complexity of thenumerical models
is high and is implemented through computer tools. Both analytical solutions (Cylindrical source
models and line source models) are widely used in engineering applications software’s [77]. The
reasons for using these two models are for their simplicity and accuracy to estimate the heat transfer

capacity of GHXGs.

3.3.1 G-function model

Numerical modelling of GSHP considers the borehole geometry and thermal data in detail. The g-
function model considers the highest development numerical solution of GHX used in many designtools

for BHX, such as GLD, EED, and GLHEPRO [78],[79]. A G-function considers the temperature
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change of the ground at the edge of the borehole, resulting in a heat pulse in a two- dimensional (axial-
vertical) per unit length. In other words, the G-function solve the problem relating to the heat
conduction in a homogenous medium by describing the relationship of temperature changes and heat
fluxes of GHX fields/arrays. Basically, the G-function is hybrid approach combining analytical and
numerical methods to derive response functions for pre- defined configurations of BHES. Response
factor models have been proved to be highly efficient and have been implemented in both design and
simulation software. More details on the model and g-function can be found in [80], [81]. Currently,
there are three popular methods for calculatingthe optimum length of the heat exchanger. The first
method is rule-of-thumb which calculation based on experience or experimental but the output not
strictly accurate. In this method, the peak cooling/heating load is the main factor in sizing the GHX.
The second method is based on the ASHRAE standard, which considers the most widely used methods
simplifying the calculation of GHX length. The last method is based on a computer simulation of the

ground heat exchanger [74], which gave the best results and is compatible with experiential studies.

3.4 Simulation Software

Variety of simulation tools are currently available in evaluating the design of the GSHP system. Design
GSHPs are defined as complex objects that require a high level of expertiseand knowledge in order to
investigate the elements that affect the ground heat exchanger, heat pump unit and building envelope
to simulate HVAC systems to achieve economic viability and comfort for the users. Building energy
simulation is a powerful method for studying energy performance of buildings and for evaluating
architectural design decisions as well as choices for construction materials and methods. Thus, the
correct simulation software tool should be selected to simulate GSHP system interaction with their

immediate surroundings to provide a comfortableworking environment in various circumstances [82].
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3.4.1 System simulation using TRNSYS

The software package known as Transient Systems Simulation (TRNSYS) was originally developed
at the University of Wisconsin and has been commercially available since 1975, following which it has
now become a point of reference on a global scale for researchers, designersand engineers [83]. The
software has been, and still is, primarily used in the fields of renewable energy engineering and building
simulations and its main advantage is that it has a modular structure that gives the programme enormous
flexibility. This flexibility enables the modeling of a variety of energy systems to different levels of
complexity where users are able to describe the system components and the manner in which they are
connected. TRNSYS consists of several programmes (TRNSYS Simulation Studio, TRNSYS3d,
TRNFLOW, TRNLizard and TRNBuildfor multi-zone buildings). The software meets the requirements
of the European Standard for solarthermal systems ENV-12977-2 and the building model included in
the software, known as ‘Type 56°, complies with the requirements of ANSI/ASHRAE standards 140-
2001, the American Standard Method of Test for the Evaluation of Building Energy Computer
Programmes and the Building Energy Simulation Test (BESTEST). In addition, it meets the

requirements of the European Directive onthe Energy Performance of Buildings [84].

Due to inherent advantages, such as robust, intuitive, have user friendly graphical front end, output of
one component can be graphically connected to inputs of another, great flexibility in integrating,
printing and reporting output values and easy to view plots of the of parameters such as temperature,

flow rate, heat transfer etc. is used in the present work.

3.4.2 Ground loop design software, GLD:

The GLD software is a monthly, and hourly analysis program tool which has been employed inthis
study in order to estimate the GHX length. GLD has been used worldwide in more than sixty three

countries and is available in 14languages. For example, it is recommended by the Ministry of
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Knowledge Economy in Korea [85]. The GLD software can deal with three types of shallow geothermal
systems: vertical, horizontal, and surface water, and GLD enables designers to import or export data
for building load, heat pump unit, and system layout from other programs [86]. GLD able to upload the
building load datawhich can be imported simply from different energy simulation software such as
Carrier HAP andTRANE Trace on an Excel file [87]. In addition, GLD features include but are not
limited to: English/metric unit convergent, CFD simulation, building piping system, lifecycle cost
analyses, CO reports, and bills of material [88]. Thus, features of GLD such as the flexible user
interface, “what if” modelling facility, international standing, international pipe size, built-in fiancé
and lifecycle costing, multiple design approach etc. makes it promising simulation modelling tool for

present task.

3.5 Conclusion

GHX modelling has been described in this chapter. The study shows that the solutions inside the
borehole stay in a steady state. The transient effect outside the borehole should be taken into account.
In most cases, the thermal therapy outside the borehole has not been taken into account for most of the
analytical models. Instead of that, it is assumed that the length of the borehole is infinite. However, this
process is still used in most of the cases for designing of GHXs of short computation time. In addition,
following the literature review of the various models available, it was decided that a discretised three-
dimensional model for GHXs fully captures all the requirements and would help to accurately predict

thermal response of GHXs.
A simulation software model shall be developed to provide the following objectives:
I.  Assistin investigating the effects of the dynamics of the fluid transport along the pipe loop;

ii.  Assist in the study of three-dimensional characteristics of heat transfer around a GHX;
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iii.  help examine the significance of applying a dynamic GHX model in domestic GSHP

systems.
iv.  Investigate the thermal interferences of multiple GHX with different configuration.

Finally, in this study, the TRNSYS program was chosen to simulate the system because of its
characteristics that enable the designer to study the thermal loads of the building and link them with
the GSHP and ASHP. Also, the GLD program was also chosen to perform the sensitivity analysis, as
it is quick and easy to use, while covering all the factors affecting the efficiency the ground heat

exchanger.

46



Chapter 4: The GSHP Potential in Saudi Arabia

4.1 Introduction

Throughout the world there has been - and will continue to be for the foreseeable future - a moveto the
use of renewal energy. In hot dry climates an untapped form of renewal energy is from the ground. To
demonstrate this idea we will use, as an approximation, a building in Saudi Arabia to investigate and
test the performance of vertical ground source heat pumps as a new facet of renewable and sustainable
energy in hot/dry climates, which predominate in Saudi Arabia, in orderto reduce costs and CO2

emissions from HVAC systems, along with saving energy.

In order to investigate the feasibility of using vertical GSHPs in Saudi Arabia, a techno-economic
analysis is introduced to evaluate the use of GSHPs compared to the ASHP systems in this type of
climate. The most important parameters that must be considered are the climate conditions, local
geological conditions, initial costs and electricity tariffs. Based on the data found in relation to these
aspects, the size of the GSHP will be calculatedand a basic cost analysis that will be compared to
conventional cooling systems will be determined.The following section provides information about

these parameters before determining the groundheat exchanger size.

4.2 Climate Conditions in Saudi Arabia

Saudi Arabia is located at a longitude 37-52°E and its latitude lies between 16°N and 32°N with vast
areas 2,000,000 km?. As a result, Saudi Arabia tends to be one of the hottest countries in the world with
complex topographical surface and it has the largest continuous expanse of sand desertin the world [89].
The country classified as a desert climatic (arid and semi-arid) pattern in all except the south-west
provinces (Asir), which is a mountainous region [90]. For example, the Asir Province is the location of

Sawda mountain, which is the highest peaks in Saudi Arabia with 3000m above sea level. The climate
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in Saudi Arabia also varies from one province to another. In the summer months the average
temperature varies from 27 °C to 45 °C within the inland regions, whilethe coastal region experiences a
temperature within the range of 27 °C to 38 °C but with high levelof humidity. On the other hand, the
average temperature in Saudi Arabia during the winter season usually ranges from 8 °C to 20 °C in
regions such as Riyadh, while in locations such as Jeddah, which is located on the coast of the Red Sea,
the temperature ranges from 19 °C to 29 °C [91]. In general, winter is mild in most regions of Saudi
Arabia. However, this is not the situation in the mountainous regions located in the south-western part
where, during winter, the temperature sometimes drops to 0°C and the prevalence of a high chill wind
give to rise to a cold atmosphere [92]. Also, there might be snowfall in the north regions where the

temperature reaches below zerodue a cold wave gripping the region.

4.3 Precipitation

Although seas surround Saudi Arabia from approximately three sides, evaporation from the sea surface
does not add significant value to the amount of precipitation or the reduction in ambient temperature
due to the small size of these water bodies in the Red Sea and the Arabian Gulf. SaudiArabia classified
as one of the poorest nations in terms of water resources such as rainfall, rivers and lakes. The arid
regions are characterized by deficient annual rainfall. As shown in Figure 4.1, the amount of rainfall
varies between 100 in the north region up to 300 mm on the mountain’s areas in the southwestern
highlands. It is important to note that the rate of rainfall directly affectsthe performance of GSHP
because it affects the rate of soil moisture, the amount of groundwater and the ambient temperature, all

of which are considered factors in the design of GSHPs.[93].
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Figure 4-1 Average annual precipitation for Saudi Arabia.

4.4 Climatic Zones in Saudi Arabia

Knowledge of the climatic zone is one of the basic steps required to examine the application of the
potential for renewable energy, to determine green home design, zero energy designs and energy
consumption. Alrashed and Asif [94] evaluated the climatic zones in Saudi Arabia by dividing the
country into five inhabited regions, including the following major cities: Dhahran, Quraiat, Riyadh,
Jeddah and Khamis Mushait, see Figure. 4.2. Also, this study compared these five sites with the 18
global sites on the basis of four main parameters that affect the energy performance ofzero energy
homes (ZEH): air temperature, relative humidity, wind speed and solar radiation. ThelES-VE software
was used to model a virtual house for all the relevant locations. The findings ofthe sensitivity analysis
indicated that the Saudi climate is not an obstacle to the application of ZEHSs in the country. Also, the

locations were compared with their corresponding Saudi locations,as shown in Table 4.1.
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Table 4.1 The climatic parameters for the identified and represented locations [14].

Location Temperature, °C

Min. Max Mean
Dhahran, SA 5 45.7 25.8
Borrego Springs, California, US 2.3 48.4 24.7
Quraiat, SA -3.3 43.9 19.8
Tucson, Arizona, US -2.1 43.2 20.4
Riyadh, SA 2.2 43.7 25.1
Phoenix, Arizona, US -2.8 46.1 225
Jeddah, AS 13.9 41.7 27.9
Lake Bennett, Australia 15.6 35.8 27.7
Khamis Mushait, AS Cupertion, California, US 2.7 34.3 18.9

-0.2 37.2 16.6

Cold- Dry with a desert subzone.

1 Subtropical with Mediterranean subzone

\ Dhahran and mountainous subtype.

Hot-Dry Maritime subzone.

¥ Hot- Dry with a desert subzone.

B Hot-Dry with a maritime desert subzone.

¥ Empty Quarter.

Figure 4-2 The climatic zones in Saudi Arabia, adopted from [94].



4.5 Geothermal Conditions in Saudi Arabia

The geology of Saudi Arabia consists of two main parts, the Arabian Shield, which is located in the
west of Saudi Arabia, and the Arabian Plate, which extends from the centre of Saudi Arabia tothe east
coast. These two parts contain different geological characteristics of the soil and rocks Figure 4.3. In
the last two decades, several studies have identified the deep geothermal resources in Saudi Arabia;
most of these studies have focused on exploring the location where geothermal power is generally
stored [95]. Volcanic regions and hot spring waters are considered by researchers when understanding
the capacity for geothermal power. Deep geothermal resources, however, are beyond the scope of this
thesis but, regarding the exploitation of shallow geothermalenergy using GSHP, there is a lack of

research that addresses this issue in Saudi Arabia.

Figure 4-3 Map of Saudi Arabia, showing the two main parts, the Arabian Shield and the Arabian
Plate
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The feasibility of using ground-coupled condensers for air-conditioning (A/C) systems in Saudi Arabia
was investigated by Said et al. [47] where the temperatures and soil properties required forthe
performance analysis of one of these condensers was determined experimentally. The measurements
undertaken as part of the investigation revealed a significant difference between theambient air and
ground temperatures, which resulted in an increase in the coefficient of performance and a reduction

in the energy consumption of an A/C unit using a vertical ground

heat exchanger rather than an air-cooled condenser, the latter of which is the current norm in the
country. A maximum difference in temperature of about 12 °C was observed between the ground
temperature and the dry bulb temperature of the ambient air as shown in Figure 4.4. A steady-statevalue
of 32.5 °C was reached for the mean borehole temperature. Also, cost analysis was undertaken, which
indicated that the use of ground-source heat pumps in Saudi Arabia would resultin about 28% energy
savings if ground coupled heat pumps were utilized over the ambient air. However, this was deemed to
not be economically viable due to the low electricity prices prevalentin the country due to government
subsidies and high drilling costs. The study by Said et al. [47] highlighted a few salient aspects as

follows:

e There is a significant temperature difference between the ambient air and the ground that will

favour the performance of GHXs over that of air-cooled condensers.

e The ground temperature in the KSA does not change significantly about 30m below the surface

throughout the year.

e Performance analysis indicated an increase in the COP and a reduction in the energy
consumption of an A/C unit when using a vertical GHX instead of an air-cooled condenser;this

resulted in energy savings of about 28%.
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Figure 4-4 Difference between the ambient air and the ground at different depths in May 2008 [47]

Another study, by Shargawy et al. [96], deals with the in situ experimental determination of the thermal
properties of the underground soil for use in the design of borehole heat exchangers as shown in Figure
4.5. The approach is based on recording the unsteady thermal response of a GHXand this was, for the
first time, installed in Saudi Arabia. In this approach, the temperature of the circulating fluid was
recorded at the inlet and outlet sections of the GHX with time. The recordedthermal responses, together
with the development of a simple line source theory, were used to determine the thermal conductivity,
thermal diffusivity and the steady-state equivalent thermal resistance of the underground soil. From the

results obtained, as detailed in the report, the following conclusions were drawn:

e For the selected site, the flow rate, power consumption and the inlet and outlet temperatures(T2
and T3 in Figure. 4.6) were recorded until the circulating fluid attained thermal equilibrium.
The average fluid temperature was 32.5 °C and the maximum circulated outletfluid temperature
was 36.5 °C after 6 days of operation. This temperature difference is very important as it helps

to select the flow rate of circulating fluid for a given fluid and capacity of heat pump.

e For the selected site, the underground temperature was recorded every 1m along the depthof the

borehole (Figure. 4.6), and the average temperature of the ground (T) was 32.6 °C.
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For the selected site, the GHX effective values of 2.154 (W/m K), 6.252 x 10 (m?/s) and 0.315
(m K/W) were determined for the soil thermal conductivity, thermal diffusivity andthermal

resistance, respectively.
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Figure 4-5 Layout of the first thermal response test in Saudi Arabia [96].
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Figure 4-6 Inlet, outlet and mean fluid temperatures during the thermal response test [96].
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In 1978, a detailed cooperative study between the Ministry of Petroleum and Mineral Resources in
Saudi Arabia and the US Geological Survey investigated the heat-flow measurements. Five siteswere
selected in the region between the Riyadh provinces in the direction towards the southwest and the
Farasan Islands [97]. Each site was mapped and sampled in detail. At each site, 1520 wells were drilled
with an average depth of 60 m; the distance between each site was approximately200 km, see Figure.

4.7.

Saudi Arabia »
ERiyadh
oP1
eP?2
eP3
oP4
oP5

Figure 4-7 The location of the five sites that were selected for the drilling of the boreholes by the
Ministryof Petroleum and Mineral Resources in Saudi Arabia and the US Geological Survey to
investigate the heat-flow measurements adopted from [97].

The thermal conductivity and underground temperature were computed in all boreholes. Table 4.2
summarizes some of the most important information regarding this building and its environment. The
most important information from this study relates to the GSHP design was the average thermal

conductivity for site 1 is 2.6 W/mK and the average underground temperature at 60m depth is 28.5 °C.
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Table 4.2 Heat flow and thermal conductivity estimates from the five sites selected [97].

Shot point Altitude (m) Depth (m) Thermal conductivity W/m-K
1 692 70 2.62
2 887 69 3.26
3 946 62 2.60
4 1144 58 3
5 179 58 4.22

Despite the lack of studies on shallow geothermal in Saudi Arabia. Data collected from these three
studies related to the GSHP design was the average underground temperature, the fluid temperature
from the borehole and the thermal resistance as summarizedin Table 4.3. The maximum difference in
temperature of about 12 °C was observed between the ground temperature and the dry bulk temperature
of the ambient air and the outlet temperature from the ground loop was 36.5 °C. All these values will

be used to estimate the ground heat exchanger length based on ASHRAE standard.

Table 4.3 Geological and soil properties conditions of the ground heat exchangers.

Average thermal conductivity for shot point (1) 2.6

Thermal diffusivity 6.252 x 10-6 (m2/s)
The main fluid temperature from the borehole 32.5°C

thermal resistance 0.315 (m K/W)
The average underground temperature at 60m depth 28.5°C

for shot point (1)

Finally, ASHRAE standards and many simulation programs, such as TRNSYS use Eq. (4.1) as
developed by Kasuda [98] to calculate the underground temperature at different depths. Figure 4.8
show theunderground temperature for Riyadh city at different depths based on the daily weather data

collected for Riyadh city, 2018.
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T 21 D [365
Tsoil(D,tyear) = Tmen - Tamp exp (_D /365 *a) cos g(tyear - Tshift - 5 n*a) (4-1)

T soil(D,tyear) = SOil temperature at depth D and time of year.

Tmean = Mean surface temperature (average airtemperature). The temperature of the ground at an infinite depth will
be at this temperature

Tamp = amplitude of surface temperature [(maximum air temperature - minimum air temperature)/2]D = depth
below the surface (surface=0)

o = thermal diffusivity of the ground (soil)tyear = current time (day)

tshirt = day of the year of the minimum surface temperature

D=0 m —— D=5 m D=10
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Figure 4-8 Underground temperature for Riyadh city at different depths

4.6 Sizing a Geothermal Heat Pump in Saudi Arabia

The performance and initial cost of the geothermal pump depends on the calculation of the GHX. In
North America, it is estimated that, on average 10%-30% of the GHXsare oversized [81]. The high
initial cost of a vertical GSHP is linked to its oversized nature. The design of GHXs depends on many

factors (cooling/heating load, soil type and climate conditions)that are more or less controllable by the
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designer; for example, the heat transfer through the GHXand surrounding soil or rock, which is difficult
to quantify. Thus, sizing a geothermal heat pump is a complex process, and therefore it is important for
the accurate sizing of the vertical GSHP before making any decisions. Therefore, in order to make
GSHPs economically feasible it is veryimportant that there is a good estimation of its size so that the

amount of drilling can be limited and there are fewer operational problems.

4.7 Methods of Calculating the Length of a Vertical GHX

Generally, various factors affect the design of GSHPs including but not limited to, peak heating/cooling
load, characteristics of the heat pump, ground parameters and climate conditions. Thus, there are many
methods that can be applied to estimate the length of a vertical GHX; the ASHRAE standards, based on
the work of Carslaw and Jaeger (1947), is the most widely used. Thismethod is also known as the
cylinder source solution, which assumes that the borehole is infinitely long, and the ground is
homogeneous along its depth. The geometry and the thermal properties ofthe materials inside the
borehole are ignored, including the thermal mass of the fluid. This approach was developed and
evaluated initially by Ingersoll and Zobel (1954) in steady-state mode, then Kavanaugh and Rafferty
(1997) developed method to calculate the equivalent thermal resistance for three different heat pulses
[69]. For example, in a 20-year pulse, a one-month pulse, and a six-hour pulse. This method became

ASHRAE standards to estimate the size of GHX.

In order to determine the feasibility of using GSHPs versus ASHPs in Saudi Arabia as shown in

Figure 4.9, the following steps are performed:
(i) Calculate the length of the GHX based on the ASHRAE handbook ASHRAE (2017).

(ii) Perform a basic cost analysis compared to a conventional cooling system ASHP.
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Figure 4-9 Schematics of ground and air source heat pump systems for a typical house in Saudi
Arabia.

4.7.1 Description of generic model

To perform a basic cost analysis, Table 4.4 and 4.5 shows the data that has been collected from the
literature review and from the actual project for the bank building located in Riyadh Saudi Arabia as

follows:

* The soil properties (thermal conductivity and underground temperature) collected from the
report prepared for the Ministry of Petroleum and Mineral Resources in Saudi Arabia and the

US Geological Survey to investigate the heat-flow measurements [97].

« The cooling and heating load collected from the actual project for the bank building located

in Riyadh Saudi Arabia performed by an engineering consultant [99] attached in Appendix 1.
* The costs of the heating pump unit were estimated by the Water Furnace Company [100].

Construction and the installation cost (drilling, pipe and labour) is estimated based on the
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average price of three local contractors that we have been in contact with (see attached in

Appendix 2).

 The liquid temperature at the heat pump inlet/outlet, thermal resistance of the bore and pipe

properties were collected from Shargawy et al. [96].

Table 4.4 The data collected for the design calculation for the length of the GHX.

Parameters Value
Average Thermal conductivity for the soil, W/mK 2.6
Underground temperature at 60 m of depth, °C 29
Outside Temperature, °C 45
Average Annual Temperature (ASHRAE Handbook-2013), °C 26.5
Liquid temperature at heat pump inlet, °C 32.8
Liquid temperature at heat pump outlet, °C 39.5
Thermal diffusivity, m2 /day 0.54
Total cooling load (Actual data), kW 196
Total heating load (Actual data), kW 38

Table 4.5 The design conditions for the estimation of the cooling and heating loads.

Parameters Value
Building Area, m2 584

Total cooling load, kW 196.2

Total heating load, kW 38.1

Riyadh cooling degree days 5688

Riyadh Heating degree days 291

Outdoor temperature, F 115 (46.1 °C)
Indoor temperature, F 73 (22.78 °C)

Also, in terms of the estimated total borehole length, by use of the sizing Eq. (4.2), all the variablesor
factors have been obtained from the ASHREA hand-book (2017), HVAC Application: Chapter 34.
And, in case of the city of Riyadh the climatic parameters will be compared to the city of Phoenix,

Arizona, US.
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4.7.2 Calculation of the length of the GHX based on the ASHRAE standards

In this work, the equations employed to estimate the length of the GSHP systems are based on the

ASHRAE standards (2017) Handbook —-HVAC Application: Chapter 34.

The length to satisfy the cooling loads was calculated using the following relation:

L tittwo (4.2)
9 _T_tp
Where:
Fsc = short-circuit heat loss factor
Lc = required bore length for cooling, ft
Lh = required bore length for heating, ft
PLFm = part-load factor during design month
Qa = net annual average heat transfer to ground, Btu/h
Rga = effective thermal resistance of ground (annual pulse), ft - h - °F/Btu
Rgst = effective thermal resistance of ground (peak short term) 1 to 6 hours
recommended, ft - h - °F/Btu
Rgd = effective thermal resistance of ground (peak daily pulse: 1 h minimum, 4 to 6 h
recommended), ft - h - °F/Btu
Rgm = effective thermal resistance of ground (monthly pulse), ft - h - °F/Btu
Rb = thermal resistance of bore, ft - h - °F/Btu
tg = undisturbed ground temperature, °F
tp = temperature penalty for interference of adjacent bores, °F
twi = liquid temperature at heat pump inlet, °F
two = liquid temperature at heat pump outlet, °F
We = system power input at design cooling load, W
Wh = system power input at design heating load, W

To determine the total borehole length by use the sizing equation (4.2), the cooling load 196.2 kWand
the heating load 38.1 kW for the building, wear calculated by used the HAP software as designtool for
the bank building located in Riyadh Saudi Arabia, convert from power units (kW) to BritishThermal

Units (BTU) can be calculated as follows:

1 kW = 3,412.14 Btu/h (4.3)
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Thus:
Cooling load, Qic = 196.2 kw *3412.142 = 669,462 Btu/h
Heating load, Qi = 38.1 kW *3412.142 =130,002 Btu/h

In the cooling mode, the condenser rejects heat to the surrounding soil, and the evaporator extractsheat
from the load. For that, cooling rates are assumed to be negative in the cooling mode. The heat rejected

at the condenser is determined from

ERR+3.412
Qcond = Yic X EER (4-4)

= 669.462 Btu/h * (14.9 +3.412)/14.9 = -822.765 Btu/h

And the heat extracted at the evaporator is determined from

CoP-1
Cop

Qevap = qin (4.5)

=130.002 * (404-1)4.4 = 100456 Btuh
Where EER=14.9 and COP= 4.4 was selected based on the heat pump catalogue.

The net annual average heat transfer to the ground, gais as follows

— qCOndeFLHC+qevap XEFLHh
8760h

da (4.6)

= (-822,765 Btu/h) (985h) + (100,456 Btu/h) (87.5h) /8760
= -91,510 Btu/h

Where EFLH is Equivalent Full-Load Hours (EFLH) for different building types and climates. were
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determined from Table 8 and location is city of Phoenix, Arizona, US. (ASHRAE Handbook,2017).

Other factor must be determined to solve the Eq. (4.2) is the effective ground thermal resistances (Rga,

Rgm, Rgd) which depend on soil properties, boreholes diameter, and reference “heat pulse” duration.

The three ground heat pulses, qa, gn and qr, are applied over time periods which are typically equal to

10 years (ga), Imonth (qm), and 4 or 6 hours (qn), respectively. And t is the timeof operation.
0Ja =10 year (3650 day) = 11 =23650 days.
gn=1month (30 day) = 12=3650 + 30 = 3680
gn =4 hours (0.167 day) = 1 =3650 + 30+ 0.167 =3680.167 days
Therefore, Fourier number (Fo) is then computed for each period of time with the following

values:

F,rf = —— 4.7
of dzb 4.7)
Where:

a = thermal diffusivity,

T = the time of operation and d is bore diameter.

o, = thermal soil diffusivity (for Table 4 in the stander limestone = 1.15ft? / day)
d*v»= boreholes diameter (5 in)

Therefore, the Fourier number each reference period of time

7, = 3650 + 30 = 3680

T, = 3680.167 days T, = 3650 days 4a(‘l' . )
_ 4ary _4a(t; - 1) Fyy = #
02 = "2 02 =" gz d-,
b b =3.25
=84,000 =695 '
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G-factor which is then determined from Figure16 (ASHRAE Handbook, 2017) For each Fourier
value.

Gt =0.96 G1=0.58 G2=0.21

G-factor is obtained through the infinite cylindrical heat source model. More information about G-factor
(Gt, Giand G2) can be obtained from ASHRAE standards (2017) online Handbook — HVAC

application, chapter 34. From Figure 15,16 and Table 6.

Also, In the ASHRAE standards of sizing method, the infinite cylinder solution is used as the thermal

responsefactor. Thus, Rga, Rgm, Rgd are given by:

Gf—G
Rga = K_gl (4.83)
G1—G
Rym = 1K—gz (4.8b)
G
R,e = = 4.8¢
gst = ¥ (4.8¢c)

Where:

Rga, Rgm and Ry, are annual, monthly and daily pulse respectively.ky = ground conductivity =
2.6 Btu/h/f;  (given)

R = (0.96-0.58)/2.6 =0.271 h f, F / Btu.
Rgn = (G1— Gy)/kg = (.58 - .21)/1.4 = 0.264 h f, F/ Btu.
Rest= Ga/ky = 0.21/2.6 = 0.15 h f, F/Btu.

