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Abstract

In this research, a new power system is proposed which is formed of an organic Rankine cycle
combined with a shallow ground-cooled condenser. The aim is to investigate a ground-based
cooling system to enhance the performance of the power cycle in terms of net output power. This
combination is beneficial for power generation, especially in summer because the ground is more
effective than that of the ambient air as a heat sink for the condenser due to its lower temperature.
A primary heat rejector is also added to the cycle to ensure stability, avoid heat accumulation, and
provide coolth compensation. The study includes experimental, analytical, and numerical
investigations under several cycle conditions (temperatures and pressures) and working fluids
(CO2, R123, R124, and R245fa). The experimental study was employed to examine the potential
of shallow geothermal energy in Bekaa-Lebanon. The data collected from the experimental study
was used as an input to the analytical and numerical analyses to assess the daily and annual
performance. The software used are Engineering Equation Solver, Visual Basic and ANSYS
Mechanical APDL. A cost analysis was carried out to evaluate the capital cost and payback period
of the proposed system. The highest cycle’s performance was achieved while using R123 in which
the net output power was enhanced by 31.5% considering a waste heat source (diesel generator)
with exhaust gas temperature of 500°C and mass flow rate of 150 kg/hr. Based on the numerical
simulations, the soil thermal interference radius was evaluated as ~0.32 m after 8 hours of
operation which is considered as the maximum operating duration of the diesel generator. The
corresponding average capital cost and payback period of the proposed system were estimated as

£34,941 and 3.7 years, respectively.
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Chapter 1. Introduction

As the population of our planet increases, so does the need and demand for energy [1]. Until
recently, this demand has been met mostly through the consumption of traditional fossil-based
fuels. The consumption of these fuels has been shown to be directly linked to global warming,
pollution, and a deterioration of air quality [2, 3]. A recent report published by the World Health
Organization (WHO) released in May 2018 states that “90 percent of people worldwide breathe
polluted air” [4]. There are also some other major issues that are influenced by energy-related
systems such as CO> emissions, sea level rises and weather changes. Therefore, governments
around the world are increasingly investing in renewable energy sources (RESs) as possible
replacements of fossil-based fuels avoiding their harsh effects on the environment [5]. RESs can
meet a significant portion of the energy demand without the harmful greenhouse gases and the
associated pollution. One of the issues affecting most RESs is their stochastic and intermittent
nature. The energy source is not available all the time, and sometimes it is not sufficient even when
available. This is highly noticeable in solar and wind energy systems where it will be necessary to

add energy storage systems [6, 7] especially in micro-grids and small district energy systems [8].

This is where geothermal energy (GE) has an advantage over most other RESs, its availability is
approximately deterministic and independent of ambient conditions. It is attracting large interest
from researchers and practitioners these days. As a renewable thermal energy resource, the
potential of GE is estimated to be around ~40 million MW of generated power and is expected to
remain a sustainable resource within the foreseeable future [9]. Several studies are available that
underline the various advantages of utilizing this resource that provides near-constant heat and
power [10]. While it may be geographically limited, wherever geothermal energy is present it is

usable all the time at approximately the same level. GE has the added advantage of attaining lower
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operating cost compared to traditional systems [11, 12]. Another advantage of GE is that the energy
reservoir (ground) can be a heat source as well as a heat sink depending on the need. Compared to
air, soil has a much higher heat capacity. As a result, seasonal variations of deep soil temperature
in the ground are much lower than that of the surrounding ambient air. At depths higher than about
20 meters, soil temperature becomes approximately constant year-round. This makes deep earth
warmer than ambient air in the winter and cooler in the summer. Ground heat exchangers (GHES)

have been designed to leverage this air-to-soil differential to condition the ambient air temperature.