In addition, to determine the required length to satisfy cooling loads, some factors can be found in

ASHRAE sizing standard (2017) Handbook — HVAC application, chapter 34.

Ry = 0.185fth F/Bw (thermal resistance of bore - table 6 )
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PLFm =0.28 ( part load factor during the heating/cooling design months)>
Fsc = 1.05 (short circuit heat loss factor - table 7)

Ground temperature is a key value to know the length of the GHX. In our case there are two value

which are 26 °C based on Eq.(4.1) and 29 °C based on experimental study [97].

Thus, based on Eq. (4.2) and the data in Tables 4.4 and 4.5, the collection of data from the previousstudies
and the actual project for the bank building located in Riyadh Saudi Arabia, the required length of the

GHX in order to satisfy the cooling loads was estimate as follows:
GHX length at underground temperature 26 °C, Lc =4082m
GHX length at underground temperature 29 °C, Lc =5831m

Thus, 3 °C rise in underground temperature (the difference between the two values) reduces the GHX

length by 1749 m, which is approximately 42 % of the GHX length.

Despite the wide use of Eq. (4.2), three studies have focused on the ASHRAE standards Handbook
length method by comparing the total length to the results obtained using the simulation tool or actual
project. Cullin et al. [47] made a performance assessment of a GSHP, using a simulation tool for four
cities, namely Valencia, Leicester, Atlanta and Stillwater, suggested that, while the simulation-based
design tool predicted the borehole length to withint6% in all cases, the ASHRAE standards design
equation yielded systems with errors ranging from —21% to 167%. Ruan & Horton [81], on the other
hand, estimated that, in North America, on average, 10%~30% of the GHXs were oversized. Another
study [101] compared two methods, namely the ASHRAEstandard analytical method of Kavanaugh &
Rafferty and the GLHEPRO commercial tool, based on the g-functions method by Eskilson. The
comparative analysis of the two methods showed that the ASHRAE standards tends to overestimate

BHE size by up to 27%, as compared to GLHEPRO.
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Based on the above three studies, it is possible that the ground loop length calculated using the
ASHRAE standards handbook results in oversizing by about 20%, which, if factored in, would result

in reduced bore lengths, thereby resulting in decreased boring costs.

4.8 Cost Analysis
4.8.1 Savings on the power consumption

The cooling and heating load collected from the actual project for the bank building located in Riyadh
Saudi Arabia was performed by engineering consultants [99]. Table 6 shows the design conditions for
the estimation of the cooling and heating load. These input data were used to selectthe ASHP as a
conventional cooling system and the HAP software was used as the design tool to calculate the

heating/cooling load.

The results were obtained for the total cooling load 196 kW and the total heating load 38 kW andfrom
the Carrier catalogue, this building requires 3x20 TR package A/C units. As per catalogue, each unit
has a power consumption of 28 kW at a maximum ambient temperature 46 °C. In addition, the
calculation of the annual cooling power consumption and the cost based on a constantspeed compressor

(conventional A/C unit).
The electrical energy consumption for the cooling is determined as follows:

p— Qcooling%3412X24hoursxCDD
~ ERRx1000X(T,yu;—Tin)

(4.9)
where Qc is the cooling load, CDD is the cooling degree days and EER the energy efficiency ratio.The

equation (4.9) becomes:
P =196 x 3412 x24 x 5688/ (9.76x 1000x (115-73))

= 222,935 kWh per year
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The cooling electricity cost per year is determined as follows:
cost per year = power (kWh) x electricity tariff (4.10)
Saudi electricity cost: SR 0.32 per kWh
Cooling electricity cost = 222,935 x SR 0.32 per kWh
= SR 71,340 per year
The electrical energy consumption for the heating is determined as:

. QcoolingX3412><24h><HDD
T 1000X(Toue—Tin)

Pn = 38.1x3412 x24x291/1x1000x76-31= 20,175 kWh per year

P

(4.11)

From equation (4.10),
Heating electricity cost = 20,175 kWh/y x SR 0.32 /kWh
= SR 6,456 per year.

Differences in the annual primary energy consumption and the annual electrical cost between ASHP
and GSHP are presented in Table 4.6. It is seen that thenet savings in the power consumption for heating

and cooling is 97,098 kWh/year, which is equivalent to SR 31,066.

Table 4.6 The annual primary power consumption for the ASHP and the GSHP.

ASHP GSHP
Cooling block load, kW 196 196
Heating block load, kW 38 38
COP for the system 2.3 4.4
EER 9.76 14.9
Power consumption, cooling kWh per year 222,953 146,030
Power consumption, heating kWh per year 20,175 0 (free heating)
Cost of power consumption cooling mood SR per year 71,339 46,729
Cost of power consumption heating mood SR per year 6,456 0 (free heating)
Total cost, SR 77,795 46,729
Net saving on power consumption. SR per year 31,066
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It is important to note that the heating period in most regions in Saudi Arabia is short. For example,
Riyadh heating degree days is 291 hours compared to 5688 hours cooling degree days. This short period
represents 9% of the total annual energy consumption. However, due to the high underground
temperature, typically 29°C, which is above the indoor design temperature 26 °C in winter, then
Thus, the heating load can obtained by blowing the air through the warm circulating water only and
without the need to run the compressor, which consumes the most significant amount of energy
compared to the fan. Also, GSHPs can produce hot water without separate boiler unit, thus leading to

the saving in costs for domestic hot water equipment.

Another potential factor related to the use of GSHPs in Saudi Arabia is the reduction in CO2emissions.
For the next decade, the emissions of CO2 are estimated to increase rapidly. In G-20 (the Group of
Twenty countries), Saudi Arabia has the second highest per capita emissions in CO-in the last two
decades where the CO- has increased by about 75% [102]. Liu et al. [103] comparedthe ASHP produced
CO2 to three alternative systems (wall-hanging gas boiler, direct electric heating and coalfired boiler)
used in heating mode in China. Their results showed that there is significant energy efficiency and cost
effect to use ASHP. In addition, the GSHP is more energy efficient than ASHP and also a further

reduction in CO> release rate is anticipated.

To estimate the annual CO2emissions then we multiply the power consumption in kilowatt hours(kWh)
by the Emissions Factor (EF) for the state. In Saudi Arabia 1 kWh = 0.7 kg COa. As a result, when the
GSHPs saving is 97,000 kWh /year then this leads to a saving of 67,900 Kg COz/year. Approximately

40%.
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4.8.2 Initial cost analysis

The initial cost price is fundamental in determining the HVAC system. Song et al. [104] investigated
the techno-economic on operation performance of using ASHPs. From Table 8, it canbe seen that the
unit price for GSHP is about twice the ASHP. However, this price is variable depending on the
manufacturing company, taxes and location. In addition, the initial installation cost for the GSHP leads
to an increase in the investment costs of GSHP because of the extra expensive drilling costs. However,

over a period (22 years) then it is predicted that the GSHP will
be more feasibly.

The life expectancy of the heat pump is different from one region to another; based on the Air
Conditioning, Heating & Refrigeration Institute (AHRI), the average lifespan of ASHP is 15 years in
the ideal conditions such as average weather and regular maintenance. From Table 4.7, it can be
observed that the life expectancy of the ASHPs is rather limited in Saudi Arabia, due to the high ambient
temperatures, dust and the saline coastal environment, and in the cities near the sea, which rapidly
corrodes the aluminum heat transfer fins, and this leads to a shorter life span. The typical life-span of
an ASHP is 10-15 years; for the current assessment, a lifetime of 11 years has been assumed because of
the harsh climate. However,the GSHP does not have the corrosion problems that are generally
encountered with the ASHP. This is due to the fact that the heat pump unit is located indoors, and the
loop pipes are buried in the ground and therefore the plant is not exposed to the ambient air. Thus,
GSHPs have a typical life-span of 25 years and beyond, but for this study a lifetime of a GSHP has

been assumed to be 22 years, namely twice the life-span of an ASHP.
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Table 4.7 The initial cost analysis for the ASHP and the GSHP.

ASHP GSHP Notes
Ground Temp.°C | = =-mmmeeee- 26.5 29 26.5 °C from equ (1)
GHX Loop length, m | —-mmeeee 4082 5831 @29 °C from

experimental [13].

Unit price, SR 160,000 240,000
Drilling cost, SR~ | = - 326,560 466,480 SR80/m Ground
Pipe price, SR | - 10,613 15,160 SR2.6/m loop cost
Installation GHX, SR~ |  --—-—- 8,000 10,000 Estimate
Total initial cost, SR 160,000 585,173 731,640
Power consumption cost, 71,339*22 46,729*22 =1,028,038 Life cycle for the unit
SR /22y =1,569,462 Estimated 11 years for
From equ.3 (cooling) ASHP and 22 years for
Power consumption cost, 6,456*22 0 (free heating) GSHP. We assumed the
SR /22y =142,000 cost of installing the two
From equ.3 (heating) systems is equal.
Total Cost, SR /22 'y 1,711,500 1,613,211 1,759,678
Power saving, SR /22 'y 0 31,066*22= 683,460
Net total cost /22 'y 1,712,000 929,750 1,076,217
Saving % /22y 0 45.67 % 37.11 %

4.8.3 Simple payback periods

The payback period (PBP) is the easy way to determine the time required to cover the costs. The PBP
is the ratio between the differences in the total cost to the difference in the operation cost. The cost and
energy performance are the only two parameters considered in the PBP. The Department of Energy,
USA (DOE) does not consider PBP as a cost-effectiveness tool because itdoes not include the long-
term factors such as the replacement costs and the time value of money.The simple payback period [56]

can be summarized in the following equation:
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K2-K1
PBP = (E+M)1—(E+M),

(4.12)

where,

PBP = payback time, years.K = capital investment.

E = annual energy cost.

M = annual maintenance cost.

1 = system under consideration (ASHP).2 = alternative system (GSHP).

The annual maintenance cost, M, is given by

_ 0.5%K
- year of life cycle

(4.13)

Mo= (0.5*240000)/22 = 5454
where we have assumed that the maintenance cost for ASHP M is double M.

From Tables 7 and 8, equation (4.13) becomes:

731,640 — 16000

PBP =
(77795 + 10909); — (46729 + 5454),

= 15.7 years.

4.9 Underground Thermal Imbalance

For the GSHP to operate effectively and efficiently there has to be a balance in the underground thermal
conditions. This balance means that heat released into the ground by heat exchangers on an annual
basis should equal that extracted from the ground. This stability, however, can easily bedisrupted by
climatic conditions surrounding the buildings. In a cold climate, more heat will be taken from the
ground to keep the buildings warm and less will be replaced [105]. In a hotter climate, where internal

cooling is the priority, the reverse will take place. If these fluctuations arenot properly controlled, then
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a thermal imbalance will occur in the soil due to reductions or increases in the ground temperature. This
in turn will cause deterioration in the performance of theheat exchangers and heat pumps, leading
eventually to failure of the systems. In addition,groundwater and soil type play an important role

in the thermal load imbalance rate [105].

Ignoring the lack of thermal balance in the design stage leads to low system efficiency [106]. The

imbalance ratio (IR) is defined as:

IR = —2mi=Cet 1000 (4.14)

B max(Qinj :Qext)

where Qinj is the accumulated heat rejected to the soil in the cooling seasons and Qex: is the

accumulated heat extracted from the soil in the heating seasons.

To determine the accumulated heat for the GSHP the COP and EER for the GSHP is assumed tobe

4.4 and 14.9 respectively based on the catalogue and the ground load is determined as follows:
Cooling load, Qic = 196.2 kW *3412.142 = 669,462 Btu/h
Heating load, Qi = 38.1kW *3412.142 =130,002 Btu/h

In the cooling mode, the condenser rejects heat to the ground heat exchanger, and the evaporator

extracts heat from the load. The heat rejected at the condenser is given by

Qcond = QlIc ((EER + 3.412) /EER))
= 669,462 Btu/h* (14.9 + 3.412)/14.9
= 882,762 Btu/h
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The heat extracted at the evaporator is given by
Qevap = Qin * (COP -1)/COP
= 130002 * (4.4 — 1)/4.4
= 100,456 Btu/h
Thus, the thermal imbalance ratio is given by

_ 100456 — 882762
B 882765

X 100% = 88%

The negative IR indicates that the heat transfer to the soil is more than the heat extraction which
normally occurs in cooling dominated situations. A lower IR means a smaller difference betweenthe
heating and cooling loads. However, the thermal balance is the subject of our further investigations
where we are attempting to simulate the whole system by using TRNSY'S, but this is a very challenging

and novel approach.

4.10 Discussion of the Results of this Saudi Arabi Application

The data for this example on the viability of GCHPs for small commercial buildings in a hot/dry
climate, exemplified by Saudi Arabia gives a useful comparison of the energy consumption between
ASHPs and GSHPs and indicates the relative effectiveness of both systems. The ASHRAE standards
were used to determine the length of the GHX and from the results detailed abovethe following can be

drawn:

e The thermal properties of the soil and climate conditions have been analysed and this study
shows that the soil temperature is 29°C and the average thermal conductivity of the soil is 2.6

W/mK.
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Accurate soil temperatures and thermal conductivity would result in savings of 20-30 % inthe
bore lengths and a 3°C increase in the soil temperature from 26°C to 29°C would lead to an

increase of 42% in the length of the GHX from 4082 m to 5831 m.

In the heating season, the GSHPs are able to heat the building as free heating (passive heating)

due to the high temperature of the ground.

The total cost savings of 22 years were determined for 45% and 37% at underground

temperatures 26°C and 29°C, respectively.

The total annual cost of the power consumption for the GSHP is less than for the ASHP by

34.6%.

The payback period would exceed 15.6 years when compared to the ASHP system. This may

be due to the high initial cost required for the installation of GSHPs.

One of the key challenges of GSHP systems in hot dry climates is the thermal imbalance.

4.11 Conclusion

In this study, comparison between GSHP and ASHP systems shows that GSHPs are technically feasible

to use for air conditioning systems in hot dry region due to the significant temperature difference

between the ambient air and the ground. However, the underground temperature is themost important

factor in determining the GHX length which led to the lengthy payback period andincrease in the initial

This study also clearly shows that with the GSHP approach to cooling and heating, there will be a

reduction in the energy consumption in buildings in Saudi Arabia and hence the cost. It will also help

to minimize the CO2 emissions in the region. The same result may be applicable to similar

environmental conditions both in the Middle East and in other hot, dry climates with cool periods.
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Chapter 5: Modelling of Ground and Air Source Heat Pumps in a

Hot and Dry Climate

5.1 Introduction

After the encouraging results of the numerical analysis of GSHP in the fourth chapter, the
simulation and evaluation of the performance of GSHPs compared with systems employing ASHPs
are described in detail in this chapter. Both systems were comprehensively modelled and simulated
using the Transient System Simulation (TRNSYS). Also, the Ground Loop Design (GLD) software
was used to design the length of the ground loop heat exchanger. In order to assess this
configuration, an evaluation of a model of a single-storey office building, based on the climatic
conditions and geological characteristics that occur in the city of Riyadh in Saudi Arabia, was
investigated. The period of evaluation was twenty years, in order to determine the COP, energy

efficiency ratio (EER) and powerconsumption.

5.2 Literature Review

Over time, ASHP have become the most popular and commonly used systems for cooling and
heating. These use outside air for both climate seasons, one for the heat source and the other for the
heat sink [107]. External temperature variations can cause a drop in performance in either season

if, for example, the summers are too hot or the winters too cold.

On the other hand, GSHPs are considered the most efficient HVAC technology [108],[109] because
the underground temperature remains almost constant all year-round. This means that theeffect of
the ambient temperature is limited and the difference in temperature between what is considered
desirable (inside the building), and the surrounding medium (underground soil) is small compared to
the outside temperature. This is due to the fact that the underground temperature relates favourably
to the annual average air temperature, particularly at ten metres in depth whereit remains almost

constant.
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However, despite GSHPs being well established in cold regions worldwide, their use remains
limited in hot and dry regions, such as in the MENA countries. Unfortunately, very few studies are

available concerning the use of geothermal heat pumps in hot climate regions.

In contrast, in a harsh cold climate where there is a high demand for heating, such as Canada and
the Scandinavia countries, GSHP has proven its ability to produce highly efficient results. For
example, Healy and Ugursal [110] compare the economic feasibility between GSHP and three
conventional heating systems, including (electric resistance heat, oil-fired furnace and ASHP) fora
residential house in Nova Scotia, Canada where the required heating load was 22,800 kWh
compared to 2,300 kWh for cooling. The study illustrated that the GSHP system is the most

economic system for the fifteen-year life period.

In moderate Mediterranean climate zones, such as Cyprus, Paul et al. [111] investigated the
feasibility of using GSHPs compared to ASHP based on experimental data and a CFD model. The
study showed that the long payback period of the GSHP and the nowadays high efficiency of ASHP

systems reduced the chances for the economic success of GSHP.

A representative experimental investigation was carried out to assess energy savings on a
comparative basis between GSHP’s and ASHP’s, has been performed in Arizona, US. The data
emerged as a result of an initial feasibility study [56] into the use of a GSHP system for a small
office building in the capital, Phoenix. The results showed that a 40% saving in energy could be

achieved by using the GSHP, compared to the ASHP. However, an important variable emerged.

Safa et al. [112] in their study monitors and simulates the performance of GSHPs compared to
ASHPs based on Canadian climate. Both these systems were installed at Twin Houses - sustainable
housing- in Ontario, Canada. The ambient temperature is very from (-19 °C ~ 9 °C) in wintertime
and from (16 °C ~ 33 °C) in the summertime. Both Heat pump performance was monitored for 23

days in summer and winter. The experimental results from 23 days of monitoring in the summer
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and winter showed that the performance of GSHPs is better than ASHPs. The COP value in the
hottest time was 4.9 for GSHP compared to 4.7 for the ASHP. At the highest heating demand (-

19°C), the COP was 3.05 and 1.79 for GSHP and ASHP, respectively.

Likewise, Abdel-Salam and Zaidi [113] conducted two-part research to determine the performance
of GSHPs in the winter and summer seasons in two single-family detached houses in Canada. COP
and total power consumption were monitored, analysed and evaluated over one cooling andheating
season. The experiment results show the GSHP able to meet the peak heating load with sufficient
COP above 4. Furthermore, the total power consumption of GSHPs is less compared toASHPs by

66% and 46% for cooling and heating seasons, respectively.

From the short literary reviews above, it is clear the performance of the GSHP achieving a very
high COP with a long-term analysis in very cold areas, where there is a significant difference
between the outside temperature and the ground temperature. These results encourage the study of
GSHP in very hot regions such as Saudi Arabia and finding the most critical factors affecting GSHP

performance in such claimant.

Furthermore, the acceptability of a new system depends on its efficiency and cost-effectiveness.
The purpose of this chapter is to increase the accuracy by analysing the behaviour, performance and

technical feasibility of a GSHP compared to the equivalent ASHP in a very harsh hot climate,

such as Saudi Arabia. The industry standard modelling tool [83] TRNSYS was used to developed
and model both systems under the climate and geological characteristics of the city of Riyadh in

Saudi Arabia.

5.3 System Simulation Using TRNSYS.
5.3.1 Building envelope model

In this chapter, an exemplar building has been selected for the comparison. The design of the

building envelope represents a typical house or small commercial building in a city. As shown in
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Figure 5.1, a single storey office building has been considered for the purposes of this simulations.
With the simplifications that have been introduced, the model is not intended to be architecturally

realistic, but this does not affect the general results.

Despite the building envelope being outside the scope of this research, the scientific approach used
here is a general one, which other users could apply to real designs. In this case, the selection of
envelope elements would lead to accurate energy predictions and would also be a useful guide to
select the most appropriate size for an HVAC system. Therefore, in most cases, the building’s

envelope and orientation would have a significant impact on the simulation results.

The total building surface area is about 120 m?, the height is 3m with a gross volume of 360 m?®,
There are windows on three sides of the building and the fourth side has a main door. There are no
sun shading devices and the sun affects all sides of the building. This means that the cooling loads

will be much higher than normal.

— Concrete Block

Internal Plaster — \

 Insulation

Figure 5-1 (a) Schematic of the single-storey office building investigated. (b) Walls Construction

Details

TRNSYS (TRNSYS3d and TRNBuild) were used to simulate the thermal performance of this
building. The main thermal compulsory characteristics of the building envelope, such as being
thermally insulated, meant that the U-values for walls, roof and windows were chosen, based on the
Saudi Building Code 2018 [114] the minimum requirements shown in this code, based on the

building location zones (See Figure.5.2) are set out in Table 5.1. This model will be used in
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comparison to both systems. Despite the lower the U-value being the best, the wall, roof, windows

and door U-value were defined as 0.24, 0.20, 2.80 and 2.60 W/ m? K, respectively.

Figure 5-2 Saudi Arabia Climate Zones based on the Saudi Building Code [16].

Table 5.1 The U-Values for low-rise / residential buildings [16].

Opaque Elements (W/ m2 K) Zone 1 Zone 2 Zone 3
Roofs 0.20 0.24 0.27
Walls 0.34 04 0.45
Opaque Doors —All Assemblies 2.84 2.84 2.84
Vertical Glazing - 25% of wall All Assemblies 2.67 2.67 2.67

Skylight with Curb Glass
% of Roof % -3% All Types

4.26 4.26 4.26
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5.3.2 Building load estimation

Saudi Arabia is a large country with different climate zones and different geological characteristics
from one region to another. More information about the natural environment of Saudi Arabia can
be found in section 4.2 [94]. The capital city of Riyadh has been selected to be the location for this
study. The city has a very hot and dry climate in summer with generally mild weather in winter,

with little rainfall and low relative humidity.

In order to investigate the energy use, TRNSY'S software has been employed to estimate the cooling
and heating loads. The size of a heating or cooling system for a building is determined onthe basis
of the desired indoor conditions that must be maintained, based on the outdoor conditionsthat exist
at that location. Table 5.2 shows the design conditions for the building, based on the climate in
Riyadh and the ASHRAE standard. For example, the building of the ventilation rate usewas based

on the ANSI/ASHRAE Standard 62.1-2010 (Ventilation for Acceptable Indoor Air Quality).

Table 5.2 Design conditions for the building investigated: summer period.

Outside conditions 44 °C RH 45% - August

Inside conditions 24 °C RH 50%

Area 120m2 with suspended ceiling, 3m Height
Located 244N

Operation hours 8:00 am to 6:00 pm weekdays.

People Assumed 12

Equipment Assumed 12 W/m2

Lighting Assumed 20 W / m2

Ventilation / person Assumed 8.5 1/ sec

Based on the design conditions shown in Table 5.2, the cooling and heating loads were computed
by employing TRNSYS for all months, as shown in Table 5.3 and Figure.5.3. Based on the
local climatic and design conditions, the maximum cooling and heating loads were 14 kW and 10
kW, respectively. It will be seen that the annual equivalent full load hours (AEFLH) were to be

2,552 and 374, respectively.
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Table 5.3 Estimated cooling and heating loads for the building investigated.

M Cooling load Heating load
kWh Peak (kW) kKWh Peak (kW)
Jan 3 1 1,701 10
Feb 96 5 896 7
Mar 789 7 121 4
Apr 2,230 10 1 1
May 4,952 13 0 0
Jun 5,793 14 0 0
Jul 6,587 14 0 0
Aug 6,631 14 0 0
Sep 4,854 12 0 0
Oct 2,916 10 0 0
Nov 606 6 137 4
Dec 27 2 1159 7
cumulative max. peak cumulative max. peak
35,484 14 4,014 10
6.000E4
* Cooling Load
W Heating Load

0

Ml

Figure 5-3 Cooling and heating loads for the building created by TRNSYS.
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5.3.3 Heat pump simulation

The main advantage of a heat pump is the ability to transfer more energy than it consumes. As
mentioned in Section 2.6.4, COP and EER describe the performance of the heat pump, and in

prevailing discussion the COP term is used to describe the performance of the heat pump.

In fact, there are several unconventional ways to increase the efficiency of the heat pump, for
example, Johnson controls [115] is one case where the wastewater from the bathroom increases the
efficiency ofthe heat pump in cold climates, where the efficiency increases by 55%. Likewise,
Afshari [116] investigated experimentally and numerically the effect of the implementation of a
thermoelectric cooler on the heat pump COP of air-to-water and air-to-air thermoelectric coolers.
The results show that a 30-50% higher COP could be achieved from an air-to-water rather than an
air-to-air system. Both these research are helpful to further improve performance of GSHP and

ASHP systems.

In addition, it is known that the refrigerant type affects the COP of the system. However, the effect
of the refrigerant type is beyond the scope of this paper. Therefore, the same coolant R- 410a was
used for both ASHP and GSHP so that performance of both can be easily compared. Furthermore,
R 410a is selected as refrigerant because it is conventionally used refrigerant in Saudi Arabia as

well as worldwide and their properties are very promising and have minimum environmental effect.

5.3.3.1 Air source heat pump.

The ASHP system is the traditional system used for refrigeration and air conditioning in residential

buildings and small business buildings in Saudi Arabia.

For simulation purposes with this modelling package, an air-to-air heat pump, type 119 was
selected; this was the rooftop unit YORK ZE/EN series [117]. The data in the manufacturer’s
catalogue was used to model the ASHP (attached in Appendix 4). The capacity of the pump

selected was 10.5 kW and 17.5 kW for the heating and cooling, respectively. While this is higher
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than the value given in Table 5.3 it is a safety factor to account for extreme events.

The simulation runs for a full-year period based on the TMY2 (typical meteorological years) data
and the input date for TRNSYS attached in Appendix 3. During the test period, the ambient
temperature varied from 0 °C to 45 °C. Figure 5.4 showsthe outside temperature and inside set
temperature (21 °C in the winter and 24 °C in the summer)when the ASHP was operating, and the
model time step was 0.02/ hour (1 minute, 12 seconds).In addition, Figure 5.4 shows the operation
period for the ASHP in both cooling and heating (heating on and cooling on). It is clear that the
cooling remained dominant most of the year with8 months when there is a large difference between
the indoor and outdoor temperature, this is up to 21 °C in the summertime which requires substantial

work from the compressor, which adversely affects the performance of the system.
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Figure 5-4 Outside and inside building temperature during the simulation period.

In these regions, the hottest months provide a challenge for ASHP systems as the ambient
temperature can reach 50 °C. Thus, we must place a greater emphasis on the hottest months when
calculating the COP and EER. Figure 5.5 shows the COP for the ASHP during the simulation period

and Table 5.4 shows the average monthly COP and power consumption during the simulation
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period that starts at midnight on 1% January until midnight on the 31% December (8,760 calendar

hours).

In this chapter, the ASHP unit has been selected and this is similar to the GSHP unit in terms of
characteristics and specifications (such as the source of power, refrigeration type, compressortype,
unit efficiency and the cooling/ heating capacity) in order to make a fair comparison between the

two systems.
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Figure 5-5 COP for the ASHP unit.
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Table 5.4 The annual COP and power consumption of the ASHP and GSHP units.

M Overall power consumption kWh Overall COP
GSHP ASHP % Saving ASHP GSHP

Jan 362 684 47 4.71 5.32
Feb 170 290 41 4.68 5.32
Mar 148 210 29 4.29 4.21
Apr 686 963 29 3.55 4.03
May 1,379 2,210 38 3.36 3.80
Jun 1,693 2,806 40 3.22 3.59
Jul 2,025 3,271 38 3.15 3.47
Aug 2,116 3,366 37 3.14 3.37
Sep 1,490 2,244 34 3.36 3.42
Oct 797 1,069 25 3.60 3.56
Nov 144 179 20 4.16 3.82
Dec 174 312 44 4.73 5.40
Overall 11,183 17,602 _ 36 _ 3.83 _ 4.11

5.3.3.2 Ground source heat pump modelling

The GSHP can be seen to be more efficient than the ASHPs and, incidentally, it is also classifiedas a
renewable energy system because GSHP uses the heat from the underground as a source of energy.
Generally, GSHPs consists of three main parts: a heat pump, a distribution system and the GHX.
Thus, understanding the geology and hydrogeology of theunderground soil (ground layer) is an
essential element in the design process for a GHX Additional information on the geothermal
conditions in Saudi Arabia can be found in section 4.5 [47]. For the purposes of this study, two
elements must be carefully calculated to obtain theoptimum length of the GHX, namely the thermal

conductivity and the underground temperature.

5.3.3.2.1 Thermal conductivity

For the purposes of this study, variable geological characteristics were obtained from the report
prepared for the Ministry of Petroleum and Mineral Resources in Saudi Arabia and the US
Geological Survey [97] so as to be able to investigate the heat-flow measurements. The soil in
Riyadh consists of clay, silt, sand and gravel in different proportions. However, the thermal

geological characteristics of the soil [47],[97] can be summarized as follows:

e Average thermal conductivity is 2.6 W/mK.
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e Thermal diffusivity is 6.252x10° m? /s, N
e Thermal resistance is 0.315 mK /W.

5.3.3.2.2 Underground temperature

ASHRAE standards and many simulation programs, such as TRNSYSS, use equation (4.1) to calculate
theunderground temperature at different depths. Figure 5.6. shows the underground temperature for
Riyadh city at different depths based on the daily weather data collected for Riyadh city, 2018. It is
clear that the underground temperature for Riyadh city at a depth of over 10 m is assumed to be
26.5 °C. However, in this work, the value of 29 °C was used in the TRNSY'S simulation, based on
the experimental studies [97] that have been performed at five different locations in Saudi Arabia.

This investigation is therefore a pessimistic scenario.
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Figure 5-6 Underground temperature for Riyadh city at different depths.
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5.4 Sizing of the GHX

Correctly determining the length of the heat exchanger significantly determines the economic
feasibility of using GSHP. The initial cost of the geothermal pump related to the cost of

implementing the geothermal heat exchanger and geological studies for the region.

Based on the thermal conductivity and underground temperature as calculated above (2.6 W/mKand

29 °C, respectively) two methods have been applied to estimate the size of the GHX as follows:
I.  ASHREA method as before in chapter 4 section 4.7.2.
ii.  Ground loop design software, GLD [86].

Both methods are based on the monthly and peak loads in Table 5.3. A single borehole with a
diameter of 128 mm and 6 m spacing between pipes was employed and the borehole characteristics

and considerations are shown in Table 5.5.

Table 5.5 Design input data of the GHSP.

Design input data Specification
Borehole diameter 128mm

Pipe type HDPE, SDR11
Pipe thermal conductivity 0.38 W/mK
Inside diameter 34.5mm
Outside diameter 42.2 mm

Fluid type Water

Soil thermal conductivity 2.6 W/mK
underground temperature at 60m depth 29 °C
Prediction time 22 Years
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5.4.1 ASHREA standards method

The use of the ASHRAE standards equation to calculate the length of GHX is widely used to give
preliminary results of the total well length [69]. The length (Lc) to satisfy the cooling loads canbe
expressed based on Eq. (4.2) which obtained from the ASHRAE (2017) online Handbook ~-HVAC
application, Chapter 34. Based on the data calculated above the required length of theGHX in order

to satisfy the cooling loads was estimate as follows:
L. =400 m is the total length for the heat exchanger loop at 29 °C.

5.4.2 Ground loop design software, GLD

The GLD software is a monthly, and hourly analysis program tool [87] which has been employed
in this study in order to estimate the GHX length. The length obtained from this simulation was
found to be 400 m. Thus, in this simulation, the result obtained from the GLD, which was 400m
total length is used in the TRNSYS analyses. Furthermore, the inlet and the outlet water
temperatures were 39.4 °C and 45.6 °C, respectively. Figure 5.7 shows the averageentering water

temperature to the GSHP unit for a 22-year period.
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Figure 5-7 Average entering water temperature to the GSHP unit for a 22 year period by the
GLD.
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5.5 Ground Source Heat Pump Simulation

To provide the literature with information on the use of a GSHP in a hot/dry climate, TRNSY Shas
been used to simulate the whole system. Similar to ASHP, for simulation purposes with this
modelling package, a water to air heat pump, type 919 was selected. The data in the manufacturer’s
catalogue (ClimateMaster — Tranquility 30 Digital (TE) Series — (attached in Appendix 4) was used
to model the ground source heat pump. The capacity of the pump selected was again 3 and 5 ton
for heating and cooling, respectively. This is higher than the value presented in Table 5.3 in order
to include a safety factor. The office building was modelled in TRNSY'S v. 18 using the multizone

building component (Type 56a). The TRNSYS model shown in Figure 5.8.

The simulation was run for a twenty-year period based on the TMY2 (typical meteorological years)
data. In the TRNSYS model, the characteristics and considerations of the borehole are the same as
those used in sizing the GHX in Table 5.5. The simulation results’ emphasis is on the amount of
energy conservation and liquid flow temperature that leads to the identification of the properties of
the surrounding ground. Figure 5.9 shows the COP for the GSHP during the simulation period, and
Table 5.4 shows the COP and monthly power consumption during the simulation period, as well as

the savings rate for both systems.
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5.6 Results

5.6.1 Savings on the power consumption

Energy consumption is an essential factor that determines the efficiency of the system. The monthly

energy consumption of the GSHP and ASHP systems are compared in detail in Table

5.4 and Figure 5.10. It is shown that in the hottest months (June - September) the power

consumption using the GSHP is approximately 37% less than that from ASHP. In addition, in the

winter season, the monthly consumption value of electricity remains less than the summer in the

two systems, with the GSHP system reducing the electricity use by approximately 44%.Figure 5.11.

shows the comparison of the COP for the GSHP and the ASHP.
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Monthly comparison of the power consumption for the GSHP and the ASHP.
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Figure 5-10 Comparison of the power consumption for the GSHP and the ASHP.
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Figure 5-11 Comparison of the COP for the GSHP and the ASHP

From Table 5.4, it is observed that the total energy required is 11,183 kWh per year and 17,602
kWh per year for the GSHP and ASHP respectively. Saudi electricity cost (SR 0.32)per kWh, and

from Eq. (4.10) the annual electricity cost is determined as follows:
For GSHP electricity cost = 11,183 kWh x SR 0.32 per kWh
= SR 3,579 per year
For ASHP electricity cost = 17,602 kW h x SR 0.32 per kWh
= SR 5,632 per year
Annual cost saving = 5,632-3,579 = SR 2,053

A total reduction of approximately 36% in the annual of electricity can be obtained by usinga GSHP
system. This saving does not include the cost of the power to produce the hot waterthat can again be
produced by the GSHP. On the other hand, the energy consumption by thecirculating pump is not

included in the total electricity consumption.

Therefore, using the GSHP not only reduces the total power consumption but also reduces the

overall CO, emissions. For the purposes of calculating the annual rate of the CO2 emissions, CO>
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emission can be expressed as follows:
CO; emissions= Emissions Factor (EF) x power Consumption kWh (5.7)

Based on the Carbon Footprint Ltd. [118] the EF for Saudi Arabia is estimate as 0.7176 KgCOz
/KWh. As a result, from Table 5 the GSHPs saving is 6,419 kWh/year and this leads to a saving of

4,606 kg COylyear.

5.6.2 Initial cost analysis
When comparing the two air condition systems, two cost factors play a crucial role in determining
the feasibility of using the new system, namely the initial cost and the life-spancost. Table 5.6 shows

the total cost over a 22-year period and the parameters that effect theinitial value for both systems.

Table 5.6 The cost analysis for the ASHP and GSHP for 22 years.

ASHP GSHP
GHX Loop length, m - 400
Unit price 20,000 10,000
Drilling cost, SR - 40,000
GHX Pipe price, SR - 1,000
Installation GHX, SR - 6,000
Total initial cost, SR 20,000 57,000
Maintenance /22 y 56,980 28,490
Power consumption cost, SR/ y 5,632 3,579
Power consumption cost, SR/22y 5632x22 3,579x22

=123,904 =78,738
Total cost for 22 years 200,884 164,228
Total saving 18.24 %

It is important to note that the unit life-span of the GSHP is assumed to be double that of the ASHP.
The typical life-span of the ASHP is 10-15 years but in harsh climates, such as SaudiArabia, the
ASHP is exposed to very high ambient temperatures, corrosion in the coastal region and dust. Due
to this, the lifetime of the ASHP is assumed to be 11 years. On the other hand, the GSHP system is
located indoors and is not exposed to external factors and atypical life-span is 20-25 years; thus 22

years is assumed as the lifetime of the GSHP.

Furthermore, the hot water production is a positive point for GSHPs. Since the GSHP is installed

in the basement, the boiler to produce hot water can be combined with the GSHP easily compared
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to ASHP, which is usually located outdoor (most of the time on the top of the roof), and thus
exposed to external factors such as rain or dust, which is an unsuitable environment for the boilers.
In new and well insulatedresidential buildings, power consumption by hot water is maybe 3.5 times
higher than the heating demand [119]. This energy demand saving by employing GSHP needs many
more investigations in a hot climate and in particular as to what extent it affects the efficiency of

the system.

5.6.3 Simple payback periods

Generally, in renewable energy systems, the high initial cost of installation of the system isusually
reclaimed by energy savings. Therefore, there are several ways to evaluate the feasibilities in the

investments of the new system, such as the payback period (PBP), life-
cycle cost analysis (LCCA), net present value (NPV) and return on investment (ROI).

Despite the fact that PBP does not consider a cost-effectiveness tool because it does not include the
long-term factors. From the cost analysis in Table 6.5 we have assumed that themaintenance cost

for the ASHP My is double that of the M2 . Thus M1 = 2590.
From table 5.6 and Eq. (4.12) the simple payback period can be expressed as follows:

57,000 — 20,000

PBP =
(5,632 + 2590), — (3,579 + 1,295),

=11 years

5.6.4 Underground thermal imbalance

The thermal imbalance is considered one of the most challenging elements that can be calculated
due to a large number of factors related to the operating conditions such as climatic conditions and
the length of each season in the year, the time and duration of the system operation, soil
characteristics and type of system. In hot dry climate regions, as is clear from figure 5.12, GSHP
operates in the cooling mode most of the time and this causes heat accumulation in the soil (more

heat is rejected into the soil more than is extracted) thismay lead to a system failure in the long run
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[58]. In cold regions, Tian et al. [59], discussedthe most critical factors that lead to thermal
imbalance and ways to reduce its impact, suchas increasing the area of the well, increasing the depth
of the well and improving the soil properties. For that, the thermal imbalance should be taken into
account in the initial stagesin the design to avoid system failure or low efficiency. The imbalance

ratio (IR) was definedin (4.14).

To determine the accumulated heat for the GSHP, the average COP and EER for the GSHPis

determined from Figure 5.9 to be 4.1 and 13 respectively.

So, based on the TRNSYS simulation and from Eq. (4.3) the ground load is determined asfollows:
Cooling load, Qc = 14 x 3,412.142 = 47,768 Btu/h

Heating load, Qn = 10 x 3,412.142 = 34120 Btu/h

In the cooling mode, the condenser rejects heat to the ground heat exchanger, and theevaporator

extracts heat from the load. The heat rejected at the condenser is given by
Qcond = Q¢ ((EER + 3.412)/EER)
= 47,768 Btu/h x ((13 + 3.412)/13)
= 60,305 Btu/h
The heat extracted at the evaporator is given by
Qevap = Qn x (COP — 1)/COP
= 34,120 x (4.1 - 1)/4.1
= 25,798 Btu/h

Thus, from Eq. (4.14) the thermal imbalance ratio is given by

__ 25,798-60,305 0 — _C70
IR TR 100% 57%
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In contrast, the monthly-accumulated heat obtained from TRNSYS is presented in Table And,
From Table 5.7, it is observed that the total accumulated heat rejected to the soil is 37,094 kWh
compared to 4,148 kWh extracted from the soil in the heating seasons. Figure 5.12 represents the
heat exchanged per month of the heat exchanger; it is clear that in the summer months, more heat

is rejected to the soil. And based on Eq (4.14) the imbalance ratio (IR) is defined as follows:

4148 - 37094
- 37049

X 100% = —88.8%

Table 5.7 Monthly accumulated heat to the soil

Monthly accumulated heat

Month : .
Heating (kwh) Cooling (kwh)
Jan 1,963 -
Feb 814 81
Mar 297 393
Apr - 2,760
May - 5,228
Jun - 6,067
Jul - 7,032
Aug - 7,131
Sep - 5,097
Oct - 2,839
Nov 158 439
Dec 917 27
Overall 4,148 37,094
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Figure 5-12 Total heat rejected and extracted from/to the soil.

The negative IR indicates that the heat transfer to the soil is more than the heat extraction,which
normally occurs in cooling dominated situations, and such a high IR rate must be taken into
account to maintain the efficiency of the system. In addition, a lower IR means asmaller difference

between the heating and cooling loads.

5.7 Discussion of the Results

In this work, TRNSY'S software has been used to provide a fully comprehensive simulationfor the
ASHP and GSHP in terms of the operating efficiency. Despite the simulation resultsshowing that
the GSHP is applicable for hot and dry climate regions, the lack of accurate data on the main
governing parameters may affect, negatively or positively, the efficiency and therefore performance
of a real system. The study has a number of limitations, for example, the lack of information on the
groundwater and soil layers, which have different thermal conductivity. In particular, it has been

assumed that there is only one soil layer andno groundwater effects. These could significantly
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increase or decrease the GHX size and thus lead to a major effect on the initial system cost. In

addition, domestic hot water produced by the GSHP is not considered in this analysis.

On considering the long-term running of the system, the results of the study have shown that the
rate of the simulation of the underground thermal imbalance is approximately 88% compared to
66% as obtained theoretically. This could be due to the effect of the parameters considered for each
method. The COP and EER are determined based on the catalogue only (limited input) in the
theoretical calculation. In contrast, the IR is estimated based on the COP and the EER resulting
from the simulation, which is affected by the main factors such as the thermal conductivity,
underground temperature, soil humidity, liquid flow and pipe diameter. It can be observed that the
IR value is influenced by the GHX geometry and underground properties. In addition, the function
and type of the building will have an effect on the thermal imbalance and the GSHP performance.
For example, when a school building is closed in the summer, this will lead to a reduction in the
heat entering to the soil. Likewise,health clubs with swimming pools can use the GSHPs to heat the
water and maintain a thermal balance. In addition, the geological characteristics present in one
region will be different in another region, for example aquifers. When the velocity of groundwater
exists, the rate of heat transfer increases and thus, the length of the GHX decreases, which has an

impact on the initial and operational cost [120].

Even though there are many input data in the analysis, the use of the industry-standard software,
TRNSYS, gives credibility to this work. This all reinforces the fundamental point of this work, that
the implementation of GSHP is a far more viable approach, both in terms of primary energy and
cost, than the ASHP system currently universally employed in the Middle East. It is particularly
important to note that much of the wealth of Saudi Arabia is based on drilling holes for energy
extraction. It would be advantageous for this expertise to be used to save energy for drilling vertical

loops for GSHP systems.
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5.8 Conclusion

In this chapter, for the first time, the more accurate and industrial standard TRNSYS has been used
in an annual simulation of the GSHP system compared to the ASHP system in ahot and dry climate.
The COP, EER and Initial cost were investigated. The ASHRAE standards and the GLD software
were used to determine the length of the GHX from the results detailed above the following can be

drawn:

e The soil thermal conductivity is high with an average 2.6 W/mK. in contrast; the

underground temperature is high, and this leads to a reduction in the GSHP efficiency
e The total cost savings over a 22-year period were found to be 18%.
e The thermal imbalance ratio was 88.5%.
e The payback period exceeds 11 years when compared to the ASHP system.

o Despite the higher underground temperature, the inlet and outlet fluid temperatures

remaining in the design range for most manufacturing companies.

o Despite these positive results of the GSHP efficiency, the high rate of the underground

thermal imbalance (88%) could lead to a system failure in the long term.

Adding to the studies conducted in different climatic regions; this work fulfils the knowledge gap
of performance and examines, using accurate modelling techniques the feasibility of GSHP in a hot
dry climate when the very high soil temperature acts as a negative effect and the high thermal

conductivity of the ground as a positive effect.
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Chapter 6: Sensitivity Analysis of GSHP Systems in a Hot Dry

Climate

6.1 Introduction

In Chapter 5, the TRNSYS model was developed to investigate the performance of GSHPs
compared to ASHPs, based on the local weather and geological characteristics of the city ofRiyadh.
The purpose of this chapter is to address the most important parameters that influence the design
and operation of ground source heat pumps. For that, a rigorous sensitivity analysis method has
been applied to analyze 12 parameters that most affect the performance of the system, most of which
relate to GHX. It also describes the near-optimumdesign of a GSHP system in the city of Riyadh in
Saudi Arabia. The temperature of the water entering the heat pump is a variable parameter that
determines the performance of a GSHP unit. Because of the coefficient of performance of the heat
pump, it can also be measured by the value of the entering water temperature. Thus, the entering
water temperature (EWT) was selected to be the performance measure of the system, as all the heat
transfer processed between the ground heat exchanger components and the surroundingsoil is

manifested in the entering water temperature.

6.2 Literature Reviews for the Sensitivity Analysis

Adoption of a ground source heat pump (GSHP) as a source of renewable energy can leadto a
significant reduction in the energy consumption and long-term sustainability of coolingand heating
systems. Therefore, in order to fully assess the advantages arising from the useof such a system in

an arid climate, a sensitivity analysis is a positive and enlightening wayto ensure its effectiveness.

However, many studies have covered various aspects of using GSHPs in different climates;the
correct interpretation of such results assists in the analysis of the heat pump performance in dry areas.
The ideal design of GSHPs, for instance, is heavily influenced by the GHX length. Zhu et al. [121]

applied both a sensitivity analysis and 3-dimensional transient numerical methods to study the most
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critical factors affecting the operation of a borehole thermal energy storage system (BTES). Four

key components were evaluated, namely:
i.  Total quantity of injected heat (IH)
ii.  Storage efficiency (SE)
iii.  Percentage of heat loss (HLP)
iv.  Energy density (ED).

It was found that the borehole depth and heat changing temperature were positive components
responsible for the 95% changes observed in the injected heat. Likewise, the borehole heat changing
temperature affected the results, showing changes in the energy density by up to 90%. In addition,
the borehole spacing and the thermal conductivity of thesoil were the key parameters that affected
the storage efficiency and heat loss. Likewise, thestudy carried out by Ilisei et al. [122] focused on
the link between the performance of the ground source heat pump and the length of the heat
exchanger. Both Design Builder and Earth Energy Designer software were used for a number of
simulations to evaluate the greatest number of parameters affecting the COP of the system. In
contrast, the ASHRAE standards were used to determine the length of the heat exchanger. This
study showed that a well-designed borehole length would lead to a saving in energy of up to 22%.
The estimationof borehole length is actually the principal consideration in deciding the GSHPs’

economicviability in comparison to different conventional methods.

Biao et al.[123] addressed the absence of the groundwater impact on the thermal response test (TRT)
result over the long-term performance. A three-dimensional mathematical modelhas been proposed
to analyse the thermal behaviour of TRT with and without groundwatereffect. The result shows very
little difference in the heat transfer for the short-term operation. In contrast, the heat transfer (when
including the effect of groundwater over the period of ten years) was 3.07% higher than that of the

normal TRT.
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Gunawan et al. [124] carried out a study to discuss the alternative heating systems that are suitable
for use in the remote northern regions of Canada. In this paper, a techno- economic analysis method
was used to evaluate the use of a ground-coupled heat pump system instead of a traditional heating
system powered by a diesel-fired furnace. It was found that the heating costs generated by the use
of a GSHP system, coupled with solar photovoltaic panels, were CAD$ 179,000, compared to
CADS$ 277,000 when operating a diesel-fired system. This confirmed that such a system would also
be suitable for use in other sub-Arctic regions of Canada and in similar climatic conditions

throughout the world.

Sakellariou et al.[125] developed a TRNSYS model to investigate the effect of coupling a
(Photovoltaic and Thermal Collector) (PVT) system with a ground source heat pump for regions
where heating was the primary requirement. Heating loads were estimated based onthe demands for
a single-family home and weather data for the city of Birmingham, UK. The sensitivity analysis

evaluated data from the following:
I.  Pairing of the PVT
ii.  Flowrate of the PVT
iii.  Inclination angle of the PVT
iv.  Effectiveness of the plate heat exchanger
v.  Overall storage capacity
vi.  BHE ground thermal conductivity.

Results from this study indicated that the storage capacity and the performance of the plate heat

exchanger were the two factors that most affected the heat productivity.

Han and Yu [126] applied a 3-dimensional finite element model in an attempt to improve the

performance of the GHX system. The three parameters evaluated in the sensitivity analysis
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covered data from the geological findings, design criteria, and operational conditions. The results
obtained from the thermal conductivity of the soil and specific heatof the grout material were the
most important factors from the geological aspect, whilst thefluid flowrate velocity was the key
factor as far as the design was concerned. On the operational side, an intermittent operation achieved

a higher coefficient of performance thanwhen the system was operated continuously.

Woloszyn and Golas [127] examined the coefficient of performance for a horizontal groundheat
exchanger using the finite element method, and investigated the influence of the thermal
conductivity, mass flow, and dynamic fluid viscosity. The results obtained showedthat the heat
pump COP was greatly hindered by the thermal conductivity of the soil, but not substantially by

any of the other factors.

Hong et al. [128] conducted six scenarios to identify the most important factors that wouldimpact
upon the performance of a GSHP system. These factors were classified into three categories:
regional, system, and design. The subject for the analysis was a medium-sized building at the
University of Seoul, South Korea. The sensitivity analysis was applied to investigate the effect of
these factors on the structure of the GSHP, having regard for the energy generation and
environmental impact, based upon the life cycle assessment method.The results showed that the
most significant factors affecting the system’s COP were the borehole length, diameter and spacing,
thermal conductivity, and U-pipe’s diameter. In contrast, the borehole length was again considered
to have the greatest number of factors affecting the environment, and the U-pipe spacing was

determined to be the factor that hadthe least effect on both the COP and the environment.

Likewise, the research directed by Casasso and Sethi [129] investigated the factors affectingthe
double U-pipe within a borehole heat exchanger. Both the finite-element modelling and FEFLOW
software were applied to verify the influence of the geometrical components andsurrounding
geological conditions on the performance of the GHX as regards the long-termoperation. The

performed sensitivity analysis confirmed that despite all parameters having a significant impact on
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the GHX performance, the borehole length and thermal conductivityof the soil were the major
modelling parameters. The authors specified that using actual sitedata led to a more accurate design,

as opposed to relying on estimated values for the governing parameters.

Christopher et al. [130] experimentally compared the effect of a ground heat exchanger on the
GSHP’s coefficient of performance. In this study, two types were investigated: the U- tube and the
Coaxial Borehole models. Values obtained experimentally showed that, despitethe lower pressure
drop in the coaxial borehole, this type needs much more power to reachthe turbulence flowrate
required to extract the heat from the ground. In addition, the resultsshowed that the coaxial loop
was less costly and easier to install. However, these benefits did not add enough comparative values

to gain an advantage over the U-tube pipe type of heat exchanger.

It is clear from previous literature reviews that determining the most important elements affecting
the performance of a GSHP is both difficult and variable from one location to another. In addition,
the methods used in the analysis very much affect the results. In this work, novel and comprehensive
sensitivity analysis on the most importantparameters affecting the cost and performance of a GSHP
has been conducted. It should also be pointed out that this was achieved against the background of
a considerable lack ofinformation concerning the properties of the underground soil in the city of
Riyadh, Saudi Arabia. In this study, twelve important parameters have been considered in order to

providean optimal design for a GSHP under these geological and climatic conditions.

6.3 Parameters Affecting the Design of the GSHP

Numerous studies have been performed relating to the GSHP design and performance. Someof this
research has focused on the use of ground heat exchangers (GHX) as the main sourceof the initial
cost [131-133]. Alternatively, some studies have focused on the heat pump itself, its distribution
system and the building’s design [134-135]. In addition, the combinedimplementation of a hybrid

GSHP system with renewable energy, such as solar energy, hasbeen investigated widely [136-138].
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In general, GSHPs consist of three main components:
i.  Ground loop heat exchanger, GHX.
ii.  Heat pump unit.
iii.  Distribution system.

Each component has various features that affect the design of a GSHP up to a different extent and
therefore Figure 6.1 illustrates the most important of these parameters. A detailedliterature study also
indicates that the soil temperature, ground thermal conductivity and the ‘entering-water’

temperature, play an important role in the efficiency of the pump [127].

« Soil temperature. *Borehole length

« Thermal conductivity. * borehole geometry
« Soil thermal » Material properties
diffusivity. Geological Design » Boundary conditions
factor factor
. Regulatio
g:rI]:jmate nand cost
analysis

«local climate « life cycle cost
* Building design and « Environmental

Figure 6-1 The most important parameters that affect the GSHP design and operations.

In this chapter, the 12 most important parameters that affect the efficiency of the GSHP system
have been investigated and a sensitivity analysis based on the hot/dry climate as shown in Figure
6.2. It is clear that most of the parameters that have been considered are related to the use of the
GHX. The reason for this is that the heat of rejection/extraction andtemperature distribution are
related to the underground geological conditions, and these arethe parts of the system that are mostly

unknown and which directly affect the GSHPs design,efficiency and initial cost.
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Figure 6-2 Illustration of the most important parameters employed in the sensitivity analysis

6.4 Modelling of the GSHP System Using GLD
6.4.1 Sizing the GHX using GLD

The purpose of this chapter is to address the most important parameters that influence the design
and operation of ground source heat pumps. Building upon the chapter 5 section 5.3.1, an office
building was designed to enable an investigation into their viability in hot and dry climates, such as
in the city of Riyadh. The building envelope, weather data, coolingand heating loads, and sizing of
the GHX were simulated by the use of TRNSYS. The designer of the GSHP aims to calculate the
return water temperature from the GHX to the heat pump that is sufficient to operate the heat pump
unit, depending on the thermal and geological characteristics of the site. In the GLD software, the
designer can easily connect the load module, heat pump module, and the ground heat exchanger
module, as shown in Figure 6. 3. The first step is to upload the building load data, which can be
imported simply from different energy simulation software packages such as Carrier HAP and

TRANE Tracein an Excel file. The designer can choose between two different load modules,
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namely the average block load used to size the GHX quickly, and the zone load used when heating

andcooling differently from one zone to another.