There are three different configurations of GHESs: vertical, horizontal, and coiled. The suitable type
of GHE depends mainly on the available space and soil conditions. The horizontal configuration
is typically constructed at a depth around 1.5 meters, while the vertical type reaches depths more
than 50 meters [13]. Under appropriate circumstances, it is possible to create a combination of
vertical and horizontal configurations that can produce better thermal performance and acceptable
cost [14]. The GHE is usually surrounded by grout material (such as cement or a mixture of sand
and bentonite) to protect ground water and improve heat transfer rate [15, 16]. Shallow geothermal
energy is typically used in hybrid combinations because it is considered as a low-grade source of
energy. GE has unequivocal potential for hybridization with different renewable resources. This
helps achieving tangible operational cost reduction, low greenhouse gases emissions [17],
enhanced efficiency, low fuel consumption, ground heat compensation and extended power plants

lifespan [18].
1.1 Problem Statement
One of the main problems facing power cycles is the low efficiency in summer due to the high

temperature of coolant compared to that of winter at the condenser’s level when using ambient air

as a cooling source. This makes the expansion of working fluid limited in the turbine leading to a
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decrease in the output power and efficiency. This problem is also more significant when the heat
source temperature is not so high such as in most waste heat recovery systems which is considered
in the current study. Another choice for cooling a power cycle is to use a cooling system to supply
cold water to the condenser. However, this is still not a perfect replacement for the air-cooling
system since it will consume additional amount of power instead of being supplied. This requires
using a constant low temperature heat sink (ex: shallow geothermal energy). In this research,
investigation on the use of ground cooling system will be carried out presenting its contribution to
enhancing organic Rankine cycles. This is a new technology that will be introduced in this study

to avoid the negative effect of high ambient air temperatures.

1.2 Aim and Objectives

The aim of this research study is to enhance the organic Rankine cycle using a shallow ground
heat exchanger to increase its performance in terms of output power and cost. The ground will be
used as a heat sink while the source of energy will be the exhaust gas of an engine. At the first
stage, it is recommended to use underground water as a heat sink since it can extract heat from the
working fluid better than that of soil. However, investigating the effect of using soil as a heat sink
is also included in this research assuming that shallow underground water is not available in many

regions. The following are the main objectives:

= Explore the effectiveness of incorporating ground-cooled condenser while studying the

influence of cycle and heat source conditions.

= Investigate the potential of shallow geothermal energy in Bekaa-Lebanon by measuring the

ground temperature reaching a depth of 2 m.



= Perform parametric and optimization studies to find the best operating temperature, pressure,

configuration and working fluid.

= Study the feasibility of using the proposed system based on data collected from a real

application.

= Compare the output power of the proposed and conventional systems to estimate the fuel

savings and calculate the expected payback period.

1.3 Research Structure

This thesis contains 8 chapters namely, introduction, literature review, ground-cooled condenser
investigation using EES, experimental study for ground temperature measurement, parametric
study for system optimization, simulation of ground thermal distribution, waste heat recovery:
application, and conclusions and future work. Figure 1.1 presents an overview of the methodology
followed in this thesis. The first chapter presents an introduction to the current work, problem
statement, objectives, and outline. Chapter 2 includes all details related to geothermal energy
involving applications, heat exchangers, grout materials and hybrid geothermal energy systems.
The main concept of ground-cooled condenser is explained in Chapter 3. The setup used and
experimental data analysis are presented in Chapter 4 including a comparison between ground and
ambient air temperatures in Bekaa-Lebanon during 2020. The optimization of the proposed system
is exhibited in Chapter 5. It includes selecting the suitable working fluid and comparing the
different configurations. The numerical simulations are presented in Chapter 6 using ANSYS
software to evaluate the soil thermal interference radius. Chapter 7 aims to apply the concept

presented in this research to a real application to check its economic and thermodynamic



feasibility. The final conclusions are presented in Chapter 8 in addition to some recommendations

that can be applied to the proposed system as a future work.
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Chapter 2. Literature Review

GE has a wide variety of utilizations and can provide different types of outputs such as heating,
cooling, and electricity. The adoption of GE-based systems helps reducing the dependency on
fossil fuels and non-renewable resources while increasing the penetration of renewable energy. In
other words, this encourages the use of natural resources and as a matter of fact, the environmental
impacts will be significantly decreased and mainly due to the very low emissions resulting from
GE systems. Furthermore, GE is characterized by stability which cannot be obtained from other

renewable sources, and that is due to the independency from the atmospheric conditions.

The weight of scientific research on GE has been growing rapidly and can be clearly noticed from
the evolution of the number of research papers with time. It can be easily recognized that the use
of GE for heating holds the lion’s share among the existing applications followed by cooling.
Another interesting application that seems to be attracting increasing attention is hybridization in

which GE is combined with other energy systems.