Secondly, the characteristics and capacity of the heat pump unit can be selected automatically from
the program library, based on building load data, or manually, re-enteredbased on the designer’s
suggestions. The last step is the combined selection of the heat pumpand building load profile within
the GHX simulation studio. In the GHX design module, thedesigner can select between two
methods: fixed length of the borehole or fixed by the heat pump entry water temperature. In the
fixed length mode, the program will calculate: the number of boreholes, EWT value, and COP for
the heat pump unit. In the EWT mode, wherethe designer has fixed the desired temperature of the
water entering the heat pump, the GLDwill calculate the borehole length based on the borehole
number inputted by the designer, and other information such as soil temperature, soil thermal
conductivity, soil moisture, andborehole geometry.

& Ground Loop Design Trial
FILE VIEW LOADS HEATPUMPS TOOLS UNITS TABLES SETTINGS WINDOW HELP UPGRADE

2|82 Alwls| 2lelel=] o & = sl

s T < Average Block Loads - The best scenario o B [

Zone Load1Jun.zon

Resuits] Fluid ] Soil Bore | Patternl Extra kW| Information

ofe Equivalent Thermal Resistante — -
- [— Building load section 1
Borehg# Thermal Resnst?nce; .0._104 m K_/W A Design Day Loads
o GHX sizing section 3 : Time of Day Heat Gains Heat Losses
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Figure 6-3 A typical model of a vertical GSHP system developed in GLD.
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6.4.2 Methodology and baseline model

The proposed baseline system was modelled on the design conditions present in the city ofRiyadh.
From chapter 5, an office building having a floor area of 120m? was created in TRNSYS, and the
maximum cooling and heating loads were computed as 14 kW and 10 kW respectively. The total
length of the GHX was determined to be 400m (four boreholes,each of 100m length) according to
the ASHRAE standards. The baseline characteristics usedfor the modelling are shown in Table

6.1,whilst Table 6.2 clarifies the simulation results for one year’s operation by GLD.

Table 6.1 The baseline parameters’ values.

Parameters Value
Thermal conductivity, W/mK 2.6

Soil temperature, °C 29

HP Entering water temperature, °C 39.4
Circulated fluid type Water

Pipe size, mm 32 (1.25in)
Soil thermal diffusivity, m?/day 0.070
Borehole separation, m 10
Borehole diameters, m 0.128
Borehole length, m 100

Table 6.2 GLD output of 1-year modelling for the GSHP system.

M  QW.m-1 Power Power- Power- T Tf, Average Average Min. Max. EWT,
kwh  Cooling, Heating Borewell, °C  Exit WT, EWT, EWT, °C
kWh kWh °C °C °C °C
1 1.41 325 0.7 324 29 29 29 29 29 29
2 0.62 194 22 172 28 27 27 28 28 28
3 -0.9 207 184 23 28 28 28 28 27 29
4 -2.84 539 539 0.13 30 30 30 30 29 31
5 -6.36 1261 1,261 0 31 32 32 31 31 33
6 -7.59 1621 1,621 0 34 36 37 35 34 37
7 -8.72 1923 1,923 0 35 38 39 36 36 39
8 -9.15 2010 2,010 0 36 39 41 37 37 40
9 -7 1501 1,501 0 37 40 42 38 38 41
10 -4 854 854 0 35 37 39 36 36 39
11 -0.7 191 166 25 33 35 35 34 34 36
12 0.93 225 6.66 218 31 3 31 31 31 33
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To explore how the parameters have affected the GSHP’s design, based on the heat pump features
and cooling and heating loads, a closed-loop U-pipe process to size the GHX has been developed
by the GLD software. Figure 6.4 depicts a schematic flow chart of this paper’s methodology. The

following steps were used: Determination of the baseline parameter values, as shown in Table 6.1:

e The independent individual parameters were altered by £5, 10 and +15% and assessed
against the borehole length and power consumption. This was because initial investment
costs are generally related to the cost of drilling and the lifetime costs are those from
operations, such as the COP, monthly use of electricity, and thepayback period due to energy

use.

e Determination of the most significant factors affecting the design of the GSHP to meet the

cooling demand.

e For these most significant factors it was found that individually, the changes are verysmall

and may be neglected or vary almost linearly with the GHX length.

e For the parameters that show the biggest changes, then a combination of them produces

changes that are simply additive. This shows that validity of the approach.

e Conclusions on the best and worst scenarios of the changes in the four most important

parameters that have a significant impact on the GSHP design in a hot andarid climate.

e Estimation of the best/worst-case scenarios to determine the optimal design of the GSHP

under these geological and climate conditions.
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Figure 6-4 Flowchart of the proposed methodology.

6.5 System Simulation and Validation

6.5.1 System validation

While the baseline parameter values were modelled in TRNSYS, parallel GLD software was
developed to investigate the effect of the parameters on the GSHP’s design. This was based on the

cooling and heating loads calculated by TRNSYS and the same values shown in Table 6.1.

Despite TRNSYS being the main software for the simulation, GLD was used in the sensitivity

analysis for several reasons:

e Comprehensiveness of the variables and the flexibility of their changes.
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Figure 6-5 Comparison between the predicted TRNSYS and GLD as regards (a) Borehole wall

temperatures and (b) entering water temperatures.
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6.6 Sensitivity Analysis Results

The optimization of GSHPs in specified locations requires full knowledge of the weather and
geological characteristics; each parameter must be analysed in order to determine its effect on the
performance and cost. In this section, the effect of the changes in each of the most important
parameter behaviours was investigated separately against the baseline caseby an increase and
decrease in each individual parameter value by £5, £10, and +15 % respectively. Table 6.3 shows
all the parameters analysed against the length and power. In contrast, Table 6.4 shows the analysed
parameters employed in the study based on the parameter type, such as the fluid type and U-Tube
configuration. In addition to the above information, the characteristics of the heat pump unit must
match the actual entering watertemperature. All these aspects are explained in detail in the next

section.
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Table 6.3 Parameters analysed against the length of the GHX and energy consumption of the GSHPunit.

S Parameter % change Parameter value - Lraihn GETe w kwrl]’ower BIEmEE 7
,m (] 0
2 -15 2.21 111 11 10853 -0.06
.g -10 2.34 107 7 10877 0.23
B ¥ 5 2.47 103 3 10868 0.15
w S § Baseline 26 100 10852 0
= 5 2.73 97 -3 10856 0.03
i 10 2.86 94 -6 10850 -0.01
= 15 2.99 91 9 10843 -0.08
-15 24.65 75 -25 10314 5
g -10 26.1 82 -18 10493 3.3
s 5 2755 90 -10 10675 -1.6
@ EQ Baseline 29 100 0 10852 0
% 5 30.45 112 12 11053 1.85
) 10 31.9 127 27 11246 3.63
15 33.35 148 48 11444 55
-15 33.49 175 75 9910 -8.68
5 -10 35.46 139 39 10225 -5.78
- 5 37.43 116 16 10530 -2.97
o 2 § () Baseline 39.4 100 0 10852 0.00
g E 5 41.37 88 -12 11203 3.23
il 10 43.34 79 21 11530 6.25
15 45.31 71 -29 11883 9.50
-15 0.0595 98 &) 10867 0.14
= -10 0.063 99 1 10864 0.11
Z o 5 0.0665 99 -1 10864 0.11
= Z Baseline 0.07 100 0 10852 0.00
= 5 0.0735 100 0 10861 0.08
2] 10 0.077 101 1 10859 0.06
15 0.0805 101 1 10859 0.06
s -15 8.5 96 -4 10960 1.00
g -10 9 100 0 10857 0.05
g 5 9.5 100 0 10860 0.07
® o E Baseline 10 100 0 10852 0.00
S 5 10.5 99 -1 10867 0.14
2 10 11 99 -1 10866 0.13
[} 15 115 99 -1 10866 0.13
” -15 108.8 104 4 10794 -0.53
g -10 115.2 101 1 10862 0.09
5 5 121.6 100 0 10861 0.08
4= T E Baseline 128 100 0 10852 0.00
= 5 134.4 99 -1 10863 0.10
S 10 140.8 99 -1 10862 0.09
o 15 147.2 98 2 10864 0.11
0.17 5/8 106 6 10842 0.1
@ 0.20 3/4 104 4 10845 0.1
5 _ 0.25 1 102 2 10856 0.0
o 89 Baseline 11/4 100 0 10852 0.0
e 40 11/2 98 -2 10866 0.1
=) 50 2 97 -3 10874 0.2
65 21/2 Not fit with borehole diameter
-15 9.69 95 5 10860 0.07
2 -10 10.26 97 -3 10861 0.08
g = 5 10.83 97 -3 10861 0.08
<= =3 Baseline 11.4 100 0 10852 0.00
2 5 11.97 99 ) 10856 0.04
o 10 12.54 100 0 10868 0.15
15 13.11 100 0 10869 0.16
-15 12.33 85 -15 9219 -15.05
-10 13.1 90 -10 9767 -10.00
2 5 13.8 95 5 10314 -4.96
- = Baseline 14.0 100 0 10852 0.00
@ 5 15.2 104 4 11412 5.16
10 16.0 109 9 11960 10.21
15 16.7 114 14 12510 15.28
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Table 6.4 Parameters analysed against the length and power consumption of the GSHP based onthe

parameter type.

Length change Power change

S Parameter Parameter type = % W %
Water 100 0 10852 -1.33
Methanol-15 98 -2 10869 -1.17
Ethanol 100 0 10861 -1.25
a | Circulation fluid type |Ethylene Glycol-3.89 98 -2 10866 -1.20
PrOpyle;ZgGlyCOI' 99 1 10856 -1.29
Calcium Chloride 97 -3 10873 -1.14
Single 100 0 10852 0.00
b | U-Tube configuration Double 90 -10 10900 -0.44
Coaxial 106 6 10840 -0.11
Close together 104 4 10848 -1.36
c | Radial pipe placement Average 100 0 10852 0.00
Along outer wall 98 -2 10855 -1.30

6.6.1 Soil thermal conductivity

The thermal conductivity is a property that plays a key role in the geothermal heat pump application
and the ground thermal conductivity indicates that the heat transfer capacity between the GHX and
surrounding soil. In fact, the thermal conductivity of the soil is affected by the soil texture. Soil
texture is decided by proportion of san, silt, clay and amount of water it can hold. Therefore, the thermal
conductivity has a direct influence on theborehole wall temperature, resistance and circulated fluid
temperature. On the other hand, for engineering geological investigations, the main geological

formation of the study region

— Riyadh city- is mainly made up of limestone, dolomite and sandstone which has a very good
thermal conductivity that lies in the range 1.4-6.2, 1.6-6.2 and 2.1-3.5 W/mK, respectively. Figurer

6.6 shows the geological profile of the soil layers

and contains information on the thickness of the layer and soil types in Al-Jubail which is located
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in thenorth of the city of Riyadh. [139]

Aphanitic and Calcarenite limestone: Alternating layers of tan to
yellow choppy weathering tight aphanitic limestone

Calcarenitic: Grey to golden-brown, tightly cemented, fine- to
medium-grained.

Calcarenitic limestone and Calcarenite: Complexly interbedded
off-white to reddish-brown fine to medium-grained ; several thin
beds of brown finely crystalline dolomite at the top of this layer.

Aphanitic and limestone: Dominantly cream to yellow, sandy
partially dolomitized aphanitic limestone; occasional beds of tan to
brown pellet-skeletal calcarenitic limestone and tightly cemented
calcarenite.

Figure 6-6 Composition of Soil and types for the Al-Jubaila area - city of Riyadh [31].

It is important to note that the thermal conductivity of the ground is considered to be a fixedfactor
because it is an external parameter related to the specific location [128]. In this paper,the thermal
conductivity baseline value was selected to be 2.6 W/mK, based on the measurements extracted
from [97]. From Table 3(a), a £5% change in the thermal conductivity has a significant effect on
the borehole length, with changes being approximately +3%, whereas there is virtually no effect on
the power consumption. Likewise, £15% changes in the thermal conductivity led to a £10% length

change with an almost linear trend on power consumption.

6.6.2 Soil temperature

Similar to the thermal conductivity, the soil temperature is also considered as non-adjustablefactor
that has a major impact on the GHX. In this study, the soil temperature was determined to be 29
°C, based on the results of the field measurements [97]. However, it should be pointed out that the
soil temperature is assumed to be 26.5 °C after a depth of 10m,according to the ASHRAE standards
and many simulation calculations, such as in TRNSYS [69]. There are extensive studies on the
influence of the soil temperature on GSHP efficiency, because the accumulated soil temperature

over time can lead to system failure. From Table (3b), it can be seen that the reduction in the soil
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temperature by 5% and 15% leads to a decrease in the length by 10% and 25% respectively. Also,
the energy consumption decreases by 2% and 5% respectively. This change in length significantly
affects the initial cost of the GSHP and system viability. Furthermore, such changes in the soil
temperature affect the entering water temperature and the COP of the heat pump. Figures 6.7 (a),
(b), and (c) shows the effect of the soil temperature change on the other design elements - COP,
length, and WET, respectively. In addition, it is important to note that based on the GLD simulation,
if the soil temperature reaches 36 °C under the same values for the baseline parameters, system

failure can occur because of the EWT being outof range for the selected heat pump.
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Effect of the soil temperature change on system EWT
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Figure 6-7 The effect of the soil temperature change on the (a) COP, (b) GHX length, and (c)
WET.

6.6.3 Entering water temperature

The sizing of the ground loop is key to the successful operation of a heat pump system. The
temperature of the water entering the heat pump unit determines the performance coefficients of
the heat pump, since the unit capacity is directly related to the EWT, which is a variable parameter
that depends on the geological characteristics and the quality of the design of the geothermal
exchanger. Practically, the EWT value should remain in the heat pump unit capacity limit over the
lifetime period of the heat pump (usually 20-25 years)because of the 35-50% COP value, depending
on the EWT [140]. For that purpose, the ClimateMaster (Tranquility-30) water to air heat pump
was selected [141]. According to this heat pump data, the operating range of the EWT in cooling

mode is -1.11 to 48.89 °C.

In this study, the simulation results for the EWT remains within the capacity limits of the heat pump
and Figure 6.8 illustrates the maximum EWT for the three periods of 1, 20, and 40 years; these were
39.4 °C, 44.1 °C, and 44.9 °C respectively. As observed in Figure.6, themaximum EWT increases

by 11% in the first 20 years, while it remains almost constant in the next 20 years, with only a 1.8%
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increase over this later period. This EWT value indicatesthe viability of implementing the GSHP

system not only for 20 years, but for 40 years and maybe longer.

Entering water temperature during the simulation period
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Figure 6-8 The maximum EWT for the periods of 1, 20, and 40 years.

6.6.4 Soil diffusivity

The thermal diffusivity is the factor that describes how fast the heat transfer works in the soil [36],
and it is a function of the soil thermal conductivity divided by the heat storage (density and specific

heat) of the soil. This relation can be determined as follows:

Where o is the thermal diffusivity, k is the thermal conductivity, p is the density, and epis the
specific heat. Thus, the higher the thermal conductivity, the faster the heat diffuses into the
surrounding medium. Based on the GLD library, the values of the thermal diffusivity ofthe
limestone, dolomite, and sandstone range from 0.093-0.13, 0.1-0.21, and 0.065-0.11 m?/day,

respectively. However, in this chapter, the value of the thermal diffusivity was selected to be 0.070
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m?/day, based on [96].

Table 3(d) shows that the effect of the thermal diffusivity on the length of the GHX was limited to
a £1m change. Similarly, the effect of the thermal diffusivity on the heat pump power consumption
is less than 1%. Thus, in our case, the thermal diffusivity may be considered as a negligible design

factor in this sensitivity analysis. so, in the steady state, the result will be neglectable too.

6.6.5 Borehole geometry

The borehole geometry consists of a number of the adjustable factors that the designer can specify.
In this paper, the layout of the boreholes was set to be next to each other in one row.The parameters

were selected by simulation using GLD, and the results are presented in thefollowing sections.

6.6.5.1 Borehole separation

The borehole separation refers to the centre-to-centre distance of the GHX boreholes. The distance
between the wells is determined based on the available area of the project withoutaffecting the
required bore length. In general, 6 to 10 m between the wells may be consideredto be a sufficient
distance in order to maintain a balance between the thermal interference and the project area [69].
From Table (3e), it can be seen that the borehole separation was selected to be 10m, and this led to
a decrease in the length by 1% when the separation increase was within 5-15%; thus it may be
concluded that there is no significant effect fromthe separation on the borehole length and power
consumption. However, when the distancebetween the wells is short, a thermal imbalance occurs;
Figure 6.9 shows the effect of the distance between the wells on the thermal diffusion from both

sides of the well.
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Figure 6-9 The g-function 3D map for the borehole separation: (a) 3m separation, and (b) 10m
separation.

6.6.5.2 Borehole diameters

The borehole diameters play a key role in the GHX design as adjustable elements by the designer.
Wider borehole diameters lead to increases in the GHX resistance, and this reducesthe thermal
transfer between the fluid and the soil. Furthermore, extra initial costs occur, such as the volume of
the grout and drilling materials. For example, Kavanaugh [69] estimated that the volume of the
filling material is 970L, compared to 1379L at a depth of 100m with a 32 mm U-pipe. In practice,
the minimum borehole diameter is determined based on the GHX pipe size. In contrast, the
maximum borehole diameter should be no morethan 200 mm, based on the UK standard [142]. In
Germany, Luo et al. [143] investigated the effect of the borehole diameters on the GHX thermal
efficiency. Three different boreholediameters were selected, namely 121, 165, and 180 mm in order
to compare the thermal performance. The results showed that the larger borehole diameter (180mm)
has a 6.7%, 2.16% better thermal performance, compared to the 121mm and 165mm borehole

diametersrespectively.

From Table (3f), it is seen that the effect of the borehole diameter is limited in this work too. When
the diameter increases by 15%, the length decreases by 2%, compared to 4% when the diameter
decreases by 15%, but it has almost no effect for the smaller diameter changes on the length of
the borehole and power consumption. Therefore, the borehole diameters have limited effect on the

length but not on the initial cost for grout.
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6.6.5.3 Radial pipe placement

The heat transfer between the U-pipe legs and surrounding soil as a result of the variation in the
fluid temperature along the pipe depends on its location and depth [144]. Figure 6.10shows a U-pipe

shape inside the borehole based on the ASHRAE standard [69] and the GLDsoftware as follows:

a) Close together: the position of the U-pipe legs is close together, with a 4mmaverage

distance between the pipes.

b) Average: the position of the U-pipe legs —the pipes are centred at a point halfwaybetween the

wall and the centre line of the borehole.
c) Along the outer wall: the GHX pipes are placed along the outer wall of the well.

The U-pipe position is a design factor that may be adjusted. As can be seen in Table (4c), there is a
4% increase in the GHX length when the pipes are located close to each other, while the GHX length

will decrease by 2% when the U-pipe legs are located along the outerwall.

a) Close together b) Average C) Along outer wall
Figure 6-10 The position of the U-pipe legs inside the borehole.

6.6.5.4 U-Tube configuration

The U-Tube configuration includes both adjustable and design parameters that have a majoreffect
on the borehole length, with the adjustable parameters being able to be selected by the designer.
There are three commonly used shapes for the GHX U-tube heat exchangers, and these are shown

in Figure 6.11.
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Figure 6-11 The three commonly used shapes for the GHX: (A) single U-tube, (B) double U-tube,

and (C) coaxial.

Angelo et al. [145] investigated the heat transfer for both the double U-tube and coaxial GHX
versions, within a short time-frame, by developing an analytical and finite-element numerical
model. The results showed that the coaxial heat exchanger had a thermal responsetime six times
better when compared with the double U-tube duo, thus showing lower thermal resistance and the
ability to carry fluids at higher temperatures. However, the highercost of the coaxial GHX, when
compared to the double U-tube, remains an obstacle to the coaxial system being adopted. Wood et
al. [130], however, carried out an experimental studyon the performance of a coaxial GSHP when
compared to a single U-tube GSHP. This studyshowed that the COP of the single U-tube proved to

be more beneficial than that of the coaxial system duo, and this was due to the turbulent flow.

As can be seen from Table 4(b), the U-tube configuration had no significant effect on the heat
pump’s power consumption. On the other hand, with the GHX length being 10% less than the
baseline length, when applied to the double U-tube shape, a positive effect resulted.In contrast, the

GHX length was increased by 6% when the coaxial system was adopted. Inaddition, the borehole
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thermal resistance was found to be 0.076, 0.104, and 0.121 m/ KW for the double U-tube, single U-
tube, and coaxial GHX systems, respectively. It was also observed that the double U-tube
configuration of the GXH was more cost-effective in termsof the initial cost, but, very importantly,

care needs to be taken to monitor for possible thermal imbalance problems over the long-term [146].

U-pipe size U-pipe sizes for the GHX affect the performance of a ground source heat pump in two
ways:power consumption and heat flax [147]. In practical terms, the high - density polyethene

(HDPE) proved to be the most common pipe material used in GHX installations because ofits
I.  Flexibility
ii.  Durability
ii.  Ease of use
iv.  Ability to withstand high pressure at different depths and temperatures
v.  Resistance to corrosion
vi.  Long-life duration, expected to be 50-100 years.

Moreover, HDPE meets the requirements of the manufacturing standards, codes, and most local
regulations of the GSHP industry. However, the pipes are only available in a range ofdiameters.
Table 6.5, the most appropriate diameters suitable for the GHX are SDR 11 (25,32, and 40 mm)

[148]. In addition, the correct specification and installation according to the

industry and manufacturing guidelines are crucial to reach the life-span, which is expectedto be a

minimum of fifty years.

The pipe size has a direct effect on the borehole diameter in the fluid pressure and velocity.
Therefore, pipes should be selected so that the diameter is such that the power required forpumping

is kept to a minimum, and yet they should be small enough enable turbulent flowin the pipe.
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Table 6.5 The most popular pipe sizes of the HDPE used in GSHP installations.

Nominal diameter (in.) SDR 9 SDR 11 SDR 17
OD/ID (mm) OD/ID (mm) OD/ID (mm)

3/4 (20 mm) 26.7/20.8 26.7/21.8 26.7/23.6
1 (25 mm) 33.4/26.0 33.4/27.4 33.4/29.5
1 1/4 (32 mm) 42.2132.8 4221345 4221371
11/2 (40 mm) 48.2/375 48.2/394 48.2142.7
2 (50 mm) 60.3/46.9 60.3/49.3 60.3/53.3
3 (75 mm) 88.9/69.1 88.9/72.6 88.9/78.5

The evidence presented in Table (3g), shows that the selected pipe size has little effect on the power

consumption. In contrast, a change of 4% in the length has little impact,particularly when the

baseline diameter changes from -5 % to +5%. Furthermore, the designer should take into account

the risk of the grout material pressure on the structure of the pipe, at different depths, to avoid any

collapse in the pipe. Figure 6.12 represents the relation between the pipe diameter and the borehole

thermal resistance. This reduction in thermal resistance as a result of an increase in the pipe surface

area leads to a greater heat flux.
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Figure 6-12 The effect of the pipe size on the borehole thermal resistance.
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6.6.5.6 The fluid flowrate

The fluid flowrate is classified as an adjustable factor (design factor) that plays an importantrole in a
system’s power consumption and the amount of heat extracted from the region surrounding the heat
exchanger [127]. To achieve the maximum heat exchange between thefluid and the pipe wall, the
fluid flow must be turbulent and not laminar. As shown in Figure 6. 3, the GLD program allows the
determination of the type of fluid and its flow method (turbulent/laminar) and the increase or
decrease in the flow rate. In this study, the GLD automatically calculates the flow rate (11.4 L/m)
and the Reynolds numbers based on the peak cooling/heating load, the heat pump size, and system
characteristics. In addition, the GLD automatic purging flow rate calculations keep the water flow

turbulent, which helps to transfer more heat in the regime.

In this study, it can be seen from Table 3h that the effect of the fluid flowrate on the lengthof the
heat exchanger (GHX) is considered to be relatively small; a 5% decrease in the flowrate results in
a decrease of 1% in the borehole length. Also, the effect on energy consumption is virtually non-
existent, not exceeding 0.02 % in any operational condition. Itis important to note that the coefficient
of performance changes significantly when the fluidflowrate decreases by 5% causing the COP to
decrease by 3.3%., This can be seen from thedata presented in Figure 6.13. This change in the COP
could be due to the alteration in the borehole length and the increase in the flow velocity, thereby

causing a greater heat exchange between the fluid and the pipe.
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Figure 6-13 The effect of the fluid flowrate on the COP of the GSHP.

6.6.6 Circulated fluid type

The circulated fluid used in the GHX depends on the geographical location and climatic conditions.
Although water is the most common fluid in cold regions, an anti-freeze solutionis used to prevent
the liquid freezing inside the pipes. Table 4a contains a summary of the best-known types of
circulating fluid and, in general, the antifreeze solution added preventsfreezing do to -10°C. Due to
the high soil temperature used in this study, water is the fluid water without anti-freeze solution is
adequate. As seen from Table (4a), 1-2% can be savedin the length of the GHX and GSHP power
consumption when the anti-freeze solution is used. However, this saving is not commensurate with

the anti-freeze initial cost.

6.6.7 Cooling and heating loads

The annual thermal loads within a building have a direct impact on the performance of ground
source heat pumps, both in terms of the amount of heat rejection and the amount ofextraction from
the ground, which affects the thermal balance of a GHX system. In regionsof extreme climatic heat,
such as that experienced in the city of Riyadh, the proper design of the building envelope plays a
major role in the amount of energy consumed. For example,Matthieu [149] investigated the most

important design factors of a building envelope that affect energy savings, based on the climatic
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conditions for two major Saudi cities (Riyadh),

hot/dry, and Jeddah, hot/humid). The results showed that improvements in the thermal resistance
of the walls and windows led to savings of up to 52% in energy, and general improvements in the
building envelope design led to savings of 78%. Air conditioning loadshave a direct impact on the
energy consumption, causing a change in the heat pump size andthe length of the GHX. As shown
in Table (3i), only £5% in variable thermal loads led to +5% in the total energy demand. Likewise,
for thermal loads, change by +5% led to 5% change in the length of the GHX. The cooling and
heating load are the most significant parameters that affect both the GHX length and heat pump

power consumption.

6.7 Parameter Evaluation

The aim of this sensitivity analysis is to determine how to target the variables (borehole length and
power consumption) that are most affected by independent changes in the designparameters. Figure
6.14 and Figure 6.15 show the effect of a parameter change of 5% on theborehole length and power

consumption respectively.

Parameter change o

]

=i

=1

o
o

o
g

=11]

{ u ' a0 m W
= 1 - 1 1 3 5

-10

THERMAL SOILTEMP  SEPARATION PIPE SIZE S0IL BOREHOLE  FLOW RATE BUILDING LOAD
CONDUCTIVITY DIFFUSIVITY ~ DIAMETER

Figure 6-14 The effect of the parameter changes by £5% on the borehole length.
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Figure 6-15 The effect of a parameter change by +5% on the power consumption.

Itis clear from Figures 6.14 and 6.15 that the most important parameters that affect the lengthof the
borehole are the thermal conductivity, soil temperature, fluid flowrate, and building load. In
addition, the most important parameters that affect the power consumption are the soil temperature

and building load.

Generally, all these independent variables change simultaneously, some of them with a negative
and others with a positive impact. Therefore, determining the exact impact of eachparameter and the
exact relationship between the components is extremely difficult. Despitethe fact that the length of
the GHX determines the initial cost, the EWT will be the parameterused to measure the applicability
of the system. This is because the EWT describes the finalstate of the temperature of the fluid after
going through the heat exchange process,regardless of the effect of each of the parameters. If the
EWT value is within the pump design limits, then the system can be applied and re-applied. This
value must be tested overthe system's lifespan of 25 years. In order to enrich the sensitivity analysis,
the additive value technique and the best/worst-case scenarios have been used to measure this

sensitivityanalysis.
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6.8 Additive Value Technique

In order to evaluate the results presented in Section 6.7, the additive value technique is applied to
determine whether the most influential parameters produce variations in the most important
quantities in a linear manner or not. Based on Table 6.3 and Figure 6.12, the fourmost critical
parameters that influence the length of the borehole were the thermal conductivity, soil temperature,
building load and fluid flowrate, given by the symbols A, B,C and D, respectively, as shown in Table
6.6. Now suppose that two random parameters areboth changed by the same percentage +5, £10 and
+15% and all the other parameters are fixed at the base case to determine whether or not the length
and EWT changes additively. This is repeated for all combination of the 2 parameters against the
length and EWT. Regarding the length of the borehole, Table 6.7 shows the percentage changes
due to the changes in these 2 parameters against the baseline length, which is 100m. In addition,
Figure 6.16 shows the negative and positive effects of combining these two parameters on the
borehole length. It is clear that the two most significant parameters that affect the length ofa
borehole are the soil temperature and the air-conditioning load of the building, and changesby +5%
led to approximately a £15% change in the length of the GHX. Likewise, in the second most
important parameters, the combination of soil temperature and fluid flowrate affects the length of

the borehole by £12% when the parameters change by +5%.

Table 6.6 The notation for the four most important parameters influencing the length of theborehole.

Symbol Parameter

A Thermal conductivity
B Soil temperature

C Building load

D Fluid flowrate
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Table 6.7 The impact of combination of the two different parameters on the borehole length(baseline,

100m).
A B C D A+B A+D | A+C B+C B+D C+D
% L % L % L % L L % L %L L % L % L %
-15 111 11 (75 2585 1591 9 83 17 1066 94 6 64 36 [/3 |27 83 |17
-10 107 7 82 18 90 10 94 |6 88 |12 1055 (97 |3 [714 |26 81 |19 88 |12
-5 1033 P90 1095 5 97 3 93 7 (1022 98 2 86 14 89 |11 94 |6
0 100 100 100 100 100 100 100 100 100 100
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Figure 6-16 The effect of the combination of two different parameters on the borehole length.

Likewise, the additive value technique was applied against the EWT to determine whether or not

the EWT temperature changes additively. Table 6.8 and Figure 6.17 shows the percentage changes

due to the changes in these 2 parameters against the baseline EWT, which is 39.4°C. The value of

the EWT generated by the combination of soil temperature and building load had the most

influence on the GSHP system. When the soil temperature and the air conditioning load changes by

130




5%, the EWT changes by 6%.

In fact, all the heat transfer process between the GHX components and the surrounding soilmanifest

in the EWT. Therefore, the value of the EWT is the most critical measured parameter that

determines the applicability of the GSHP regardless of other factors and theireffect.

Table 6.8 The impact of the combination of the two different parameters on the EWT (baseline,39.4°C).
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The aim of using the additive value technique is to be confident that a combination of any changes
in the most important and influential parameters can be adequately approximated by the sum of the
effect of the sum of the changes for each parameter, i.e., the changes varyboth linearly and
independently. Based on the results presented in Figure.16 and 17, it maybe concluded, with
confidence, that the most important and influential parameters satisfy this criterion of additive and
linear variations over changes of up to 15%, and therefore it isnot necessary to perform any further
calculations. Thus, this sensitivity analysis shows thata good estimate of the effect of changing any
of the parameters by up to 15% can be calculated based on the present results. Therefore, it is only

necessary to investigate the best/worst case scenarios.

6.9 The Best/worst-case Scenarios

The best/worst-case scenarios have to be estimated, in order to determine the optimal designfor the
GSHP. In order to examine the best-case scenarios, all the parameters having a positive effect have
been increased by +5% and all the parameters that have a negative effecthave been decreased by 5%.
Conversely, in order to examine the worst-case scenario, the opposite investigation was performed
so that the value of each component having a positiveeffect was reduced by 5%, and the value of
each component having a negative effect was increased by 5%. Table 6.9 shows the parameter

values and the geometrical configuration for both the best and worst-case scenarios.

Table 6.9 The best/worst-case scenarios for the parameters which change by +5%.

Parameter The best scenario The worst scenario
S % Value % Value
1 Thermal conductivity +5 2.73 -5 2.47
2  Soil Temp -5 27.55 5 30.45
3 Separation +5 -1% -5 0
4  Pipe Size +5 1.5in -5 1in
5  Soil diffusivity -5 0.0665 5 0.0735
6 Borehole diameter +5 134.4 -5 121.6
7 Flow Rate -5 10.8 +5 11.97
8 Building load -5 13.8 +5 15.2
9 Fluid water
10 Radial pipe placement Along outer wall close together
11 U Tube configuration Double U-Tube Coaxial
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To investigate the effect that these new parameters have then the values of the 5% changesare
presented in Table 6.10, and the GSHP was re-modelled in order to ensure that the EWT,GHX length
and power consumption provided the desired indoor thermal comfort that is compatible with the
initial cost. It can be seen in Table 6.10 that in the worst scenario the EWT was 44°C after 20 years
of operation, which is within the acceptable range of a heat pump unit design. This result indicates

that the GSHP system is applicable despite the hightemperature of the entering water of the heat
pump.

Table 6.10 The comparison of the results for the best/worst-case scenarios in comparison to thebaseline

case.

Design Output Baseline Best scenarios% Change ~ Worst % Change
scenarios

EWT °C, 1 year 39.4 37 -6 42.4 +7.6

Depth, m 100 90 -10 100 0

Power, kWh / year 10852 9800 -9.7 12183 12.26

EWT °C,20 years 40.7 38.4 -5.6 44.1 8.35

In the best scenarios a 10 % in the initial cost and 6% in the operation cost can be saved. Onthe other
hand, there is no increase in the initial cost in the worst-case scenario, and only an8% increase in

the operation cost which is acceptable.

6.10 Re-designing the System Using the Sensitivity Analysis

The third step in the evaluation of this sensitivity analysis is to redesign the system based on the
results obtained from the additive value technique and the best/worst-case scenarios.The values
employed in the new model are estimated based on previous studies or the designer's experience.
In this section, the value of the EWT was fixed to be 39.4 °C for boththe baseline and the proposed

design systems, and for the system COP, the GHX length andpower consumption were measured.
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Table 6.11 shows a comparison between the baseline and the proposed design parameters values.

Thermal Soil Fluid  Pipe Size, Soil Thermal Separation, m Borehole Heat pump
conductivity Temp. mm diffusivity D,mm size, kW
(W/mK) °C , m"2/day
Baseline 2.6 29 Water 32 (1.25 0.07 10 128 18.75
in)
Proposed 2.73 28 Water 32 (1.25 0.07 10 134 14.4
design in)
% change 5 -3.45 - - - - 4.7 -23

The GSHP was re-modelled to ensure that the EWT remained within the acceptable range of the
heat pump unit, and the GHX length and power consumption provided the desired indoor thermal
comfort that is compatible with the initial cost. As shown in Table 6.11, the heat pump size reduces

due to the favourable changes in the system parameters.

Table 6.12 shows the comparison results between the baseline and the proposed design. Significant
saving in the initial cost of the proposed design is shown by the by decrease in the GHX 10+ength

from 100 m to 85m and the heat pump size reduced to 14.4 kW instead of

18.75 kW. Further, the power consumption slightly decreases from 10852 to 10730 kWh, (by-1.12%

compared to the baseline system).

Table 6.12 The comparison between the baseline and the proposed design parameters values.

Length, m Power consumption, kWh COP
Baseline 100 10852 3.4
Proposed design 85 10730 3.4
% change 15 1.12 -

It can be summarized based on study performed including additive value technique, the best/worst-
case scenarios analysis and system redesign that compared to conventionally used chiller based
heating and cooling system or ASHP, GSHP system is more beneficial specially for Saudi Arabia

location.
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6.11 Conclusions

This chapter presents a detailed evaluation of the most important parameters that affect the design
of the GSHP system in the city of Riyadh in Saudi Arabia and other arid regions where the
underground temperature is very high and the GSHP system operates in a coolingmode for most of
the year. The modelling and sensitive analyse presented in this chapter provides a very valuable better

understanding on the GSHP application in hot/dry regions andit can be concluded that:

As in the case of cold regions, the soil temperature, soil thermal conductivity, and air conditioning

load are the most important factors that determine the efficiency ofthe GSHP in hot/dry regions.

The soil temperature is the most critical parameter that affects the length of the borehole and thus
the cost of the installation. When the soil temperature change by 5% the length and power change

by approximately 10 and 2%, respectively.

Regardless of what are the most important factors affecting the GSHP design and performance, the
EWT is the parameter that determines the applicability of the GSHPsystem. When the value of EWT
is within the heat pump unit design range then the GSHP system considered to be applicable. In this
study the EWT after 20 and 40 years of operation were 44.1 and 44.9 °C, respectively, which
remains within the capacity limits of the heat pump unit based on the manufacturing catalogue.

However, the soil thermal imbalance needs to be calculated in order to avoid systemfailure.

The importance of some of the governing parameters varies from one region to another, for
example, the circulated fluid type does not have any significant effects in hot regions, while in
cold regions an antifreeze solution should be added to avoidfreezing and the resulting system

failure.

In general, this is the first attempt to analyse the performance of GSHPs in an arid region and in
particular in Saudi Arabia. The result from the sensitivity analysis confirms that the implementation

of the GSHP system in hot/dry regions has great potential. In addition, thisresult can be used to
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evaluate the optimal design and initial cost for the GSHP system in Saudi Arabia and other arid
regions. Finally, the proposed method assists and leads to the production of important guidelines

for the application of GSHPs in hot/dry regions.
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Chapter 7: Discussion, Conclusion and Future WorkClimate

7.1 Discussion
7.1.1 Research background

The government of the Kingdom of Saudi Arabia has developed a long-term plan to diversify the
economy and reduce their nation’s dependency on oil; this plan is known as Vision 2030. One of
the most important pillars of this vision is to substantially improve theinvestment in the renewable
energy sector and to quickly move forward in the implementation of new energy efficiency
standards in key sectors and the end-uses being linked to their energy saving potential. Thus, the first
wind farm has been built in the north ofSaudi Arabia and construction of an 8 MW solar power plant
has been started to service domestic energy consumption, which is predicted to increase by 10%
annually. In addition,the government has stopped subsidising the electricity tariff, and this has led
to an increasein the cost of electricity by as much as 200% for residential and commercial buildings
(seeFigure 1.4). All of these factors have driven researchers to find alternative and sustainable

solutions for conventional systems in order to reduce fuel consumption and carbon emissions.

7.1.2 Aim and main findings of the thesis

In hot and dry countries such as in Saudi Arabia, air-conditioning systems consume about seventy
per cent of the total electrical energy used. Therefore, it is essential to reduce this demand, and
conventional air-conditioning technology should be replaced by more efficientrenewable energy
systems. These should be compared to the current standard systems, which use ASHP, but these
have a poor performance when the airtemperature is high. In Saudi Arabia, this temperature can be
as much as 50 °C. Therefore, an attempt is made in this thesis to simulate and evaluate the
performance of ground source heat pumps (GSHPs) compared to systems employing ASHPs. For
the first time, both the systems have been very comprehensively modelled and simulated using the

Transient System Simulation (TRNSY'S) technology for Saudi Arabia location. In addition, the new
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Ground Loop Design (GLD) software has been used to design the length of the ground loop
heatexchanger. In order to assess this configuration, an evaluation of a model of a single-storey
office building, based on the climatic conditions and geological characteristics that occur inthe city
of Riyadh in Saudi Arabia, has been investigated. The period of evaluation used todetermine the
coefficient of performance (COP), energy-efficiency ratio (EER) and power consumption was
twenty years. The simulation results show that the GSHP system has a very high performance when

compared to ASHP. The average annual COP and EER were

4.1 and 15.5 for the GSHP, compared to 3.8 and 11 for the ASHP; the GSHP is a feasible alternative
to ASHP, with a very encouraging 11-year payback period, with a very cost- effective 18% total

cost saving over the simulation period and a 36% lower annual energy consumption.

These very encouraging results were the motivation to search for the most important factorsaffecting
the GSHP system. Because of the success of GSHPs in some cold regions, this does mean that it
will have the same effect in other regions, such as in arid regions. Thus, for the first time in such a
hot/dry climate, a rigorous sensitivity analysis approach has beenemployed to analyse 12 parameters
that most affect the behaviour of the system where cooling demands dominate over most of the
year. It is concluded that the most important four design parameters are thermal conductivity, soil
temperature, building load and fluid flow rate, and on increasing these values then they have
opposing effects on the arid environmental conditions, such as those found in the city of Riyadh in

Saudi Arabia.

In addition, in Chapter 6 the results of the additive value technique and the sensitivity analysis
evaluation, the best/worst-case scenarios, were found. The initial cost analysis for the ASHP and
GSHP, and the system redesign, leads us to conclude that a GSHP system ishighly competitive with
conventional cooling and heating systems; based on this scenario then the GSHP system is a very

feasible cost-effective alternative system to be employed insuch climates.
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Although the energy consumption for the heating and cooling in a hot climate is important, very few
studies have been performed on the potential of applying GSHPs in arid regions. Kharseh et al [150]
investigated the feasibility of using GSHPs in Qatar. The results obtained from this study illustrate
the possibility of implementing the GSHP system in Qatar. Table 7.1 shows the main input
parameters that were used for both the studies in Riyadh and Qatar,and Table 7.2 shows the main
simulation result, namely the GSHP results for the total lengthof the borehole, payback period and
CORP. It is clear that there is excellent agreement between the two systems in terms of the COP and
PBP, where the COP was 2.8 and 2.7 andthe PBP was 11 and 9 years in Riyadh and Qatar
respectively. Despite these results, the length of the GHX in Qatar is less than the GHX in Riyadh
by approximately 30%, and thismeans that the initial cost is 30% less in Qatar than in Riyadh. This
may be because the weather in Qatar is more humid than - and not as dry as - in Riyadh.
Alternatively, it may be because the groundwater in Qatar is only a few metres under the ground
[151], and this leads to increasing the soil moisture, which assists in the faster conduction of heat,
since Qatar is surrounded by water on three sides and is only spread over a small region. This
phenomenon will reduce the effect of the higher soil temperature warming and maintain thesystem
stability. However, the likely differences in the results obtained in Qatar and Riyadhare probably a

combination of the above two aspects.
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Table 7.1 The baseline parameter values for the simulation of GSHPs in Riyadh and Qatar.

Parameters Value
GSHPs in Riyadh  GSHPs in Qatar

1 Building area, m2 120 144

2 Max. cooling capacity, kW 14 11.2

3 Thermal conductivity (W/mK) 2.6 2.63

4 Soil temperature, °C 29 29

5 Circulated fluid type water water

6 Pipe size, mm 32 (1.251in) 32 (1.251n)

7 Borehole diameter, m 0.128 0.11

8 Borehole separation, m 10 17

9 Simulation software TRNSYS EED

Table 7.2 The main results for the simulation of GSHPs in Riyadh and Qatar.

S  Parameters Value
GSHPs in Riyadh ~ GSHPs in Qatar
1  Total borehole length, m 400 285
2  Payback period 11 9
3 COP 3.37 2.7

In addition, this study has found that, in general, the evaluation of the GSHP behaviour overlong
periods of time are significant in at least two major respects. Firstly, the full picture forthis research
is important because it presents new and novel results that have not been identified in any other
research works to date for hot/dry climates. Secondly, this much deeper understanding of the
optimum design of the system determines the most important governing factors that must be studied
very carefully. This evaluation found that the resultsobtained from the sensitivity analysis
evaluation in Chapter 6 from the additive value technique constituted the best/worst-case scenarios
analysis. The initial cost analysis for theASHP and GSHP, together with the system redesign, leads
us to conclude that a GSHP system is highly competitive with conventional cooling and heating

systems; based on thisscenario, then, the GSHP system is feasible and cost-effective.
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Although there are many types of GSHPs (see Figure.2.5), the vertical GSHP system was chosen
instead of other systems, such as the horizontal and open loop GSHP, for several reasons; these
include: the soil temperature over the long depth of the borehole remains reasonably consistent and
this leads to the heat transfer between the borehole and the surrounding area being suitable. This
gives more stability to the heat exchanger and the vertical system is suitable for narrow areas, which
is a viable option for the project with limited land. For example, the seH temperature at depths less
than ten metres is very variable, and this is strongly affected by the seasonal ambient temperature,
thus thehorizontal GSHP system has not been studied in this thesis, because it has not been
considered to be a successful and reliable approach for the cooling process. Likewise, the open loop
system has not been addressed in this thesis due to the lack of available water resources such as

lakes, rivers, and groundwater in sufficient quantity to operate the open loop system.

On returning to the GSHP system, the system consists of three main parts: the building load,the heat
pump unit, and the ground heat exchanger. Each part has a direct and important impact on the system
efficiency, design, and initial cost. Each part consists of many factors,and these may be considered
to be either adjustable or non-adjustable factors. For example,the underground temperature and
thermal conductivity are classified as being non- adjustable factors because they depend on the
climatic conditions and the geological characteristics of the site, while the borehole geometry is an
adjustable factor. Therefore, each component has a different weight when investigating the effect on

the efficiency of theGSHP system.

7.1.3 Buildings and loads

Despite the building envelope being outside the scope of this research, the building load(demand)
plays a very important role in choosing the heat pump size, and this has a direct effect on the initial
costs and running costs. For example, Wahl [152] investigated the effectof the elements’ building
envelope on the energy savings for buildings in the city of Riyadh.The results that she obtained show

that 27% of the energy required can be saved when changing the type of window employed from
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single clear glass to double glass, and the amount of energy consumed can also be reduced by 78%
when changing the insulation in other elements, such as the exterior walls, roof, and doors. Thus,
the selection of the envelope elements would lead to further substantial reductions in the energy
required, and this would also be a useful guide when selecting the most appropriate size for an

HVAC system.

The analysis of the building load is important for determining the HVAC system equipment’s and
size. In this work, the building is a cooling dominated building and the monthly cooling load ratio,

the CLR, is defined by Fan et al. [153] as follows:

9™ %100 (7.1)
Qmmax

CLR =

where Qm is the monthly cooling load, and Qm, max, is the maximum cooling load. From Figure
7.1itis observed that for seven months of the year the cooling capacity is less than 70% of the total
maximum load. Thus, for this building, it is possible to install two GSHP units with a total capacity
of 15kW to work alternately, instead of one big unit with 15kW. Thus, when the cooling load is less
than 70%, the system does not have to work at full capacity, so operating one unit is sufficient to

cover cooling demand, which leads to the

long life of the system, saves energy consumption, decreases the carbon footprint and results in less

thermal accumulation in the borehole.
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Figure 7-1 The percentage of monthly cooling load compared to the maximum cooling load for
theoffice building in the city of Riyadh.

In addition to the building load and envelope, the function and type of the building have a significant
effect on the performance of GSHPs. For example, school buildings are closed in the summer, and
in Saudi Arabia the summer holidays are approximately 80 days and include the months of July and
August. From Table 5 it is observed that the summer holidayperiod represents approximately 54%
of the total cooling load, which leads to a reduction in the heat ejected to the soil, which leads to less
cumulative heat; this alleviates the problemof thermal imbalance. Figure 7.2 shows a comparison

between the amount of cooling heat ejected to the soil for office and school buildings.
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Figure 7-2 The amount of cooling heat ejected to the soil for office and school buildings in
Riyadh.
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Because the GSHP has not as yet operated in harsh hot/dry climates, then the thermal imbalance
issues have now been investigated in conditions such as those found in countrieslike Saudi Arabia.
Therefore, comparisons between countries such as Saudi Arabia and extreme cold regions, such as
in Alaska, USA, where the thermal equilibrium almost does not exist (the worst-case scenario),
could produce a much better understanding and give a reasonable explanation of the results and the
ways to reduce the negative effect for the thermal imbalance issues which vary from place to place
[154]. Although GSHPs have been operating for many years in cold regions, the topic of
underground thermal imbalance that is estimated based on theoretical analyses still needs a
substantial amount of real field data and experimental investigations. Several projects related to
GSHPs have now been started in cold climates, such as in Sweden, Canada, Chinaand Alaska, USA.
In China, Mingyang et al. [155] investigated the thermal imbalance issuesbased on real field data
obtained from many Chinese residential buildings. The results obtained show that the distribution
system substantially affects the thermal imbalance, and that GSHP systems with only a radiant floor
for heating lead to the most severe thermal imbalances, while GSHP systems with fan coil units or
radiant ceilings for cooling and/or heating have achieved a much better thermal balance. Similarly,
Wou et al. [58] investigatedthe effect of the type of heat pump on the ground thermal imbalance. The
result shows thathigher soil thermal balances and system efficiency are obtained from ground
source absorption heat pumps (GSAHPs) compared to ground source electrical heat pumps

(GSEHPS).

In Alaska, the Cold Climate Housing Research Centre (CCHRC) monitored the performance of
GSHPs in six communities in wintertime over a period of six years [157]. The results show that the
efficiency of the GSHP system can be reduced over a period of six years, in which the average COP
drops from 3.65 to 3.2, but this value remains excellent and competitive with other systems. It is
clear that the issues of thermal imbalance can be solved in more than one way; someof them relate

to the demand load and some of them relate to the design of the GHX. However, the issueof thermal

A
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imbalance needs many more studies based on site characteristics.

7.1.4 Heat pump units

In a hot and dry climate, the heat pump unit that is normally selected is based on the maximum
cooling load capacity, with an increase of 10-20% as a safety factor. In this work,the ASHP unit has
been selected, and this is similar to the GSHP unit in terms of its characteristics and specifications
(such as the source of power, refrigeration type, compressor type, unit efficiency and the
cooling/heating capacity), in order to make a fair comparison between the two systems. For
example, the same coolant R-410a was used for both the ASHP and GSHP in order to avoid any
effect on the comparison in the system efficiency. In addition, the coolant R-410a was used because
it is now the most common type used in Saudi Arabia and in the world; this is due to its

characteristics, such as its environmentally friendly qualities and a high cooling capacity.

In fact, there are several ways to increase the efficiency of the heat pump unit, and it is known that
the refrigerant type affects the COP of the system. For example, Shuxue et al.[157] experimentally
studied the effect of four different kinds of refrigerant on the system COP. As can be seen in Figure
7.3, the R32 and R410A yield the highest heating capacity and also the heating COP. Among the
four kinds of refrigerants investigated, the heating COP value of the R32 is about 1.3-2.2% higher

than that of the R134a.
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Figure 7-3 The relationship between the coolant type and system COP [157]

Moreover, many factors have significant impacts on the heat pump unit performance and efficiency.
For instance, system technologies such as the VRF technology (variable refrigerant flow) deliver
very attractive benefits associated with this technology, as they include improved comfort at a lower
operating cost because the system can control the cooling/heating required for each zone separately.
Other factors that play an important role,but are integral to the work presented in this thesis, include

the following:
1- Heat pump type (water to water or water to air).

2- The heat pump compressor type (scroll compressors, rotary compressor, and screw

COMpressor).

Normally, all these factors are taken into account at the design stage, and are based on manyother

factors such as the cost, operation purpose, unit size, site and weather.

7.1.5 Ground loop heat exchangers

The performance of the GSHP system is affected by the efficiency of the borehole heat exchangers
design. The GHX length is a major component that may play a vital role in the determination of the

feasibility of the system. One of the most striking results to emerge from the data is the relationship
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between the two most important elements that affect the GHX length (soil temperature and soil
thermal conductivity) when each element has an adverse effect on the heat transfer in the heat
exchanger. When changing the soil temperature value by 5%, then the length of the heat exchanger

is reduced by 10%, compared to 3% for thermal conductivity.

It is important that the designers take into account the difference between the lifetimes of the GHX
elements (which should be expected to yield around 50+ years of usage) and the heat pump unit
installations in the utility room of the building. Therefore, on the technicalside, a high system
performance is achieved by maintaining as small a temperature difference between the heat source
and the heat load as possible, and by minimizing all possible losses, including energy, pressure, and
temperature. Unfortunately, the thermal balance is the most difficult to achieve; this is mainly due
to a couple of reasons, which include, but are not limited to, the very high soil temperature and the

length of the summerperiod.

7.1.6 Grout material

In this work, the thermal conductivity of the filling material was assumed to have the samehigh
value for the soil thermal conductivity (2.6 W/mK). Grout with high thermal conductivity
significantly reduces the borehole resistance. As the total temperature difference between the heat
carrier fluid and the undisturbed ground depends on the combined borehole and ground thermal
resistance, it has been found that the greatest reduction in the required borehole length of the ground
loop occurred with higher ground thermal conductivity values. Where grout and ground thermal
conductivities are similar, theborehole diameter is not a critical factor in the performance of the
borehole heat exchanger.If the ground thermal conductivity is higher than the grout thermal
conductivity, a greater borehole diameter will yield a higher combined borehole and ground thermal
resistance. Smaller boreholes require less grout and have a lower total resistance, which indicates
thatthe borehole diameter has an economic impact. Determining the optimum grout for a given

project will require actual costs for the grout, pipes, and drilling.
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7.1.7 Thermal imbalance

In a similar manner, the thermal imbalance is considered to be one of the most challengingelements
that affect the system’s feasibility. In hot dry climate regions, GSHPs operate in cooling mode most
of the time, and this causes heat accumulation in the soil (more heat is ejected into the soil than is
extracted) and this high rate in the underground thermal imbalance (87.5%) could lead to a system
failure in the long term. Therefore, it is importantto focus on finding technical solutions that assist
in the reduction of heat accumulation in the soil. One of the proposed solutions is to add a fan that
cools the water when it leaves theheat pump and before it enters the ground loop heat exchanger,
this hybrid solution reduces size of GHX and thermal imbalance. For example, when the entering
water temperature to the ground loop is reduced by 5%, then the length of the GHX will be reduced
by approximately 10%; this leads to a 10% reduction in the initial cost. Figure 7.4 shows the

proposed idea and how to install it.