Several parameters affect the performance of GE systems depending on the considered application.
The most effective parameters are soil properties (thermal conductivity, specific heat, density,
temperature, etc.), depth, circulating fluid and ambient conditions. Figure 2.1 shows the main
parameters that influence the efficiency of geothermal systems. To optimize the design of the

system, these parameters should be analysed to avoid any failure.
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The major problem faced by GE systems is the high capital cost. The capital cost of this system

must cover the installation and all materials used including pipes, grout material, turbomachines,

working fluid, etc. Additional expenses maybe included if there is no free space enough within the

owner’s land. Therefore, the pre-study must involve the space needed for construction. In addition,

7




it is necessary to ensure that the materials will not be damaged because it is difficult to perform
the maintenance when needed which is also quite expensive. In fact, people are still afraid of using
GE systems due the unexpected results that may appear later after installation because of the high
dependency on several hidden underground factors. Thus, it is very essential to perform an accurate

pre-study to avoid unforeseen troubles such as thermal pollution or unbalance.

2.1 Geothermal Energy Applications

The direct use of geothermal energy has exhibited a rapid increase in the past two decades. Indeed,
the number of countries using geothermal energy has increased from 28 in 1995 to 82 countries in
2015 [19]. GE is mainly used for heating, cooling, power generation and hydrogen production.
Several utilizations have also been introduced to GE such as energy storage, water desalination,

bathing and swimming, aquaculture, snow melting and other uses.

2.1.1 Heating and cooling

GE can be used for heating and cooling by the help of two different techniques: ground source
heat pump (GSHP) [20] and earth-air heat exchanger (EAHE) [21]. The GSHP depends on the
refrigeration cycle (see Figure 2.2) while the EAHE is based on circulating air under the ground
via fan (see Figure 2.3). Each type offers various advantages based on different points of interest.
The GSHP is more frequently used and has several advantages compared to the air source heat
pump (ASHP) such as low energy consumption, stability, no need for supplemental heat at low
outside temperatures, less use of refrigerant and no specific unit location. On the other hand, the
high capital cost seems to be the major disadvantage of the GSHP which is 30% to 50% more than

that of conventional air unit.
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Figure 2.2: The ground source heat pump (GSHP) in heating and cooling modes
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Figure 2.3: Earth-air heat exchanger (EAHE) system

Since 1990s, the number of geothermal heat pump installations have increased rapidly worldwide

especially in US, China, Sweden, Germany, Japan, Switzerland, and Canada. From these previous
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installations, researchers found that pre-installation studies and accurate estimations are necessary
for optimizing the considered system to conserve the hydrogeological conditions of the ground

[10].

In Aljubury and Ridha [22], an experimental setup was constructed to increase the performance of
the air-conditioning system by using the ground water as a working fluid (see Figure 2.4). It was
reported that when the water flow rate increased from 1 to 4 L/s, the evaporative efficiency
increased from 79.5% to 84.4%. As a result, using the ground water as a working fluid was found

to be very powerful for cooling and ventilation applications.

Water retum&

Well B

Figure 2.4: Using well water to activate the indirect-direct evaporative cooling (IDEC) system,

reproduced from [22]
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2.1.2 Power generation

Various power cycles can be utilized to generate power from the ground source even though it is
considered as a low enthalpy source in most cases. Deep GE can be used as a source for power
generation plants using an organic Rankine cycle (ORC) as an example. One of the common GE
systems that are used for power generation is the enhanced geothermal system (EGS) [23, 24] (see
Figure 2.5). The role of this system is to extract heat from hot dry rocks to benefit from GE with
depths of several thousand meters. It relies on creating an artificial reservoir which means that
there is no specific path for the fluid. It is only required to inject cold fluid into the reservoir and

extract it then using a production pipe.

Geothermal
Power Plant

Production

Artificial
Reservoir

Figure 2.5: Conceptual diagram showing the enhanced geothermal system

Replacing conventional plants with geothermal plants is an attractive proposal for implementing

eco-friendly systems [25]. Geothermal power plants (GPPs) produce far lower emissions as
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compared to fossil fuels for the same given load. However, GE is usually considered as a low-
grade energy source and generally suffers from low energy extraction efficiency. Additional
sources of energy can be combined through a hybrid system to improve the efficiency and meet
the requirements that geothermal energy may not be able to deliver alone [26, 27]. These systems
will be discussed in detail in section 2.5. Recently, GE based power plants have been frequently
used due to their reliability in terms of net output power and efficiency. GPPs are usually found in
four different forms: dry steam, binary, single and double flash cycle. These are the basic cycles
that have been passed through several upgrades and investigated in various research articles and
studies. For example, one of the recently attractive technologies is the production of hydrogen
using GE-driven systems [28]. The choice of which cycle to use is directly restricted to the
operating and available geothermal conditions. Dry steam and flash cycles are used when the hydro
geothermal fluid is available in the form of steam and hot liquid, respectively. In
Hernandez et al. [29], the single and double flash cycles were compared to conclude that the
former produces a maximum net output power less than that of the double flash cycle. The main
difference between the two cycles is that the double flash cycle uses two separators instead of one
and operates at different pressure ratios. The most used binary GPPs are the subcritical and
transcritical organic Rankine cycle (ORC) [30, 31]. This is due to the specifications of these binary
plants that could fit most geothermal conditions (see Figure 2.6). In Mosaffa and Zareei [32], a
flash-binary cycle was introduced to combine the two main concepts previously used in GPPs. It
was deduced that this combination can maximize the net output power which is mainly based on

replacing the flash separator with a two-phase expander.
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Figure 2.6: Binary geothermal power plant

Figure 2.7 presents the principle of a thermos syphon heat pipe for extracting thermal energy from
the geothermal reservoir which could be used for generating power. Two working fluids are used:
methanol in the heat pipe and CO- as a working fluid for the power cycle. The efficiency of the
system can be improved by increasing any of the flow rates of the working fluids (methanol or

COy).
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Figure 2.7: (a) Low-temperature geothermal heat pipe and (b) detail view of a bottom basin,

reproduced from [33]

Kujawa et al. [34] presented the difference between two types of deep GE systems (one hole and
two holes); these can operate as one or two-layer systems. The study was done while varying the
depth between 1600 and 2044 m, and the injected temperature between 5 and 30°C. The authors
reported that using two-layer and two-hole system is the most advantageous way of operation. This
was deduced while studying the effects of flow rate and heat exchange conditions to provide the
needed amount of heat extraction. Figure 2.8 shows the difference between one and two-layer

systems.
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Figure 2.8: Closed two-hole system for extracting geothermal water: (a) one layer, (b) two layer;
aquifer layer (AL), geothermal heat exchanger (GHE), pump (P), borehole pump (BP), and heat

reservoir (HR) [34]

As like the closed two-hole system, another concept could be introduced to the deep GE
installations which is the well system that is presented in Figure 2.9. The difference between this

system and the hole system is that the production well is always connected to all paths.
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Figure 2.9: (a) Multi-horizontal-well system and (b) annular-well system, reproduced from [35]

2.1.3 Hydrogen production

Geothermal-driven hydrogen production systems mainly utilize proton exchange membrane
(PEM) electrolyzers to decompose water into hydrogen and oxygen. The temperature of water at
which the electrolysis is taking place is one of the most important parameters affecting hydrogen
production, required power, and operating cost. Yilmaz et al. [36] investigated the effect of
temperature on the electrolysis process in a geothermal-driven hydrogen production system based
on an artificial neural network. It was observed that when temperature increases from 25°C to
70°C the power required for hydrogen production will decrease from 43.51 kW/kg to 42.2 kW/kg,
which corresponds to a reduction of approximately 3%. Typically, a preheater is placed to increase
the water's temperature entering the electrolyzer [37]. In GPP-hydrogen production systems, the
geothermal fluid has two roles: generating electricity via power plant and preheating water. First,
the hot geothermal fluid drawn from the production well passes through the GPP and secondly,

the residual heat will be used for water preheating. The air preheater is responsible for extracting
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the heat remaining in the geothermal fluid before it is reinjected back into the ground. In
Cao et al. [38], the geothermal fluid temperature change was also investigated in a combined
cooling and power system used for ice-making and hydrogen production. The system was formed
of four subsystems, namely, geothermal flash cycle, Kalina cycle, ammonia-water absorption
refrigeration cycle, and the electrolyzer. The results showed that when the geothermal fluid
temperature was 150°C, 160°C, and 170°C the exergy efficiency was calculated as 23.59%,

25.06%, and 26.25%, respectively.