Figure 7-4 The proposed new fan and how it should be installed

Although GSHPs have been operating for many years in cold regions, and many different types of
research have been performed in order to solve the thermal imbalance problems, this issue still
requires a substantial amount of more experimental studies. Unfortunately, some of the solutions
proposed in cold regions are not suitable for application in hot regions,due to the difference in the
goal of adding or removing heat from the soil. For instance, Yulin et al. [158] proposed that the

GSHP assisted by solar thermal energy can effectively maintain the soil temperature balance, but
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such a system does not work in hot environmentswhen it is required to remove heat from the soil.

7.1.8 Soil thermal conductivity

The value of the thermal conductivity of the soil employed in this thesis was considered to be 2.6
W/mK. Nevertheless, it is important to note that most soil layers for the city of Riyadhconsist of
limestone and dolomite, which have a value of thermal conductivity that varies inthe range 1.6 to
6.2 W/mK, which means that there is a possibility that the actual thermal conductivity of the soil is
twice the value suggested in this thesis; this would lead to an evenmuch more compelling reason to

employ a GSHP system in such a region.

7.1.9 Site characteristics

A problem that may not appear elsewhere is the existence of caves and sinkholes that appearin the
Riyadh limestone bedrock. Samir [159] investigated the cavities problems on a construction project
in three locations in Saudi Arabia and Egypt. Figure 7.5 shows the sizeof the holes found in the
project land in the city of Riyadh, Saudi Arabia. The lack of knowledge concerning this
phenomenon could significantly affect the GHX performance interms of the heat transfer, and this
results in the installation having a more complex initial cost. For this reason, it is very important to

ensure that the land employed for the new proposed system is free of these properties.

Figure 7-5 The caves that appear in the limestone bedrock in Saudi Arabia [159]
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7.1.10 Limitations in installing and sizing GSHPs in Saudi Arabia

Due to the nature of the GSHP system, where there are a large number of climate and geological
factors that influence the performance and design method of the GSHP, then thismakes it difficult
to cover them all in one study. This PhD study has several limitations: forexample, the lack of
information about the groundwater and soil layers that have different thermal conductivities; we
have assumed only one soil layer with no groundwater effect. However, these issues could
significantly increase or decrease the GHX size, and this wouldlead to an effect on the system’s
initial cost. Also, the domestic hot water produced by the GSHP is not taken into account in this
analysis, which is a big advantage in the life-cycle cost analysis. In addition, there is a lack of
information about the price of GSHPs in the Saudi market, which makes it difficult to make a very
good comparison between GSHP units and conventional systems such as the ASHP. Therefore, the
value of the simple payback period requires much more accurate estimates in order to determine the

viability ofthe GSHP system.

7.1.11 Legislation as a limiting factor

Government legislation plays a major role in the adoption and use of renewable energy technologies
by beneficiaries who own small projects or homes, as the foundational cost ofrenewable energy
applications generally represents a hindrance to the adoption of the technology by either citizens or
investors in small and medium buildings. To support the spread of this technology, governments
must take motivational measures that encourage citizens to accept the idea of applying this system.
Among the most important methods leading to the spread of this technology are direct financial
support, training and exemptionor reduction of some government fees, such as taxes. For example,
in Saudi Arabia, the Saudi Energy Efficiency Centre (SEEC) [160] adopted an initiative to motivate
citizens to replace old air conditioners with high-efficiency units (min. EER 13.5) by supporting the
applicant with an amount of 900 Riyals (240 USD) for each old air conditioner that was replaced.

This initiative reduced the annual consumption rate of air conditioner units by 40%. Figure. 7.6
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shows the effect of increasing the energy-efficiency ratio (EER) from 7.5in 2013 to 13.5 in 2020 on
the annual power consumption rate for air conditioning units. Todate, there is no direct support from
government agencies in Saudi Arabia to apply GSHP technologies to small projects such as homes
and small commercial buildings, but this kindof government subsidy has encouraged citizens to use

and adapt clean and renewable energyapplications.
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Figure 7-6 The effect of increasing the energy-efficiency ratio (EER) on power consumption for

airconditioning units.

7.2 Conclusion

In hot regions, air conditioning and refrigeration systems are among the most important parts of a
building that the designer focuses on to reduce energy consumption. Indeed, GSHPsystems achieve
this goal as a result of the higher performance of GSHPs, compared to conventional systems such
as ASHPs. In arid regions such as Saudi Arabia, the potential benefits of energy savings from

GSHPs face as many difficulties as elsewhere in the world.

e Itisconcluded that GSHPs are feasible, albeit with a long payback period, dependingon the

conditions, set-up and predictions. Also, it can be seen that there is a saving in CO2
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emissions and there may be a substantial decrease in the total costs of usingGSHP compared

to ASHP.

e The underground temperature and thermal conductivity are the most important factors in
determining the GHX length, while high underground temperatures can lead to a lengthy

payback period and a subsequent increase in the initial cost.

Conducive soil temperatures and thermal conductivity would result in boreholes of shorter length,

producing savings of 20-30%.
e The total cost savings over a 22-year period were found to be 18%.

e The thermal imbalance ratio was 88.5%, which is very high and has a negative impact on

the system efficiency and operation.
e The payback period of GSHPs exceeds 11 years when compared to the ASHP system.

e Building types and operational hours - such as the hours involved in school buildinguse -
could solve the soil thermal imbalance problem resulting from the difference in the duration

between cooling and heating.

e Although the efficiency of the GSHP is high compared to conventional systems, oneof the

many challenges of adapting the GSHP in Saudi Arabia is the larger initial investment.

e Climatic and weather information is covered and is easily accessible in Saudi Arabia
compared to geological information; in particular, the data of the thermal propertiesof soils

at shallow depths are absent, so this point needs further research and field studies.

e Site characteristics could have geological phenomena that significantly affect the GHX

performance, such as caves and sinkholes that appear in various regions in Saudi Arabia.

e The impact of the government's adoption of a new policy for using renewable energy

technology, namely by subsidising and encouraging residents to use alternative energy
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conservation methods such as solar, wind, and geothermal energy, accelerates the process

of adopting these systems.

7.3 Future Work

Tosolve the issue of the lack of information about the benefits, possible risks, potential, andoperation

of shallow geothermal energy systems in hot/dry regions, several issues could beinvestigated in the

future in order to fill these gaps in the literature:

The GSHP has not yet been operated in harsh hot/dry climates and the thermal imbalance
issue has not as yet been investigated in conditions in countries such as Saudi Arabia.
Therefore, much more research is required to fully identify the thermalimbalance and the best

way to reduce the high percentage of the new accumulative heat in the ground.

The depth of the heat exchanger should be much more precisely determined in the sort of
geological conditions that occur in Saudi Arabia. The COP, initial cost, and system
performance are affected directly by the depth of the heat exchanger. In coldregions, as the
depth of the heat exchanger increases, the efficiency of the system increases, due to the
increase in soil temperature. This phenomenon may have an adverse effect in hot regions,
and it is very important to determine the best depth tobe employed by considering the

balance between the cost and performance.

It is also recommended that the impact of the government's adoption of a new policyfor using
renewable energy technology, namely by subsidising and encouraging residents to use
alternative energy conservation methods, such as solar, wind, and geothermal energy, is
considered. For example, by 2020 the British government’s target was to produce 15% of
energy from renewable sources, which meant that approximately 12% of the heating sources

had to be from renewable energy. Such policies pushed investors to adopt new renewable
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energy projects, but at the same time, they needed studies that showed the strengths and

weaknesses of each field of renewable energy.

The use of GSHP systems is very rare in hot regions, and therefore future studies should
emphasize a comprehensive economic analysis of GSHPs in hot/dry regionsand the
government's role in promoting adoption of GSHP systems. In addition, a comprehensive
method is required in order to estimate the feasibilities of theinvestments, such as the life-

cycle cost analysis.

Extensive studies have been made on solar-assisted GSHP system. Saudi Arabia is
considered to be potentially one of the largest solar energy producers because of its
geographic location, with it being in the sunbelt and receiving very strong levels ofsolar
energy throughout the year. Therefore, the advantage of solar energy should beinvestigated

in a hybrid system, with the employment of the proposed geothermal heat pump system.
Saudi Arabia has a 2600 km coastline, on which there are many major cities.

Therefore, there are many great opportunities to investigate the possibilities of employing
the open-loop GSHP benefits, using sea water as the cooling source. It should be noted that
open-loop systems have greater efficiency and cost-effective installations if three basic
criteria are adhered to, namely: (i) The quality of the watermust be sufficient. Hard water can

cause scaling in the system and reduce efficiency;

water sources must be sufficient and renewable; and (iii) some open loop systemsaffect and
contaminate groundwater, so it is necessary to know the compatibility ofthe open-loop

GSHP system with the legislation of environmental agencies.
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Appendix 1: Cooling and heating load calculation for the bank building in Riyadh

a) Air System Sizing Summary for PACKAGE A/C UNIT

Air System Information
Air System Name  PACKAGE A/C UNIT

NUMDEr Of ZONES ..ottt ssessessessnssees 1

Equipment Class  PKG ROOF FlOOT AT@a..uiciieierie ettt s v s seaens 584.7 m?

Air System TYPE...cooovcvrvecereeeieree e SZCAV LOCAtION ..ottt Riyadh, Saudi Arabia

Sizing Calculation Information

Caleulation MONNS e Jan to Dec Zone L/S Sizing ...cccovveeveveeenininineene Sum of space airflow rates

SIZING DALA ..o Calculated Space L/s Sizing ..............ooo. Individual peak space loads

Central Cooling Coil Sizing Data

TOAL CONNOAY oo KW | L0 OCCUIS AL ..o Aug 1500

Sensible coil load KW | QADB/WB ..o 46.0/21.0 °C

Coil L/s at Aug 1500 Ls | ENering DB/ WB ........cooomreiireerreciseeencesesseene 25.4/152 °C

Max blocK L/S e Ls | Leaving DB/ WB ... 13.6/10.6 °C

Sum of peak zone L/s ... Lis | COIADP oottt 123 °C

Sensible NEAt FAtI0 ..........ccveeveeeeeieieie e BYPass FACIOT ...ovviviirriiiini 0.100

IR oo 3.0 ReSUItING RH ..o 38 %

WIMZ oo 335.6 Design SUPPLY LeMP. ...ooovesvesivssnsinsssrne 130 °C

Water FIOW @ 5.6 °K FISE wvvvvvereooeeeeoeeoeeoeeeeooeeeeeeee oo N/A Zone T-stat Check ... lofl OK
Max zone temperature deviation 0.0 °K

Central Heating Coil Sizing Data

MaX COIl T0RT ....vvoovvveeeeeeeeee e 381 KW | LOBAOCCUMS AL coovriiiiiriivinrrrnnnssssss s Des Hig

Coil L/s at Des Htg .......................................................... 14888 LJ/s WIMZ ettt ettt et e st et eesaae s 65.1

MEX COI LIS —orrooeoeeeeseeees oo 14888 L/s | Ent.DB/LvgDB .. - 19.8/221 °C

Water flow @ 11.1 °K Arop ...cvovveeeeerinieieirieeesesieenenieee N/A

Supply Fan Sizing Data

ACHUAL MX LIS .o 14888 Lis | FANMOLON BHP oo 21.66

Standard L/S ........................................................... 13840 L/S .............................................................................................. BHP

Actual max L/(s-m?) 25.46 ...LI(s-m?) Fan MOtOr KW ..o 17.18 kw
FaN SLALIC ..vovevvveieiieicree e 750 Pa

Outdoor Ventilation Air Data

DeSigN ArFIOW LIS 1200 w.vvvvvveeeeereeessceeeereeeeseeesssssessneneees L/s L/SIPEISON o.oieiiiiiiiiie e 16.21 L/s/person

L/(S-M2) Lo 2.05 L/(s-m2)
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b) Summary for design

cooling heating load

DESIGN COOLING

DESIGN HEATING

COOLING DATA AT Aug 1500

HEATING DATA AT DES HTG

COOLING OADB/WB 46.0°C/21.0°C |HEATINGOADB/WB 50°C/1.2°C

Sensible Latent Sensible Latent
ZONE LOADS Details (W) (W) Details (W) (W)
Window & Skylight Solar Loads 627 m2 52254 - 627 m2 - -
Wall Transmission 11 m2 139 - 11 m2 73 -
Roof Transmission 326 m2 5806 - 326 m2 2001 -
Window Transmission 627 m2 21842 - 627 m2 17173 -
Skylight Transmission 0 m2 0 - 0m2 0 -
Door Loads 0 m2 0 - 0 m?2 0 -
Floor Transmission 0 m2 0 - 0 m?2 0 -
Partitions 79 m2 2395 - 79 m2 1802 -
Ceiling 0 m?2 0 - 0 m? 0 -
Overhead Lighting 21353 W 21352 - 0 0 -
Task Lighting ow 0 - 0 0 -
Electric Equipment 14045 W 14044 - 0 0 -
People 74 5309 4070 0 0 0
Infiltration - 13145 -1295 - 9208 0
Miscellaneous - 0 0 - 0 0
Safety Factor 10% / 10% 13629 277 10% 3026 0
>> Total Zone Loads - 149916 3052 - 33282 0
Zone Conditioning - 148801 3052 - 33590 0
Plenum Wall Load 0% 0 - 0 0 -
Plenum Roof Load 0% 0 - 0 0 -
Plenum Lighting Load 0% 0 - 0 0 -
Return Fan Load 14888 L/s 0 - 14888 L/s 0 -
Ventilation Load 1200 L/s 30217 -3052 1200 L/s 21661 0
Supply Fan Load 14888 L/s 17180 - 14888 L/s -17180 -
Space Fan Coil Fans - 0 - - 0 -
Duct Heat Gain / Loss 0% 0 - 0% 0 -
>> Total System Loads - 196198 0 - 38072 0
Central Cooling Coil - 196198 0 - 0 0
Central Heating Coil - 0 - - 38072 -
>> Total Conditioning - 196198 0 - 38072 0

Key:

Positive values are clg loads

Negative values are htg loads

Positive values are htg loads

Negative values are clg loads
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Appendix 2: Three contractors bid for pipes and drilling for GSHP system installation.

a) Pipes Prices

Supplier

Unit price/ m

Total price for
4082 m

AlMunif Pipes

Third Industrial City - Riyadh - Saudi Arabia
Tel. +966 11 265 2111 - FAX. +966 11 265 1845

2.45

5100

Advanced Piping Solutions

2nd Industrial Area,

Street No 39, Cross 150,

PO Box 5794, Dammam 31432, KSA
Tel: 9200 120 40 (Toll Free)

Email: info@advancedpiping.com.sa

2.60

10613

Al-Jazera Factories For Steel Products Co.Ltd
(JASCO)

Riyadh Branch

P.0.Box 9984 Riadh 11423, Saudi Arabia

+966 11 270 5511

+966 11 242 4270

2.75

11225

Average

2.6

10613

b) Derailing Price

Supplier Unit price(m) Total price for
4082 m

Al-Aboudi Corporation for Drilling Artesian Wells
+966-50-143-5433 70 285,740
info@alabudi.com
AL MUMAYAZ geotechnical engineering
Riyadh — Al Yarmouk — Al Najah Street
Tel: 0114157461 | 8 318,396
E: info@almumayaz.sa
TMNCO laboratory
Riyadh - King Abdulaziz Street PO Box 90229 - Riyadh 92 375,544
—11612
Tel.: :00966556691010

Average | 80 643,360
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APPENDIX 3. TRNSYS parameters and input data for modelling ASHP and GSHP.

a) GSHP system

* Model "Water—Air heat pump" (Type 919)
parameters: Type 919

The volume of the cylindrical shaped storage region which contains the
boreholes. The boreholes will be placed uniformly within the storage
volume.The properties of the ground within the storage volume are
considered uniform while the properties of the ground outside the

1 \S/E;DILariz 4000 m”3 storage volume may be described for several vertical layers. If the
spacing between boreholes is known, the storage volume can be
calculated from the relationship:

Storage Volume = Pi * Number of Boreholes * Borehole Depth * (0.525 *
Borehole Spacing)*2
The depth of one borehole (from the surface). This depth is also
considered the height of the storage volume for determining the cross-
Borehole . . -
2 100 m sectional storage area. This value is also the length of one of the u-tube
Depth
heat exchangers from the ground surface to the bottom of the u-tube
bend.
The depth below the surface of the top of the u-tube ground heat

3 Header Depth 1 m exchangers.This value is also typically the depth below the surface of
the horizontal header pipe which feeds the ground heat exchangers.
The total number of boreholes within the storage volume. If each

4 Number of 5 i borehole contains one u-tube ground heat exchanger (which is the most

Boreholes common application in the U.S.) then this value is also the number of u-
tube ground heat exchangers.
Borehole 0.101 The radius of one of the identical boreholes (the holes that were drilled

5 . m

Radius 6 for the heat exchangers).
Number of The number of boreholes that are connected in series per parallel loop.

6 Boreholes in 1 - The flowrate per heat exchanger is then the total flowrate times the

Series number of boreholes in series divided by the total number of boreholes.
The number of radial subregions that the storage volume will be divided
7 Number of 1 i into for the calculation of the local solution. The number of radial
Radial Regions subregions must be less than or equal to the number of boreholes
connected in series.
Number of The number of vertical subregions of the storage volume for the
. computation of the local solution. The number of vertical subregions
8 | Vertical 10 - . . .
. times the number of radial subregions must be less than 121 or an error
Regions .
will be generated.
The number of vertical subregions of the storage volume for the
Storage . . . .
ki/hr.m. | computation of the local solution. The number of vertical subregions
9 | Thermal 4.68 . . .
. K times the number of radial subregions must be less than 121 or an error
Conductivity .
will be generated.
The heat capacity (density*specific heat) of the ground comprising the
Storage Heat K)/mA3/ storage Yolume. The properties ofth.e soil W|th|n.the storage volume
10 Capacity 2016 K are considered uniform. The properties of the soil past the boundary of

the storage volume can be specified for vertical layers later in the
parameter description.
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Negative of U-

The negative of the number of u-tube ground heat exchangers per

11 Tubes/Bore -1 - F)orehole. For geothermal heat pump applications in the U.S., this value
is typically 1.
Outer Radius 0.016 The outer radius of the pipe comprising the u-tube ground heat
12 . m
of U-Tube Pipe | 64 exchanger.
Inner Radius of | 0.013 The inner radius of the pipe comprising the u-tube ground heat
13 . m
U-Tube Pipe 72 exchanger.
Center-to- 0.025 One half of the horizontal distance from the center of the downward
14 | Center Half 4' m flowing u-tube pipe to the center of the upward flowing u-tube pipe
Distance (same borehole).This value is also called the half shank spacing.
Fill Thermal kJ/hr.m. | The thermal conductivity of the material used to fill the borehole after
15 . 4.68 .
Conductivity K the u-tube ground heat exchanger has been installed.
16 Pipe Thermal 1.512 | ki/hr.m. | The thermal conductivity of the material comprising the u-tube ground
Conductivity 2 K heat exchanger pipes.
Gap Thermal KI/hr.m. The thermal co.nductiviFy of the material in the ga.p between the u-tL.Jbe
17 . 5.04 pipes and the fill material. The gaps are usually air or water depending
Conductivity K
on the water table and other factors.
18 | Gap Thickness 0 m The thickness of the gap between the u-tube pipes and the fill material.
Reference The reference fluid flowrate per borehole for the calculation of the fluid
613.0 to ground thermal resistance (borehole thermal resistance). This
19 | Borehole kg/hr . .
4 parameter is very important and should correspond to the expected
Flowrate . .
borehole flow rate during operation.
20 Reference 30 C The reference fluid temperature for the calculation of the fluid to
Temperature ground thermal resistance.
This parameter indicates to the general ground heat exchanger model
Pine-to-Pine whether the heat transfer between the upward and downward flowing
21 H:at Transr,)fer 0 - fluid in the u-tube ground heat exchanger should be included: (0 = Do
not account for heat transfer between the u-tube pipes, -1 = Account for
the heat transfer between the u-tube pipes).
2 Fluid Specific 419 K/ke.K The specific heat of the fluid flowing through the ground heat exchanger
Heat pipes.
23 | Fluid Density 1000 | kg/mA3 ;?;egensny of the fluid flowing through the ground heat exchanger
An indicator for the placement of thermal insulation on the boundaries
of the storage volume: (0 = No insulation, 1 = Insulation on the upper
. side of the cylindrical storage volume. The upper user-specified fraction
Insulation . . .
24 Indicator 0 - of the storage height (next parameter) is covered with thermal
insulation, 2 = Insulation on the top of the storage volume that extends
a user-specified fraction of the storage height (next parameter) beyond
the  boundary of the storage volume).
The fraction of the height of the storage volume that is insulated (if
Insulation previous parameter=1) or the fraction of the height of the storage
25 . ) 0.5 - . .
Height Fraction volume that the insulation on top of the storage extends beyond the
boundary of the storage volume (if previous parameter=2).
Insulation 0.025 The thickness of the insulation on the top and sides of the storage
26 . m . .
Thickness 4 volume (if specified).
Insulation The thickness of the insulation on the top and sides of the storage
kJ/hr.m. . e
27 | Thermal 1 K volume (if specified).
Conductivity
Number of The length in years of the simulation to be performed. This value should
28 | Simulation 1 - include the number of years of preheating used to heat up the
Years
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surrounding ground. This parameter is used to determine the mesh
extension for the finite difference calculations.

Maximum The maximum temperature of the fluid entering the ground heat
29 | Storage 100 C exchangers.

Temperature

Initial Surface The initial surface temperature of the storage volume
30 Temperature 20 C
of Storage
Volume
Initial Thermal The initial thermal gradient in the ground inside the storage volume.
Gradient of
31 Storage 0 any

Volume

Number of The number of preheating years run before the simulation begins (0 =
32 | Preheating 0 i no preheating). During preheating, a s'inusoidal yearly variation of the

Years average storage volume temperature is used to heat up the ground
surrounding the storage volume.

The maximum temperature (average) of the storage volume ground for
preheating calculations. This temperature is used in a sinusoidal

Maximum calculation to preheat the soil surrounding the storage volume. This

33 | Preheat 30 C parameter is also used in the calculation to set the initial temperature of

Temperature the storage volume ground at the beginning of the simulation. See the
description of the phase delay parameter for more information on the
initial storage temperature.

The minimum temperature (average) of the storage volume ground for
preheating calculations. This temperature is used in a sinusoidal

Minimum calculation to preheat the ground surrounding the storage volume. This

34 | Preheat 10 C parameter is also used in the calculation to determine the initial

Temperature temperature of the storage volume ground. Refer to the description of
the preheating phase delay for more information on the initial storage
volume temperature.

The phase delay in the preheating sinusoidal temperature curve. This
phase delay is simply 90 minus the day of maximum storage
temperature, or 270 minus the day of minimum storage temperature.
For preheating, the storage temperature equation is:
Preheat Phase Tstore = (Tmax,ph+Tmin,ph)/2 + (Tmax,ph-Tmin,ph)/2 * sin(w(t+theta))

35 Delay 90 day
where: Tstore = storage temperature, Tmax,ph = maximum storage
temperature for preheating, Tmin,ph = minimum storage temperature
for preheating, theta = this parameter, t=simulation time in days.
The storage temperature at the beginning of the simulation is found
from the above equation with t=0.
The yearly average air temperature for preheating calculations. The

Average Air average air temperature is used to calculate the air temperature as a
function of time. The air temperature (and storage temperature)

36 | Temperature- | 20 C .

Preheat Years variation throughout the preheat years are used to calculate the
temperature of the ground past the storage volume boundary at the
beginning of the simulation.

Amplitude of The amplitude of the air temperature over the year. This parameter is

37 . 15 deltaC . - . .

Air used to calculate the air temperature as a function of time. The air
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Temperature -
Preheat Years

temperature and the average storage temperature (both as a function
of time) are used to calculate the temperature of the ground outside the
storage volume boundary at the beginning of the simulation.

The phase delay in air temperature for the preheating calculations. The
delay can be simply calculated as the 90 minus the day of the maximum
air temperature or 270 minus the day of minimum air temperature. The

Air air temperature as a function of time is then:
Temperature
38 Phase Delay - 240 day Air Temperature = Average Air Temperature +
Preheat Years Amplitude*sin(w(t+delay))
where: t = time in days, delay = phase delay (days), w = conversion
constant
The number of unique vertical soil layers that comprise the ground
39 Number of 5 i outside the boundary of the storage volume (the storage volume soil is
Ground Layers assumed uniform). For each layer, the user must specify the thermal
conductivity, heat capacity, and layer thickness.
Thermal KI/hr.m The thermal conductivity of the specified vertical layer at the outside
40 | Conductivity of | 4.68 K " | boundary of the storage volume.
Layer
Heat Capacity kl/m~3/ | The volumetric heat capacitance of the specified vertical soil layer at the
41 2016 .
of Layer K outside boundary of the storage volume.
47 Thickness of 1000 m The thickness of the specified vertical soil layer at the outside boundary
Layer of the storage volume.
Input data:
1 Inlet Fluid Temperature | 32 C The temperature of the fluid entering the ground heat
exchangers.
2 Inlet Flowrate (Total) 0 kg/hr The flowrate of fluid (total, not per borehole) entering the
ground heat exchangers.
3 Temperature on Top of | 20 C The temperature of the air directly above the storage
Storage volume. In most cases this is the ambient temperature. In
some cases (like the storage volume being located beneath
an asphalt parking lot) this temperature must be calculated
and passed to this model.
Air Temperature 45 C The ambient temperature
Circulation Switch 1 - This input determines how the fluid is circulated through the

boreholes: (1 = Circulate from center to border of storage
volume, -1 = Circulate from border to center). This input
should only be used when multiple boreholes are connected
in series and when the flow direction through the boreholes
is changed depending on operation. For most geothermal
applications this input should be set to a constant value of 1.
If however, a radial stratification of the ground is desired
(such as heat storage), the fluid should circulate from the
center to the border in heat injection (=1) and from the
border to the center during heat abstraction (=-1).
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b) ASHP system

* Model "Air —Air heat pump" (Type 119)

parameters: Type 119

The humidity mode indicates which of the input humidity values
will be used to calculate the inlet moist air state: 1= the inlet

! Humidity Mode 2 humidity ratio will be used, 2 = the inlet relative humidity (%) will

be used.

) Logical Unit for Cooling 39 The logical unit which is assigned to the data file which contains the
Data heat pump cooling performance data.

3 Logical Unit for Heating 33 The logical unit which is assigned to the data file containing the
Data heat pump heating performance data.