The geothermal fluid’s mass flow rate is also an important factor that greatly influences the
system’s performance. This is related to the heat transfer rate and grade of GE utilized since it
represents the working fluid in case of flash cycle and heat transfer fluid in the binary cycle. This
means that the geothermal fluid’s flow rate can control the hydrogen production rate.
Yilmaz et al. [39] studied the importance of this parameter and deduced that a 0.253 g of hydrogen
is produced for each kilogram of geothermal water. This was calculated at geothermal resource
temperature and flow rate of 160°C and 100 kg/s, respectively, such that the rate of hydrogen
production was 0.0253 kg/s. The authors also investigated another study based on a geothermal
resource temperature of 200°C with the same flow rate [40]. The proposed system was driven by
a flash binary GPP as shown in Figure 2.10. The power plant consists of two subsystems: topping
and bottoming cycles. The geothermal fluid passes through a flash separator which separates steam
and water. Steam is used as a working fluid in the flash cycle such that it enters the steam turbine
to generate electricity while the heat carried by the hot water exiting the separator will be extracted
via heat exchanger. This heat is transferred to the organic fluid which is responsible for generating
additional amount of electricity by means of an ORC turbine. In comparison with the first system

studied by the authors, the latter was able to produce more amount of hydrogen such that it was
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increased up to 0.0498 kg/s. However, this was accompanied by an increase in hydrogen

production cost from $2.366/kg to $3.14/kg H.
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Figure 2.10: Hydrogen production using flash-binary geothermal power plant

The cycle’s operating conditions are essential parameters that need to be chosen precisely to
achieve the optimal operation. Therefore, it is necessary to perform parametric studies to determine
the optimal cycle’s conditions since they can be controlled easier than the geothermal fluid’s
temperature. For example, the turbine inlet pressure and the pinch point temperature are two of the

most important parameters affecting the output power and production rates [41]. Thus, producing
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hydrogen from geothermal systems is not only dependent on the available geothermal conditions
even though the ground is the main energy source. There are other critical components in these
hydrogen production systems such as the cooling system which usually corresponds to the highest
exergy destruction. Liquefied natural gas (LNG) has been recently considered as an improvement
to the cooling system (condenser) which has a good heat sink potential. It also provides additional
amount of power due to the presence of secondary power generator which is the LNG-turbine [42].
With this focus on the exergetic performance and destruction, it is a must to perform thermo-
economic optimization to reduce the unit cost of products, which can be applied by using the
genetic algorithm method [43]. This analysis usually considers the effect of all the system’s
components on the exergetic performance and product cost. Several parameters are involved in the
exergo-economic performance analysis: fuel exergy and cost, product exergy and cost, exergy

destruction and cost, exergetic unit cost of electricity, and exergetic cost of hydrogen production.

In GPPs, the extracted geothermal fluid is usually formed of steam and non-condensable
gases (NCG). These gases are harmful to the environment when released, such as hydrogen
sulphide (H2S) which is emitted in large amounts in GPPs. Thus, modern technologies have been
focused on managing treatments for the NCG, such as the AMIS unit (AMIS® - acronym for
“abatement of mercury and hydrogen sulphide” in the Italian language) which is displayed in
Figure 2.11. This unit mainly contributes to mitigate the effects of mercury and hydrogen sulphide.
However, modern types of AMIS have been updated to produce hydrogen by sending the hydrogen
sulphide to an electrolyzer. The AMIS unit captures the NCG and separates them to be treated with
the help of other mechanisms (ex: hydrogen sulphide electrolyzer). Such techniques can enhance
geothermal-driven hydrogen production systems in terms of environment and economic viability

due to the reduction in pollution and increase in productivity. The hydrogen sulphide electrolyzer
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is responsible for decomposing hydrogen and sulphur, which is activated via electric power
similarly as that of the water PEM electrolyzer [44]. The electrical power required for activating
the hydrogen sulphide electrolyzer depends mainly on the inlet temperature. As calculated in
Karapekmez and Dincer [45], the required electric power drops from 73.7 KW to 58 kW if the
hydrogen sulphide temperature rises from 300 K to 800 K. The corresponding exergy efficiency
was also increased due to the change in temperature from 54.4% to 68.9%. Another important
parameter in the AMIS unit is the mass flow rate of hydrogen sulphide that has presented an inverse
proportional relation with respect to the required input power. The authors achieved a hydrogen
production rate of 9.7 g/s that was obtained at superheated steam and H.S mass flow rates of

1500 g/s and 165 g/s, respectively.

20



ELECTRICITY ELECTRICITY

INPUT OUTPUT
A ELECTROLYZER L.ii FUEL CELL 'Ii
(1) S2 Hy Hy (%) 0o
HYDROGEN
STORAGE TANK
244 H,S
H,0|83
AMIS UNIT %
€.
s
o3
(w ) |BES—#F
802
MERCURY
CAPTURING
SO,/SCRUBBER

23 . NCG EMISSIONS
IN GEOTHERMAL POWER PLANTS

Figure 2.11: AMIS technology used for hydrogen production [44]

As presented previously, producing different types of outputs is a key factor used to enhance the
system's overall efficiency. Conventional electrolyzers usually produce only one type of output,
such as the PEM, which produces hydrogen only. However, in the case of using a chlor-alkali cell,
two more substances could be produced in addition to the hydrogen, namely, chlorine and sodium
hydroxide as shown in Figure 2.12. Karakilcik et al. [46] investigated a chlor-alkali cell based on
a geothermal powered system to produce hydrogen. The authors deduced that if the geothermal
fluid temperature rises from 140°C to 155°C, the amount of hydrogen produced and electricity
generated will increase from 10.5 kg/hr to 21.1 kg/hr and 2.5 MW to 3.9 MW, respectively. The

corresponding energetic and exergetic efficiencies were also calculated as 6.2% and 22.4%.
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Figure 2.12: Chlor-alkali cell integrated into a geothermal power plant [46]

2.1.4 Cooling power cycles

The heat sink temperature is one of the most crucial factors affecting the efficiency of a power
cycle. This is also more effective in low temperature power generation systems. Thus, several
solutions have been previously proposed to decrease the heat sink temperatures. One of these
solutions could be the utilization of water-cooled condenser instead of air-cooled condenser.
However, there are many regions where this cannot be applicable due to the lack of water. Another
approach could be the use of ground as a cooling source since it is more stable and can provide
cooling when the ambient air temperature is relatively high. On the other hand, there are only few
reports that have investigated this approach which represents a notable gap in research as will be
discussed in section 2.7 [47, 48]. Vidhi et al. [49] employed the EAHE as a cooling device for low
to medium temperature power generation systems. The power cycle under investigation was the
supercritical organic Rankine cycle in which six organic fluids were compared that are R32, R125,

R134a, R143a, R170, and R218. The highest efficiency was achieved when using R134a as a
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working fluid. It was observed that the soil temperature surrounding the GHE pipes increase with
the penetration depth. The results obtained showed that the incorporation of EAHE helps
increasing the power cycle by approximately 1% as well as reducing the daily power output

fluctuations.
2.2 Borehole Heat Exchanger

The installation is the main concern in shallow geothermal energy systems which is represented
by the borehole heat exchanger (BHE). Boreholes are made up of underground buried pipes, fluid
refrigerant, and backfill material (see Figure 2.13). There are several factors that are found to have
significant effects on the BHE [50] such as thermal conductivity, ground temperature, depth,
transmissivity, hydraulic gradient, porosity, permeability [51], ground water flow [52], U-tube
length [53] and friction heat gain [54]. It is also necessary to mention that the temperature
distribution around the BHE depends mainly on the geothermal gradient and properties of

stratigraphic layers.
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Figure 2.13: Geothermal borehole heat exchanger

The thermal resistance of the borehole depends on the characteristics of pipe, grout, and soil.
Thermal response test (TRT) is one of the most used tests that helps determining the thermal
ground properties. TRT could be used to ascertain the average thermal conductivity of the ground.
The line source model is the most appropriate analytical tool used to investigate the thermal
response. The efficiency of the borehole is highly affected by the heat exchange between the pipes
and grout material followed by that from the latter to the soil (see Figure 2.14). The line source
model could be used to determine the thermal conductivity of grout mix. The grout mix is found
to be very crucial when the underground water is not rich to achieve the required ground thermal
conductivity [55]. This is due to the low thermal conductivity of soil in the absence of water. As a
matter of fact, the borehole thermal resistance and the grout’s thermal conductivity are inversely

proportional.
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Figure 2.14: Heat transfer inside the ground heat exchanger