4 Logical Unit Number for 34 The logical unit which is assigned to the data file which contains the
Cooling Correction Data cooling correction factors for off-design indoor air temperatures.
Logical Unit Number for The logical unit which is assigned to the data file containing the

5 Heating Correction 35 heating correction factors for off-design indoor air temperatures.
Data

6 Number of Water Flow 3 The number of water flowrates for which data is provided in the
Steps performance data files.

7 Number of Water 4 The number of water temperatures for which cooling performance
Temperatures - Cooling data is provided in the associated data files.

3 Number of Water 4 The number of water temperatures for which heating data is
Temperatures - Heating provided in the associated heating performance data file.

9 Number of Wet Bulb 6 The number of indoor wet bulb temperatures for which cooling
Steps correction factors are supplied in the associated data file.

10 Number of Dry Bulb 4 The number of indoor dry-bulb temperatures for which cooling
Steps - Cooling correction factors are supplied in the associated data file.

11 Number of Dry Bulb 6 The number of entering air dry bulb temperatures for which heating
Steps - Heating correction factor data is supplied in the associated data file.
Number of Airflow The number of air flowrate steps for which cooling performance

12 . 2 . . . .

Steps - Cooling data will be supplied in the associated data file.
Number of Airflow The number of air flowrate steps for which heating performnace
13 . 2 . o . )
Steps - Heating data is supplied in the associated data file.
Density of Liquid The den.sity of the liquid s.trea.m enterin'g the heat pump. The liquid

14 1000.0 kg/mA~3 | stream is used for heat rejection when in cooling mode and for heat

Stream . . .
absorption when in heating mode.
- - The specific heat of the liquid stream entering the heat pump. The

15 specific Heat of Liquid 4.190 kJ/kg.K liquid stream is used for heat rejection when in cooling mode and
Stream . . .

for heat absorption when in heating mode.

16 Spe.cific Heat of DHW 4.190 k/kg.K The specif.ic heat of the domestic hot water fluid which will be
Fluid heated using the desuperheater of the heat pump.

The power of the blower motor when the heat pump is operating.
Typically, the entire heat pump package power (compressor +
17 Blower Power 671.1 K/hr blower + controls) is given for the reported heat pump power in the

catalog data. The blower and controller power will be subtracted
from the calculated power in order to calculate the compressor
power.
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The power of the controller in the packaged heat pump unit.
Typically, the total packaged heat pump power (blower + controls +

18 Controller Power 36.0 ki/hr compressor) is reported for heat pump power in the catalog data.
The blower and controller power will be subtracted from the total
calculated heat pump power in order to get the compressor power.

19 Cap.a.uty of Stage 0.0 K/hr The heating capacity of the first-stage auxiliary heating device

Auxiliary
20 Capggty of Stage-2 0.0 Ki/hr The heating capacity of the 2nd-stage auxiliary heating device.
Auxiliary
1 Total Air Flowrate 300.0 /s The flowrate on the air-side of fche h'eat pump. This flowrate is the
total flowrate (return plus outside air).
. The total cooling capacity of the device at the rated conditions.
R Total |
22 ated. otal Cooling 37980 ki/hr Make sure that the external data file which provides off-rated
Capacity L . . . . -,
multipliers is consistent with the provided rating conditions.
Rated Sensible Coolin The sensible cooling capacity of the device at the rated conditions.

23 . g 30384 ki/hr Make sure that the external data file which provides off-rated

Capacity L . . . . . .
multipliers is consistent with the provided rating conditions.
The power of the device at the rated conditions (including the

24 Rated Cooling Power 12660 ki/hr blower). Make sure that the external data file which provides off-
rated multipliers is consistent with the provided rating conditions.
The heating capacity of the device at the rated conditions. Make

25 Rated Heating Capacity | 37980 ki/hr sure that the external data file which provides off-rated multipliers
is consistent with the provided rating conditions.

The power of the device at the rated conditions (including the

26 Rated Heating Power 12660 ki/hr blower). Make sure that the external data file which provides off-
rated multipliers is consistent with the provided rating conditions.

27 Rated Air Flowrate 300.0 I/s The value of volumetric dry air flowrate at the rated conditions.

)8 Rated Liquid Flowrate 0.28 /s The vglumetric flowrate of liquid through the heat pump at its rated
conditions.

Input data:
Inlet Liquid The temperature of the heat transfer fluid entering the heat pump.

1 20.0 C . .

Temperature This is typically water from a ground-coupled heat exchanger.
2 Inlet Liquid Flowrate 1000.0 kg/hr The flowrate of heat transfer fluid entering the heat pump.
The temperature of the air returning to the heat pump from the
Return Air zone. This is typically the room air temperature. This air will be
3 20.0 C , . . . .
Temperature mixed with a user-controlled amount of outside air before entering
the heat pump.
The absolute humidity ratio of the air returning to the heat pump
2 Return Air Humidity 0.008 i from the zone. This air is typically at room air conditions. This
Ratio ) return air will be mixed with a user-specified amount of outside air
before entering the heat pump.
The percent relative humidity of the air returning to the heat pump
Return Air Relative % (base | from the zone. This air is typically at room air conditions. This
5 - 50.0 o . . . . .
Humidity 100) return air will be mixed with a user-specified amount of outside air
before entering the heat pump.
The absolute presure of the air returning to the heat pump from
6 Return Air Pressure 1.0 atm the zone. This air is typically at room air conditions. This return air

will be mixed with a user-specified amount of outside air before
entering the heat pump.
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Return Air Damper

The pressure drop of the return air stream as it passes across the

7 0 atm .
Pressure Drop return air damper.
The temperature of the fresh air available to the heat pump. The
8 Fresh Air Temperature | 20.0 C heat pump will mix a user-specified amount of fresh air with the
return air before conditoning this air in the heat pump.
. . The absolute humidity ratio of the fresh air available to the heat
Fresh Air Humidity gy - .
9 Ratio 0.008 - pump. The heat pump will mix a user-specified amount of fresh air
with the return air before conditoning this air in the heat pump.
Th lative humidity of the fresh ai ilabl he h
Eresh Air Relative % (base e percent relative um-ldlty.o the fres a.lr available to the eat.
10 Humidit 50. 100) pump. The heat pump will mix a user-specified amount of fresh air
y with the return air before conditoning this air in the heat pump.
The absolute pressure of the fresh air available to the heat pump.
11 Fresh Air Pressure 1.0 atm The heat pump will mix a user-specified amount of fresh air with
the return air before conditoning this air in the heat pump.
12 Fresh Air Damper 0 atm The pressure drop of the fresh air stream as it passes across the
Pressure Drop outside air damper.
Inlet DHW The temperature of the entering domestic hot water stream to be
13 40.0 C
Temperature heated by the desuperheater.
14 Inlet DHW Elowrate 400.0 ke/hr The flowrate of domestic hot water entering the heat pump to be
heated by the desuperheater.
Th | signal f li jon: ctrl <0.5: li i
15 Cooling Control Signal 1.0 i e control signa qr cooling Qperatlon ctrl < 0.5 : cooling mode is
off, ctrl >= 0.5 : cooling mode is on.
16 Heating Control Signal 0 i The control signal fo.r heating Qperatlon: ctrl < 0.5 : heating mode is
off, ctrl >= 0.5 : heating mode is on.
The control signal for the 1st stage auxiliary heater: ctrl < 0.5 : 1st
17 Stage 1 Auxiliary Signal | 0.0 - stage auxiliary heater is off, ctrl >= 0.5 : 1st stage auxiliary heater is
on.
The control signal for the operation of the 2nd-stage auxiliary
18 Stage 2 Auxiliary Signal | 0.0 - heater: ctrl < 0.5 : 2nd stage auxiliary heater is off, ctrl >= 0.5 : 2nd
stage auxiliary heater is on.
The control signal for operation of the ventilation fan when the
19 Fan Control Signal 00 i heaF pum.p is not operating in heatl'ng or cooling mode: c'trI <0.5:
fan is off if heat pump compressor is off, ctrl >= 0.5 : fan is on
regardless of compressor operation.
The heat pump will mix this user-specified amount of fresh air with
20 Fraction of Outside Air | 0.15 Fraction | the remaining fraction of return air before conditoning this air in
the heat pump.
The temperature of the refrigerant in the heat pump
Cooling Desuperheater desuperheater when the heat pump is operating in cooling mode.
21 60.0 C . .
Temperature This temperature will be used to calculate the heat transfer to the
domestic hot water flow stream.
The temperature of the refrigerant in the heat pump
Heating Desuperheater desuperheater when the heat pump is operatingin heating mode.
22 55.0 C . .
Temperature This temperature will be used to calculate the heat transfer to the
domestic hot water flow stream.
93 Desu'perheater UA - 1500.0 KI/hr.K The overall heat transfer cogfficien't from the heat pump to the
Cooling desuperheater flow stream in cooling mode.
22 Desu'perheater UA - 1500.0 KI/hr.K The overall heat transfer coefflc.lent be'tween the heat pump and
Heating the desuperheater flow stream in heating mode.
25 Fraction of Rated 1.0 i The fraction of rated catalog cooling power that will be used for

Cooling Power

this heat pump. The actual power will then be the power
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(interpolated from the data file based on the current conditions)
multiplied by this parameter.

Fraction of Rated

The fraction of the catalog cooling capacity that will be used for this

26 Cooling Capacity 1.0 i heat pump.

27 Fraction of Rated 1.0 i The fraction of rated catalog heating power that will be used for
Heating Power this heat pump.

)8 Fraction of Rated 1.0 i The fraction of rated catalog heating capacity that will be used for
Heating Capacity ) this heat pump.

29 Pressure Rise Through 00 atm The pressure rise (positive) of the air as it flows through the heat

Heat Pump

pump. The pressurization is due to the internal heat pump fan.
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APPENDIX 4. Manufacture’s catalogue data for ASHP and GSHP.

a) ASHP catalogue data

ul YORK

TECHNICAL GUIDE

R-410A
ZE/XN SERIES 3 -6 TON
60 Hertz

Description

YORK® ZE/XN Series units are convertible
single package rooftops with a common
roof curb for the 3, 4, 5, and 6 Ton sizes.
Although the units are primarily designed
for curb mounting on a roof, they can also
be slab-mounted at ground level or set on
steel beams above a finished roof.

All ZE/XN Series units are self-contained and
assembled on rigid full perimeter base rails
allowing for overhead rigging. Every unitis
completely charged, wired, piped and tested
at the factory to provide a quick and easy
field installation.

All models (including those with an
economizer) are convertible between
bottom and horizontal duct connections.

ZE Series units are available in the following
configurations: cooling only, cooling with
electric heat, and cooling with one or two
stage gas heat. Electric heaters are available
as factory- installed option or field installed
accessory.

XN Series units are available in the following
configurations: cooling and heating only and
cooling and heating with electric heat.
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Physical Data
ZE036-072 Physical Data

Component [Models
ZE036 ZE048 ZE060 ZEO72
Nominal Tonnage 3 4 5 6
ARI COOLING PERFORMANCE
Gross Capacity @ AHRI A point (Btu) 36600 49100 59000 68000
AHRI net capacity (Btu) 35500 47500 57000 66000
EER 12.0 12.0 11.8 11.20'/11.00?
SEER 14.0 14.0 14.0 -
IEER -
IEER IntelliSpeed 14.2
CFM 1200 1450 1680 2057
System power (KW) 2.96 3.96 4.83 5.9
Refrigerant type R-410A R-410A R-410A R-410A
Refrigerant charge (Ib-0z)
System 1 4-4 5-6 6-4 6-6
AHRI HEATING PERFORMANCE
Heating model HO5 [H10 |NO7 |N11 |HO7 |H12 |NO7 |N12 |H10 |H12 |NO7 |N12 |H10 |H12 |NO7 |N12
Heat input (K Btu) 50 100 [75 115 |75 125 |75 125 100 (125 |75 125 100 125 |75 125
Heat output (K Btu) 40 80 60.8 (92 60 100 |60.8 |100.6 |80 100 |60.8 |100.6 [80 100 61 100.6
AFUE% (Single Phase Only) 81 81 - - 81 81 - - 81 81 - - - - - -
FER Compliant Direct Drive (Single Phase Gas |Yes [Yes |- - Yes [Yes | - Yes [Yes | - - - F
Heat Only)3
FER Compliant Belt Drive (Single Phase Gas Yes [Yes | - es |Yes |- - No Yes | - - - F
Heat Only)3
Steady state efficiency (%) (3 Phase Only) 80 80 811 B0.2 |30 80 81.1 |80.5 |80 80 81.1 805 [80.0 80.0 [81.1 [80.5

No. burners

2 4 3 5

3 5 3 5

4 5 3 5

4 5 3 5

No. stages 1 1 2 2 1 1 2 2 1 1 2 2 1 1 2 2
Temperature Rise Range (2F) 15-45 45-75 [35-70 55-90 [25-70 W45-75 [25-70 W45-75 [|25-55 [35-75 [20-55 [35-75 [25-55 [30-75 |15-45 30-75
Gas Limit Setting (2F) - Direct Drive 240 (190 210 200 [210 165 210 [165 170 165 210 (165 | - - -
Gas Limit Setting (2F) - Belt Drive 240 210 240 200 [240 210 240 210 210 210 210 (210 210 210 210 (210
Gas piping connection (in.) 12 [12 12 W2 W2 Qe w2 b2 he he 2 b b bz 2 e
DIMENSIONS (inches)

Length 82 1/4 82 1/4 82 1/4 82 1/4

Width 44 7/8 44 7/8 447/8 44 7/8

Height 325/8 325/8 325/8 325/8

OPERATING WT. (lbs.) 470 598 632 665

COMPRESSORS

Type Scroll Scroll Scroll 2-stage scroll

Quantity 1 1 1 1

Unit Capacity Steps (%) 100 100 100 67/100

CONDENSER COIL DATA

Face area (Sq. Ft.) 16.3 16.3 16.3 16.3

Rows 1 1 1 1

Fins per inch 23 23 23 23

Tube diameter (in.) 0.71/18 0.71/18 1.00/ 25.4 1.00/ 25.4

Circuitry Type

2-pass Microchannel

2-pass Microchannel

2-pass Microchannel

2-pass Microchannel
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ZE036-072 Physical Data (Continued)

Component [Models
ZE036 ZE048 ZE060 ZEO72
Nominal Tonnage 3 4 5 6
EVAPORATOR COIL DATA
Face area (Sq. Ft.) 5.06 5.06 5.06 5.01
Rows 3 4 4 4
Fins per inch 13 13 13 13
Tube diameter 0.375 0.375 0.375 0.375
Circuitry Type JIntertwined Intertwined Intertwined Intertwined
Refrigerant control Orifice Orifice [TXV TXV
CONDENSER FAN DATA
Quantity of fans 1 1 1 1
Fan diameter (Inch) 24 24 24 24
Type Prop Prop Prop Prop
Drive type Direct Direct Direct Direct
Quantity of motors 1 1 1 1
Motor HP each 1/2 1/2 1/24 1/24
No. speeds 1 1 1 2
RPM 1090 1090 1100 900 / 1150
CFM 4000 4000 4200 3300/ 4200
BELT DRIVE EVAP FAN DATA
Quantity 1 1 1 1
Fan Size (Inch) 11x 10 11x 10 11x 10 11x 10
Type Centrifugal Centrifugal Centrifugal Centrifugal
Motor Sheave 1vL44 1VP56 1VL44 1VP56 1vVL44 1VP56 VL44 1VP56
Blower Sheave AK64 AK66 IAK56 AK61 IAK56 AK56 [AK56 IAK56
Belt A37 A39 A36 A38 A36 A38 A36 A38
Motor HP each 1-1/2 1-1/2 1-1/2 1-1/2 1-1/2 2 1-1/2 3
RPM 1740 1740 1740 1740
Frame size 56 56 56 56
DIRECT DRIVE EVAP FAN DATA®
Quantity 1 1 1 -
Fan Size (Inch) 11x 10 11 x 10 11x 10 -
Type Centrifugal Centrifugal Centrifugal -
Motor HP each 3/4 1 1 -
RPM 1050 1050 1050 -
FILTERS -
15" x 20" x 1" or 2" 2 2 2 2
14" x 25" x 1" or 2" 1 1 1 1
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ZE060 (5.0 Ton)

Airon Evaporator Temperature of Air on Condenser Coil
Coil Total [Total Input [Sensible Capacity (MBh) Total ITotal Input [Sensible Capacity (MBh)
CFM WB (°F) [Capacity’  [kw)? Return Dry Bulb (°F) Capacity’  |(kw)? Return Dry Bulb (°F)
(MBh) 0 ks ko 5 o s |VMBN 0 ks ko s o s
75°F 85°F
77 74.6 3.2 340 [287 |34 | - - 70.6 3.8 316 [264 11 | - -
1250 72 69.2 3.2 42.2 36.9 31.6 26.3 - - 65.3 3.7 39.7 34.4 29.2 23.9 - -
67 63.8 3.2 50.4 145.1 39.8 34.5 29.2 - 60.1 3.7 47.7 42.5 37.2 32.0 26.7 -
62 58.4 3.1 58.4 56.3 48.8 43.5 38.2 32.9 55.1 3.7 55.1 53.7 145.6 40.4 35.1 29.9
77 76.5 3.3 37.3 31.2 25.1 - - - 72.4 3.8 35.0 29.0 23.0 3 - -
72 71.0 3.2 46.1 140.0 33.9 27.9 - - 67.1 3.7 43.8 37.7 31.7 25.7 - -
1500 67 65.4 3.2 54.9 148.8 42.8 36.7 30.6 - 61.7 3.7 52.5 46.5 140.5 34.5 28.5 -
62 59.9 3.2 59.9 58.5 52.4 46.4 40.3 34.2 56.6 3.7 56.6 55.6 149.6 43.6 37.6 31.6
57 59.0 3.1 59.0 59.0 54.1 48.0 41.9 35.9 56.2 3.7 56.2 56.2 50.6 44.5 38.5 32.5
77 78.4 3.3 140.6 33.7 26.9 - - - 74.3 3.8 38.4 31.6 24.9 - - -
72 72.7 3.3 50.0 43.1 36.3 29.5 - - 68.8 3.8 47.8 41.1 34.3 27.5 - -
1750 67 67.1 3.2 59.4 52.5 45.7 38.9 32.1 - 63.3 3.7 57.3 50.5 43.8 37.0 30.2 -
62 61.4 3.2 61.4 60.7 56.1 49.2 42.4 35.6 58.1 3.7 58.1 57.6 53.6 46.9 40.1 33.3
57 60.5 3.2 60.5 60.5 57.8 51.0 44.2 37.4 57.7 3.7 57.7 57.7 54.6 47.9 41.1 34.3
77 180.3 3.3 43.8 36.3 28.7 - - - 76.1 3.8 41.8 34.2 26.7 3 - -
72 74.5 3.3 53.9 146.3 38.7 31.1 - - 70.5 3.8 51.9 44.4 36.9 29.4 - -
2000 67 68.7 3.2 63.9 56.3 48.7 41.1 33.6 - 64.9 3.8 62.1 54.6 47.0 39.5 32.0 -
62 62.8 3.2 62.8 62.8 59.7 52.1 44.6 37.0 59.5 3.7 59.5 59.5 57.7 50.1 42.6 35.1
57 62.0 3.2 62.0 62.0 61.6 54.0 46.5 38.9 59.1 3.7 59.1 59.1 58.7 51.2 43.7 36.2
72 81.4 2.6 59.5 51.3 43.0 34.7 - - 71.7 3.8 55.7 47.5 39.3 31.1 - -
2250 67 75.0 2.6 72.6 63.7 54.1 45.8 37.5 - 66.0 3.8 64.6 58.3 50.1 42.0 33.8 -
62 68.6 2.5 68.6 68.6 67.1 58.8 50.5 42.2 60.5 3.7 60.5 60.5 59.6 51.4 43.3 35.1
57 67.8 2.5 67.8 67.8 67.6 59.3 51.0 42.7 60.1 3.7 60.1 60.1 59.9 51.8 43.6 35.4
72 88.2 1.9 65.2 56.2 47.2 38.2 - - 73.0 3.8 59.4 50.6 41.7 32.9 - -
2500 67 81.3 1.9 81.3 71.2 59.6 50.5 41.5 - 67.1 3.8 67.1 62.1 53.2 44.4 35.6 -
62 74.4 1.9 74.4 74.4 74.4 65.4 56.4 47.4 61.6 3.7 61.6 61.6 61.6 52.7 43.9 35.1
57 73.6 1.9 73.6 73.6 73.6 64.5 55.5 46.5 61.1 3.7 61.1 61.1 61.1 52.3 43.5 34.7
J95°F 105°F
77 66.5 4.3 29.3 24.1 18.9 - - - 61.4 4.9 24.0 19.8 14.7 3 - -
1250 72 61.5 4.2 37.1 32.0 26.8 21.6 - - 56.9 4.9 34.1 29.0 23.9 18.7 - -
67 56.4 4.2 45.0 39.8 34.6 29.4 24.2 - 52.5 4.9 44.2 38.1 33.0 27.9 22.8 -
62 51.9 4.2 51.9 51.1 42.4 37.3 32.1 26.9 48.7 4.8 48.7 48.3 39.8 34.7 29.6 24.4
77 68.3 4.3 32.7 26.8 20.8 - - - 62.8 5.0 27.9 22.1 16.2 3 - -
72 63.2 4.3 41.4 35.5 29.5 23.6 - - 58.3 4.9 38.0 32.2 26.3 20.4 - -
1500 67 58.0 4.2 50.1 144.2 38.2 32.3 26.3 - 53.7 4.9 48.1 42.2 36.4 30.5 24.6 -
62 53.3 4.2 53.3 52.8 46.8 40.9 34.9 29.0 49.9 4.8 49.9 49.6 43.8 38.0 32.1 26.2
57 53.4 4.2 53.4 53.0 47.1 41.1 35.1 29.2 50.2 4.8 50.2 50.0 44.1 38.3 32.4 26.5
77 70.2 4.3 36.2 29.5 22.8 - - - 64.3 5.0 31.9 24.3 17.7 - - -
72 64.9 4.3 45.7 39.0 32.3 25.6 - - 59.7 5.0 42.0 35.3 28.7 22.1 - -
1750 67 59.5 4.3 55.2 48.5 41.8 35.1 28.4 - 55.0 4.9 52.0 46.3 39.7 33.1 26.4 -
62 54.8 4.2 54.8 54.5 51.2 44.5 37.8 31.1 51.0 4.9 51.0 50.9 47.9 41.2 34.6 28.0
57 54.8 4.2 54.8 54.6 51.5 44.7 38.0 31.3 51.4 4.9 51.4 51.3 148.2 41.6 34.9 28.3
77 72.0 4.3 39.7 32.2 24.7 - - - 65.8 5.0 35.9 26.6 19.2 3 - -
72 66.5 4.3 50.0 142.5 35.1 27.6 - - 61.0 5.0 45.9 38.5 31.1 23.7 - -
2000 67 61.1 4.3 60.3 52.9 45.4 37.9 30.4 - 56.3 5.0 55.9 50.4 43.0 35.6 28.3 -
62 56.2 4.2 56.2 56.2 55.6 48.2 40.7 33.2 52.2 4.9 52.2 52.2 51.9 44.5 37.1 29.7
57 56.2 4.2 56.2 56.2 55.9 48.4 40.9 33.4 52.6 4.9 52.6 52.6 52.3 44.9 37.5 30.1
72 62.1 5.0 51.8 43.7 35.7 27.6 - - 59.2 5.3 48.5 140.5 32.4 24.4 - -
2250 67 57.0 4.9 56.6 52.9 46.2 38.1 30.0 - 54.6 5.3 54.4 51.7 45.0 37.0 29.0 -
62 52.5 4.9 52.5 52.5 52.2 44.1 36.1 28.0 50.7 5.2 50.7 50.7 50.5 42.5 34.5 26.5
57 52.5 4.9 52.5 52.5 52.3 44.2 36.2 28.1 51.1 5.2 51.1 51.1 50.9 42.9 34.9 26.9
72 57.7 5.6 53.5 144.9 36.3 27.6 - - 57.4 5.6 51.1 42.4 33.8 25.1 - -
2500 67 53.0 5.6 53.0 53.0 46.9 38.3 29.6 - 53.0 5.6 53.0 53.0 146.9 38.3 29.6 -
62 48.7 5.5 48.7 148.7 48.7 40.1 31.4 22.8 49.2 5.5 49.2 49.2 149.2 40.5 31.9 23.2
57 48.7 5.5 48.7 148.7 48.7 40.1 31.5 22.8 49.6 5.5 49.6 49.6 149.6 40.9 32.3 23.7
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ZE060 (5.0 Ton) (Continued)

Airon Evaporator
Coil

Temperature of Air on Condenser Coil

Total [Total Input [Sensible Capacity (MBh) Total [Total Input [Sensible Capacity (MBh)
CFM WB (°F) [Capacity’  fkw)? Return Dry Bulb (°F) Capacity’  |(kw)? Return Dry Bulb (°F)
(MBh) o s B s o fes VBN o s B s o s
115°F 125°F
77 56.2 5.6 187 [156 [105 | - - 51.0 6.2 132 [11.3 63 L - -
1250 72 52.4 5.6 311  [60 209 [159 | - 47.8 6.3 280 [230 180 130 | -
67 48.5 5.6 434 365 PBl4 263 P13 | 44.6 6.3 427 348 298 P48 [198 |
62 45.5 5.5 455 W55 372 21 71 220|422 6.1 422 422 P46 96 246  [19.6
77 57.3 5.6 231 173 jus | - - 51.8 6.3 183 [126 6.9 L - -
72 53.4 5.6 346 [288 230 172 | - 48.5 6.3 312 [55 [198 140 | -
1500 67 49.5 5.6 461 403 P45 287 229 | 45.2 6.3 441 384 P26 P69 P12 |
62 46.4 5.5 464 464 609 5.0 292 234|429 6.2 429 429 B79 P21 264 207
57 47.1 5.5 471 P70 |412  B54 296 238  |as0 6.2 440 40 83 P26 269 P11
77 58.4 5.6 276 [191 126 | - - 52.6 6.3 235 [139 |74 - - -
72 54.4 5.6 382 16 251 185 | - 49.2 6.3 344 P79 15 (150 | -
1750 67 50.5 5.6 488 441  PB76 PBLO 45 | 45.9 6.3 455 419 B55 9.0 25 |
62 47.3 5.5 473 473 45 B8O [314 249 [435 6.2 435 435 {412  PB47 282 218
57 48.1 5.5 481 480 {449 B84 318 253 [447 6.2 447 447 P17  PB52 287  [223
77 59.6 5.7 320 oo 36 | - - 53.3 6.3 286 [152 [8.0 - - -
72 55.5 5.7 417 Ba4 P71 198 | - 50.0 6.3 376 [304 232 160 |- -
2000 67 51.4 5.7 514 480 407 P34 P61 | 46.6 6.3 466 455 pB83 BL1 239 |
62 48.2 5.5 482 482 (482 409 (336 263 [44.2 6.2 442 442 P42 B73 ol [22.8
57 49.0 5.6 490 490 |86 413 340 267 |45.4 6.3 454 W54 450 P78 306 234
72 56.3 5.6 us2 B72 92 P13 | - 53.4 6.0 418 339 60 181 | -
2250 67 52.2 5.6 522 [505 438 P58 P79 | 49.8 6.0 498 492 26 P47 P68 |
62 48.9 5.5 489 489 (489 409 (330 250 |47 5.9 471|471 @471 B93  B14 235
57 49.7 5.6 49.7 9.7 {95 416 336 256 [483 5.9 483 483 {481 {402 323 244
72 57.1 5.6 4ge6 9.9 P13 227 | - 56.9 5.6 461 PB75 [288 02 | -
2500 67 53.0 5.6 530 [53.0 W69 383 96 | 53.0 5.6 530 [53.0 469 [383 96 |-
62 49.6 5.5 496 1496 {496 410 (323 237 |50 5.5 501 [501 501 414 2.8 P41
57 50.4 5.5 504 [504 [s04 418 (332 245 |s13 5.5 513 [513 [51.3 {426 40 254
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XNO036-060 Heating Capacities

Size (Tons) Air Over Evaporator Capacity! & kW |Outdoor Temperature (°F @ 72% RH)
Model Coil

CFM DB (°F) 10 0 10 20 30 40 50 60
55 MBH 6.6 11.5 16.4 21.3 26.2 31.1 36.1 41.0
KW 2.02 2.14 2.26 2.38 2.49 2.61 2.73 2.85
900 70 MBH 4.6 9.5 14.4 19.3 24.2 29.1 34.0 39.0
KW 2.55 2.67 2.78 2.90 3.02 3.14 3.26 3.37
80 MBH 3.3 8.2 13.1 18.1 23.0 27.9 32.8 37.7
KW 3.02 3.13 3.25 3.37 3.49 3.60 3.72 3.84
55 MBH 8.0 12.9 17.8 22.8 27.7 32.6 37.5 42.4
KW 1.69 1.81 1.92 2.04 2.16 2.28 2.39 2.51
036 XN 1200 70 MBH 6.0 10.9 15.8 20.7 25.7 30.6 35.5 40.4
(3.0) KW 2.21 2.33 2.45 2.56 2.68 2.80 2.92 3.04
80 MBH 4.7 9.7 14.6 19.5 24.4 29.3 34.2 39.2
KW 2.68 2.79 2.91 3.03 3.15 3.27 3.38 3.50
55 MBH 8.3 13.2 18.2 23.1 28.0 32.9 37.8 42.7
KW 1.51 1.63 1.74 1.86 1.98 2.10 2.21 2.33
1500 70 MBH 6.3 11.2 16.1 21.1 26.0 30.9 35.8 40.7
KW 2.03 2.15 2.27 2.39 2.50 2.62 2.74 2.86
80 MBH 5.1 10.0 14.9 19.8 24.7 29.6 34.6 39.5
KW 2.50 2.62 2.74 2.85 2.97 3.09 3.21 3.33
55 MBH 7.6 14.0 20.3 26.7 33.1 39.4 45.8 52.2
KW 2.43 2.52 2.62 2.72 2.82 2.91 3.01 3.11
1200 70 MBH 4.8 11.2 17.6 24.0 30.3 36.7 43.1 49.4
KW 2.98 3.08 3.18 3.27 3.37 3.47 3.57 3.66
80 MBH 2.8 9.2 15.5 21.9 28.3 34.6 41.0 47.4
KW 3.44 3.54 3.64 3.73 3.83 3.93 4.03 4.12
55 MBH 9.2 15.5 21.9 28.3 34.6 41.0 47.4 53.8
KW 2.08 2.18 2.28 2.37 2.47 2.57 2.67 2.77
048 XN 1600 70 MBH 6.4 12.8 19.2 25.5 31.9 38.3 144.6 51.0
(4.0) KW 2.63 2.73 2.83 2.93 3.02 3.12 3.22 3.32
80 MBH 4.8 11.2 17.5 23.9 30.3 36.7 43.0 49.4
KW 3.22 3.32 3.42 3.52 3.61 3.71 3.81 3.91
55 MBH 10.1 16.4 22.8 29.2 35.5 41.9 48.3 54.7
KW 1.58 1.68 1.78 1.87 1.97 2.07 2.17 2.27
2000 70 MBH 7.3 13.7 20.1 26.4 32.8 39.2 45.5 51.9
KW 2.14 2.23 2.33 2.43 2.53 2.62 2.72 2.82
80 MBH 5.3 11.6 18.0 24.4 30.8 37.1 43.5 49.9
KW 2.60 2.69 2.79 2.89 2.99 3.08 3.18 3.28
55 MBH 5.9 13.9 21.9 29.9 38.0 46.0 54.0 62.0
KW 2.90 3.02 3.13 3.25 3.37 3.49 3.60 3.72
1500 70 MBH 2.9 10.9 18.9 26.9 35.0 43.0 51.0 59.0
KW 3.43 3.55 3.67 3.79 390 1402 414 426
80 MBH 0.6 8.6 16.6 24.6 32.7 40.7 48.7 56.7
KW 3.91 4.03 4.14 4.26 4.38 4.50 4.62 4.73
55 MBH 8.1 16.1 24.1 32.1 40.1 1482 56.2 64.2
KW 2.60 2.72 2.83 2.95 3.07 3.19 3.30 3.42
060 XN 2000 70 MBH 5.0 13.0 21.1 29.1 37.1 45.1 53.1 61.2
(5.0) KW 3.12 3.24 3.36 3.47 3.59 3.71 3.83 3.94
80 MBH 2.7 10.7 18.8 26.8 34.8 42.8 50.9 58.9
KW 3.59 3.71 3.83 3.95 4.07 4.18 4.30 4.42
55 MBH 12.2 20.2 28.2 36.3 44.3 52.3 60.3 68.4
KW 2.63 2.74 2.86 2.98 3.10 3.21 3.33 3.45
2500 70 MBH 9.2 17.2 25.2 33.3 41.3 49.3 57.3 65.4
KW 3.16 3.28 3.40 3.51 3.63 3.75 3.87 3.98
80 MBH 6.9 14.9 23.0 31.0 39.0 47.0 55.1 63.1
KW 3.64 3.76 3.87 3.99 4.11 4.23 4.34 4.46

1. These capacities do not include the supply air blower motor heat. For net capacity, add motor heat, MBh = 3.415 x kW.
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b) GSHP catalogue data

Climate Master: Tranquility® 30 Digital TE Series 2 Tons Two-Stage Heat Pump

Reference Calculations & Legend

Heating

HE

Cooling

HR

LWTZEWT—m LWT:EWT+m LC =TC-5SC
_ HC _ sC _sC
LAT = EAT + CEM x1.08 LAT (DB) = EAT (DB) - CEM x1.08 ST = TC
CFM = airflow, cubic feet/minute HE = total heat of extraction,
EWT = entering water temperature, HWC = Hot Water Generator (desuperheater) capacity,
EA = entering air temperature, Fahrenheit (dry bulb/wet Mbtuh WPD = Water coil pressure drop (psi & ft hd)
- bulb_) _ _ EER = Energy Efficiency Ratio = BTU output/Watt
= air heating capacity, Mbtuh LW = leaving water temperature,
HC = total_cooling _capacity, Mbtuh T F o ,
TC sensible cooImg_capaaty, Mbtuh = leaving air temperature, F
= total power unit input, KiloWatts LA = latent cooling capacity,
Full Load Correction Factors
Air Flow Correction Table
Airflow [Cooling Heating
% of Total Sensible Heat of Heating Heat of
Rated Capacity Capacity Power Rejection Capacity Power Extraction
[ 0.925 0.788 0.913 0.922 0.946 1.153 0.896
l69% 0.946 0.829 0.926 0.942 0.959 1.107 0.924
75% 0.960 0.861 0.937 0.955 0.969 1.078 0.942
[ 0.972 0.895 0.950 0.968 0.977 1.053 0.959
Is8% 0.983 0.930 0.965 0.979 0.985 1.032 0.974
94% 0.992 0.965 0.982 0.990 0.993 1.014 0.988
100% 1.000 1.000 1.000 1.000 1.000 1.000 1.000
106% 1.007 1.033 1.020 1.009 1.006 0.989 1.011
113% 1.012 1.064 1.042 1.018 1.012 0.982 1.019
119% 1.016 1.092 1.066 1.025 1.018 0.979 1.027
125% 1.018 1.116 1.091 1.032 1.022 0.977 1.033
130% 1.019 1.132 1.112 1.037 1.026 0.975 1.038
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Entering Air Correction Table

Heating

Entering | Heating Heat of

Air DB°F | Capacity OB Extraction
40 1.052 0.779 1.120
45 1.043 0.808 1.102
50 1.035 0.841 1.084
55 1.027 0.877 1.065
60 1.019 0.915 1.045
65 1.010 0.957 1.023
68 1.004 0.982 1.010
70 1.000 1.000 1.000
75 0.989 1.045 0.974
80 0.976 1.093 0.946

* = Sensible capacity equals total capacity

Cooling
JEntering Sensible Cooling Capacity Multiplier - Entering DB °F
Air WB°F [T otal Heat of
Cap acity RS Rejection
60 65 70 75 80 80.6 85 90 95 100
45 0.832 * * * * * * * * * * 0.946 0.853
50 0.850 1.004 1.174 * * * * * * * * 0.953 0.870
55 0.880 0.694 0.902 1.115 * * * * * * * 0.964 0.896
I60 0.922 0.646 0.875 1.103 1.329 * * * * * 0.977 0.932
I65 0.975 0.639 0.869 1.096 1.123 1.320 * * * 0.993 0.979
|66.2 0.990 0.582 0.812 1.039 1.066 1.262 * * * 0.997 0.991
|67 1.000 0.545 0.774 1.000 1.027 1.223 1.444 * * 1.000 1.000
70 1.040 0.630 0.853 0.880 1.075 1.297 * * 1.011 1.035
75 1.117 0.601 0.627 0.821 1.046 1.275 1.510 1.033 1.101
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Heating Performance Data - Full Load - capacity 026

Performance capacities shown in thousands of Btuh Antifreeze use recommended in this range. Also Clip JW3 on DXM2 board.
fewr Cooling - EAT 80/67 °F JHeating - EAT 70°F
F GPM  |WPD CFM [TC SC kW  |[EER HR LWT HWC GPM \WPD CFM HC kw  [COP HE LAT [LWT |[HWC
pSI  |FT Psi IFT
20 1.3 0.3 0.6 750 293 181 1.16 253 332 70.0 1.4 6.0 19 4.4 840 165 1.73 28 10.7 882 164 15
1.4 0.3 0.6 850 29.8 195 1.20 249 339 70.0 1.4 6.0 19 4.4 I950 16.8 168 29 110 863 163 1.5
1.7 0.3 0.7 750 293 181 1.16 253 332 70.0 1.4 3.0 0.7 1.6 840 182 169 3.2 126 901 216 1.7
1.7 0.3 0.7 850 29.8 195 1.20 249 339 70.0 14 3.0 0.7 1.6 950 185 164 33 129 830 214 138
30 1.7 0.3 0.7 750 293 181 116 253 332 700 14 4.5 1.1 2.6 840 191 168 33 134 910 240 138
1.7 0.3 0.7 850 29.8 195 1.20 249 339 70.0 14 4.5 11 2.6 950 194 163 35 13.8 839 239 19
1.7 0.3 0.7 750 293 181 1.16 253 332 70.0 1.4 6.0 1.8 4.0 840 195 167 34 139 915 254 19
1.7 0.3 0.7 850 29.8 195 1.20 249 339 70.0 1.4 16.0 1.8 4.0 950 19.8 162 3.6 143 893 252 19
2.2 0.4 1.0 750 29.3 181 1.16 253 332 70.0 14 3.0 0.6 15 840 21.0 166 3.7 154 931 297 21
2.3 0.4 1.0 850 29.8 195 1.20 249 339 70.0 14 3.0 0.6 15 950 213 161 39 158 90.8 295 21
40 2.2 0.4 1.0 750 293 181 1.16 253 332 70.0 1.4 4.5 1.1 25 840 220 1.65 3.9 16.5 943 327 22
2.3 0.4 1.0 850 29.8 195 1.20 249 339 70.0 1.4 4.5 1.1 25 950 224 160 4.1 169 918 325 23
2.2 04 1.0 750 293 181 116 253 332 700 14 6.0 1.6 3.8 840 226 164 40 17.1 949 343 23
2.3 0.4 1.0 850 29.8 195 1.20 249 339 70.0 14 I6.0 1.6 3.8 950 23.0 159 4.2 175 924 342 23
3.0 0.6 14 750 29.1 18.0 1.19 245 331 720 1.4 3.0 0.6 14 840 238 164 4.2 182 96.2 378 24
3.0 0.6 14 850 296 194 1.23 240 338 725 1.5 3.0 0.6 14 950 241 159 45 187 935 375 25
50 3.3 0.7 1.6 750 293 181 1.16 253 332 70.0 14 4.5 1.0 23 840 251 164 45 195 976 413 2.6
3.4 0.7 1.6 850 29.8 195 1.20 249 339 70.0 14 4.5 1.0 23 950 254 159 4.7 20.0 948 411 26
3.3 0.7 1.6 750 29.3 181 1.16 253 332 70.0 1.4 6.0 1.6 3.6 840 258 1.64 4.6 20.2 984 433 27
3.4 0.7 1.6 850 29.8 195 1.20 249 339 70.0 1.4 6.0 1.6 3.6 950 26.2 159 438 20.7 955 431 27
3.0 0.6 13 750 279 176 130 214 323 815 19 3.0 0.6 13 840 26.7 164 438 211 994 459 28
3.0 0.6 13 850 284 189 1.35 21.0 330 820 19 3.0 0.6 13 950 271 159 5.0 216 964 456 28
160 4.5 1.0 23 750 288 179 1.22 23.7 329 746 1.5 4.5 1.0 23 840 282 165 5.0 22,5 101.0 50.0 29
4.5 1.0 23 850 293 193 1.26 233 336 749 16 4.5 1.0 23 950 286 160 5.2 23.1 979 49.7 30
6.0 15 35 750 29.2 181 1.18 248 331 71.0 14 6.0 15 35 840 29.0 166 5.1 23.3 1020 522 3.0
6.0 1.5 3.5 850 29.7 194 122 P43 338 713 14 6.0 1.5 3.5 950 294 161 54 240 987 520 31
3.0 0.6 13 750 264 170 143 (185 313 909 24 3.0 0.6 13 840 296 166 5.2 239 1026 541 3.1
3.0 0.6 13 850 269 183 148 (182 320 913 24 3.0 0.6 13 950 301 161 55 246 993 536 3.2
70 4.5 1.0 22 750 275 175 133 207 320 84.2 2.0 4.5 1.0 2.2 840 314 169 54 25.6 1046 586 33
4.5 1.0 22 850 28.0 188 1.38 203 32.7 845 21 4.5 1.0 2.2 950 318 164 5.7 26.2 101.0 583 33
6.0 1.5 34 750 28.0 17.7 1.28 P21.8 324 8038 1.8 6.0 15 34 840 323 171 55 26.5 105.7 61.2 34
6.0 1.5 3.4 850 285 19.0 133 214 331 81.0 1.9 6.0 1.5 34 950 328 166 5.8 27.2 1020 609 34
3.0 0.6 13 750 248 163 1.58 (157 30.2 100.1 3.0 3.0 0.6 13 840 326 171 5.6 26.7 106.0 62.2 34
3.0 0.6 13 850 25.2 175 1.64 (154 30.8 1005 3.0 3.0 0.6 13 950 331 166 5.8 27.5 1023 61.7 35
180 4.5 0.9 22 750 260 168 148 (176 310 938 26 3.7 0.7 1.7 840 339 174 57 279 1074 650 35
4.5 0.9 2.2 850 264 181 1.53 (173 316 941 2.6 3.8 0.8 1.8 950 344 169 6.0 28.7 103.6 650 3.6
6.0 14 33 750 26.2 169 145 (181 311 904 24 3.7 0.7 1.7 840 339 174 57 279 1074 650 35
6.0 14 3.3 850 26.7 182 150 (178 318 92.7 24 3.8 0.8 1.8 950 344 169 6.0 28.7 103.6 65.0 3.6
3.0 0.6 13 750 23.1 155 1.75 (13.2 290 1094 3.7 2.2 04 0.9 840 339 174 57 279 1074 650 35
3.0 0.6 13 850 235 16.7 181 [(13.0 29.7 1098 3.7 2.3 04 1.0 950 344 169 6.0 28.7 103.6 650 3.6
90 4.5 0.9 2.2 750 243 161 1.63 (149 29.8 1032 3.2 2.2 04 0.9 840 339 174 5.7 279 1074 650 35
4.5 0.9 22 850 247 173 169 (146 304 1035 33 2.3 04 1.0 950 344 169 6.0 28.7 103.6 650 3.6
6.0 14 3.2 750 249 163 1.57 (158 30.2 100.1 3.0 2.2 04 0.9 840 339 174 5.7 279 1074 650 35
6.0 1.4 3.2 850 253 175 1.63 (155 309 1003 3.0 2.3 0.4 1.0 950 344 169 6.0 28.7 103.6 650 3.6
3.0 0.6 13 750 213 148 195 (109 280 1187 44 1.6 0.2 0.6 840 339 174 57 279 1074 650 35
3.0 0.6 13 850 21.7 159 2.02 [10.7 286 1191 45 1.6 0.3 0.6 950 344 169 6.0 28.7 103.6 650 3.6
100 4.5 0.9 2.1 750 225 153 1.81 (124 287 1127 3.9 1.6 0.2 0.6 840 339 174 5.7 279 1074 650 35
4.5 0.9 2.1 850 229 164 188 (122 293 1130 4.0 1.6 0.3 0.6 950 344 169 6.0 28.7 103.6 650 3.6
6.0 14 32 750 231 155 176 (131 290 109.7 3.7 1.6 0.2 0.6 840 339 174 57 279 107.4 650 35
6.0 14 3.2 850 23.5 16.7 1.82 (129 29.7 1099 3.7 1.6 0.3 0.6 950 344 169 6.0 28.7 1036 65.0 3.6
3.0 0.6 13 750 19.7 142 218 P.0 27.1 1281 53 1.2 0.1 0.3 840 339 174 57 279 1074 650 35
3.0 0.6 13 850 20.0 15.2 226 89 27.7 1285 54 1.3 0.1 0.3 950 344 169 6.0 28.7 103.6 650 3.6
110 4.5 0.9 21 750 20.7 146 204 (102 27.7 1223 47 1.2 0.1 0.3 840 339 174 57 279 107.4 65.0 35
4.5 0.9 21 850 211 157 211 (10.0 282 1226 48 1.3 0.1 0.3 950 344 169 6.0 28.7 1036 650 3.6
6.0 14 31 750 213 148 196 [(10.8 280 1193 4.4 1.2 0.1 0.3 840 339 174 5.7 279 1074 650 35
6.0 1.4 3.1 850 21.6 159 2.03 (106 28.6 1195 45 1.3 0.1 0.3 950 344 169 6.0 28.7 103.6 650 3.6
3.0 0.5 1.2 750 18.2 13.7 246 74 26.6 137.7 6.2 1.0 0.1 0.2 840 339 174 57 279 1074 650 35
3.0 0.5 1.2 850 185 14.7 255 7.3 27.2 1381 64 1.0 0.1 0.2 950 344 169 6.0 28.7 103.6 650 3.6
120 4.5 0.9 2.0 750 19.1 140 229 83 269 1320 56 1.0 0.1 0.2 840 339 174 57 279 1074 650 35
4.5 0.9 2.0 850 194 150 237 8.2 275 1322 58 1.0 0.1 0.2 950 344 169 6.0 28.7 103.6 650 3.6
6.0 13 3.1 750 195 141 220 89 27.1 1290 53 1.0 0.1 0.2 840 339 174 57 279 107.4 65.0 35
6.0 13 3.1 850 19.9 15.2 2.28 8.7 27.7 129.2 55 1.0 0.1 0.2 950 344 169 6.0 28.7 1036 650 3.6
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Cooling Performance Data — (Full Load) — capacity 064

EWT]| opp [ WPD COOLING - EAT 80/67 °F HEATING - 70°F
°F PSI [ FT J cFmM] TC | sC | kW | HR | EER | HWC | CFM| HC | kW | HE [ LAT| COP| HWC
20 150 73 168 1800 428 389 298 920 32 38
150 73 16.8 2050 435 3.77 306 896 34 38
75 17 39 1630 753 497 2.68 84.3 28.1 19 1800 469 3.94 336 941 35 39
75 17 39 1850 766 534 2.78 86.1 275 20 2050 476 3.82 345 915 37 40
30 113 37 8.6 1630 74.9 50.3 2.58 83.5 29.1 18 1800 49.1 3.98 35.8 95.3 36 40
113 3.7 8.6 1850 76.2 540 2.67 85.3 285 18 2050 49.9 3.86 36.7 925 38 41
15.0 6.1 141 1630 742 505 253 827 294 18 1800 504 400 369 959 37 40
15.0 6.1 14.1 1850 755 54.3 2.62 84.5 288 18 2050 512 3.88 379 93.1 39 41
75 12 2.7 1630 744 488 2.87 84.0 26.0 23 1800 539 4.07 402 977 39 42
75 12 2.7 1850 757 525 297 85.8 255 23 2050 547 3.94 413 947 41 42
40 113 30 70 1630 752 495 272 843 276 20 1800 567 412 428 992 40 43
113 30 70 1850 765 532 2.82 86.1 271 21 2050 57.6 3.99 440 96.0 4.2 44
150 53 122 1630 753 498 2.66 84.2 28.3 19 1800 583 4.15 443  100.0 41 43
150 53 122 1850 766 536 2.76 86.0 27.7 19 2050 592 4.02 455 967 43 44
75 0.9 20 1630 724 478 3.09 82.8 234 28 1800 611 4.21 469 1015 43 45
75 0.9 20 1850 736 514 320 845 230 29 2050 621 408 482 980 45 46
50 113 26 6.0 1630 740 48.6 291 83.8 254 24 1800 645 4.28 500 1032 44 46
113 26 6.0 1850 75.3 52.2 3.02 85.6 24.9 25 2050 65.5 4.15 513 99.6 4.6 47
15.0 47 10.8 1630 746 489 284 841 263 22 1800 663 432 517 1041 45 47
15.0 4.7 108 1850 759 526 2.94 85.9 258 23 2050 673 4.19 530 1004 47 48
75 038 17 1630 695 467 3.35 80.9 20.8 35 1800 685 4.38 536 1052 46 49
75 08 17 1850 707 503 3.47 82.6 204 36 2050 69.5 4.24 551 1014 4.8 50
60 113 24 54 1630 717 476 3.15 82.3 22.8 30 1800 723 4.47 571 1072 47 51
113 24 54 1850 730 511 3.26 84.1 224 31 2050 734 4.33 586 1032 50 52
150 43 100 1630 727 480 305 830 238 28 1800 744 452 590 1083 48 52
150 43 100 1850 740 516 3.16 84.8 234 28 2050 755 4.38 60.6 104.1 51 53
75 0.7 17 1630  66.1 455 3.68 78.6 18.0 44 1800 758 4.55 603  109.0 49 53
75 07 17 1850 673 489 3.81 80.3 177 45 2050 710 4.41 619 1048 51 54
70 113 23 5.2 1630 68.6 46.4 3.44 80.3 200 38 1800 80.1 4.66 64.2 111.2 50 56
113 23 52 1850 69.8 49.9 3.56 820 196 38 2050 813 4.52 659  106.7 53 5.7
15.0 41 96 1630 699 469 332 811 21.0 35 1800 824 474 663 1124 5.1 57
15.0 4.1 9.6 1850 711 504 3.44 828 20.7 35 2050 837 4.59 680 107.8 53 58
75 08 18 1630 625 441 4.04 76.2 154 55 1800  83.1 4.76 669 1128 51 58
75 08 18 1850 635 475 4.19 778 15.2 56 2050 844 4.61 687 1081 54 59
30 113 22 52 1630 65.1 451 3.77 779 172 47 1800 87.8 4.89 711 1152 53 6.1
113 22 52 1850 66.2 485 3.91 79.6 16.9 48 2050 89.1 4.74 730 1103 55 6.2
150 41 94 1630 664 456 365 787 182 43 1800 903 49 733 1165 53 6.7
15.0 41 94 1850 675 49.0 3.78 80.4 17.9 44 2050 91.7 4.81 753 1114 56 6.9
75 06 13 1630  60.6 434 43 751 143 6.1 1800 86.7 4.86 701 1146 52 6.0
75 0.6 13 1850 616 467 4.42 76.7 140 6.2 2050 880 47 720  109.8 55 6.2
85 113 18 42 1630 63.2 444 3.98 76.7 16.0 53 1800 915 50 744 1171 54 6.4
113 18 42 1850 64.3 41.7 4.12 783 15.7 54 2050 929 49 763 1120 56 65
15.0 33 77 1630 645 449 384 775 169 49 1800 941 51 767 1184 54 6.8
15.0 33 77 1850 656 483 3.98 792 16.6 50 2050 955 49 787 1131 57 70
75 03 0.7 1630 587 426 4.49 740 131 6.7 1800 903 4.96 733 1164 53 6.3
75 03 0.7 1850 598 458 4.65 756 12.8 6.8 2050 917 4.81 752 1114 56 6.4
90 113 14 32 1630 61.3 437 418 75.5 147 58 1800 95.2 5.12 777 1190 55 6.7
113 14 32 1850 62.3 470 4.33 771 144 6.0 2050 96.7 4.96 9.7 1137 57 6.9
150 2.6 6.0 1630 626 442 403 763 155 54 1800 979 521 800 1203 55 70
150 26 6.0 1850 637 475 4.18 779 152 55 2050 994 5.05 821 1149 58 71
75 03 0.8 1630 552 411 5.00 723 11.0 8.1
75 03 08 1850 562 442 5.18 73.9 108 83
100 113 14 3.2 1630 575 421 4.65 734 124 72
113 14 32 1850 585 453 4.82 75.0 121 73
15.0 26 6.0 1630 588 426 449 740 131 6.7
150 26 6.0 1850 598 459 4.65 75.6 129 6.8
75 03 06 1630 522 396 5.60 714 9.3 98
75 03 06 1850 531 426 5.80 729 92 10.0
110 113 13 31 1630 54.1 40.6 5.20 719 104 87
113 13 31 1850 55.0 436 5.39 734 10.2 8.9
15.0 25 58 1630 552 411 501 723 110 82
150 25 58 1850  56.1 44.2 5.19 738 108 83
75 00 00 1630 500 385 6.30 716 79 117
75 0.0 00 1850  50.8 414 6.53 731 78 119
120 113 11 26 1630 513 39.2 5.83 713 88 104
113 11 26 1850 52.2 421 6.04 728 8.6 106
15.0 24 54 1630 521 396 5.62 713 93 9.8
15.0 24 54 1850  53.0 42.6 5.82 729 9.1 10.0
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