High-density polyethylene (HDPE) is the predominant material used for the GHE’s pipes. In
Borinaga-Trevifio et al. [56], the authors deduced that the best results could be produced by using
galvanized steel instead of polyethylene for the outside coaxial tube. However, polyethylene has a
longer life span. A 35% reduction was achieved in the borehole thermal resistance. These
characteristics in terms of performance are attributed to low material thermal resistance. The
mixture of drilling rests was used as grout material to achieve a 34% reduction in the borehole
resistance. Mixing sand with cement and bentonite also gave similar results. The application of
thermally enhanced grouts did not contribute significantly to the performance compared to the
addition of sand to the standard mixture. Figure 2.15 presents the main parameters that affect the

thermal resistance of the BHE.
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Figure 2.15: Factors that affect the borehole thermal resistance

Latent heat investigation is very important in geothermal energy systems. In some cases, it is
considered beneficial while in others it is a liability. Freezing around the borehole can cause
complex effects. Soil expansion may damage the pipes and a serious destruction may happen to
the foundation of the building. On the other hand, the soil freezing can delay the soil temperature
drop. Figure 2.16 presents the position of freezing with respect to the operating time. Soil freezing
is a very critical underground issue which can affect the thermal resistance and capacity [57]. This
change of phase is almost accompanied by the increase of heat transfer capacity and underground

temperature uniformity.
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Figure 2.16: The propagation of freezing over time [58]

2.3 Grout Materials

Grout material has several important roles in GE systems such as enhancing the thermal
conductance, preventing the contamination of ground water during operation, providing stability
of boreholes and pipes, acting as a hydraulic barrier, and optimizing the heat transfer rate [59].
Enhancing the heat exchange between the ground and working fluid is a pragmatic approach that
can be adopted by increasing the efficiency of the BHE. Grout material must provide the
appropriate medium for heat transfer because it has a great influence on the shallow GE system’s
efficiency. The two major crucial characteristics of grout are the thermal conductivity and heat
capacity [60]. The heat transfer coefficient of the grout material has approximately a constant
effect on the BHE regardless of the type of GHE installed. In Sliwa and Rosen [61], three types of
GHEs were compared: single U-tube, double U-tube, and co-axial. The effect of grout’s heat
transfer showed the same rate of variation in the effective heat transfer coefficient of the BHE in

all cases. Bentonite and cement are the conventional used types of grouts. Many recent studies
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have investigated mixtures and new types of grout materials and compared them to the

conventional ones. Figure 2.17 presents all types of grout materials that could be used in BHES.

Types of Grout Material
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Figure 2.17: The types of grout materials that could be used in a borehole heat exchanger
During the installation of GHE, a gap is created between the pipes and ground. Thus, a backfilled
material is inserted to fill the space inside the BHE. The objective of this material is not only to
fill the gaps; while it is also used to provide a convenient medium for heat transfer and avoid pipes’
damaging. It is usually recommended to use particles having small sizes to increase the heat
capacity of the grout. However, it is essential to avoid affecting the thermal conductivity of the
selected material. Clay, silt and coarse are the commonly used grout sizes. Selecting the suitable
size is important to reduce the need for constructing long boreholes because the length of BHE
depends on the choice of grout material. For example, as the thermal conductivity of the grout

increases, the required length of borehole length decreases. There are several factors that need to

be taken into consideration before selecting the grout material (see Figure 2.18).
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Figure 2.18: Grout material specifications
2.3.1 Conventional grout materials

Bentonite and cement are conventional types of grout materials used in BHESs. Table 2.1 presents
a comparison between these materials in terms of thermal conductivity and thermal resistance. It
can also be seen that these parameters are affected by the load, spacers, and grout’s thickness. The
flexibility of bentonite makes it a good sealant to be used in GE and water well systems. Common
types of bentonites used are sodium, calcium, and potassium. It is considered as one of the best
fluid barriers due to its low permeability preventing fluids from passing easily. In many cases,
bentonite is mixed with other materials forming a grout mix aiming to enhance its thermal

conductivity. Cement, water, sand, and graphite are the commonly used bentonite additives. Pahud
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and Matthey [62] compared different types of grout mixtures to conclude that sand and quartz
mixture has the lowest thermal resistance amongst the grouts studied. The grout-based materials
compared were bentonite, cement, and quartz. The study was performed by applying TRTs on six
different boreholes in which the double U-pipe was used as GHE. Bentonite-based grouts were
also compared by Lee et al. [63] to ascertain the effect of viscosity and salinity on the thermal
performance of the grout materials. After applying experimental testing, the authors deduced that
the interaction between bentonite and salinity can cause significant volume reductions. This was
considered a crucial factor leading to an incomplete borehole filling, which can negatively affect
the GHE’s performance. Apart from that, there are also some other parameters that can inhibit the

complete backfilling of BHESs such as density and viscosity differences.

The second type of conventional grout materials used in GE systems is cement. It could be found
in several types; however, the commonly used cement-based grout is the Portland cement. It was
compared with gravel by Choi and Ooka [64] such that the first grout was formed of cement and
20% of silica sand while the second was formed of gravel with a grain size of 8-15 mm. The results
showed that the borehole thermal resistance was higher in the case of cement and needed more
time to be backfilled compared to that of gravel. The rate of heat injection was also considered as
an important parameter in which it was varying between 45 W/m and 90 W/m. The authors
reported that the heat injection rate has a more significant effect than the type of grout on the
BHE’s thermal performance. This change in heat injection improved the thermal performance in
case of cement and gravel by 8.7% and 9.8%, respectively. Borinaga-Trevifio et al. [65] compared
the different types of cement-based grout materials and aggregates to investigate the corresponding
thermal conductivities, water content and mechanical properties. Silica sand showed the highest

thermal conductivity compared to pure cement and other tested aggregate materials such as
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limestone sand, electric arc furnace slag, construction waste and demolition waste. The authors
also studied the differences between natural and recycled materials considering the replacement of
bentonite by cement as a grout-based material in the BHE. Different types of mortars and
aggregates were compared in which water, cement and plasticizer were used as mortars while the
aggregates were formed of construction/demolishing waste, electric arc furnace slag, silica, and

limestone.

Table 2.1: Comparison between the conventional grout materials; bentonite and cement

Reference Borehole heat Effective thermal Calculated thermal
exchanger conductivity (W/m.K) | resistance (m.K/W)
13 cm bentonite 0.7 0.240
without spacers
13 cm bentonite with 0.7 0.142

Pahud and Matthey [62] |-15° "o 0.7 0.150
without spacers
12 cm bentonite with 0.7 0.223
spacers
Cement (2 KW heater 1.962 0.159

Choi and Ooka [64] TRT)
Cement (4 KW heater 2.076 0.155
TRT)

2.3.2 Additives

The thermal resistance of the BHE relies on the characteristics of its components: pipes, grout
material, and soil. The components’ performances depend significantly on each other such that
any change in one of them may affect the other two. For example, if the ground is poor in terms
of moisture, it is necessary to choose a grout with high thermal conductivity to enhance the heat
transfer rate between soil and GHE. However, conventional grouts cannot offer such high thermal

conductivities, making it essential to introduce grout mixtures. Usually, as the grout thermal
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conductivity increases, the borehole thermal resistance decreases, resulting in a better thermal
performance. Endeavours have focused on investigating several types of grout mixtures and
compared them to conventional materials as shown in Table 2.2. Aluminium shavings and sulpha-
aluminate cement were studied by Blazquez et al. [59] to improve the thermal conductivity of
sand-based grout. The results showed that these materials can be used as additives since they have
good thermal conductivity and mechanical properties. It was deduced that saturated sand-
aluminium shavings and aluminium cement-sand have the highest thermal conductivities. Among
the compared materials, the grout mixture that corresponded to the lowest thermal conductivity
was formed of bentonite and superplasticizer. Material shavings are usually characterized by their

small sizes in which this helps achieving almost uniform distribution.

Graphite is one of the most used additives that have been integrated into conventional grout
materials to improve the thermal performance due to its stability regarding carbon content. The
contribution of graphite to the thermo-physical properties of grouts was studied by Erol and
Francois [66]. Graphite was better introduced as an additive and not as grout-based material
because when pure graphite was used alone the performance of the BHE decreased. Additionally,
the flowability and strength were negatively affected in the presence of large amounts of graphite.
Thus, the authors found that a 5% of graphite would be the best percentage resulting in the highest
grout enhancement. The graphite content was further studied by Delaleux et al. [67] to enhance
the grout material's thermal conductivity. The study aimed to use a percentage of compressed
natural graphite less than 10%. The results showed that the overall heat transfer could be enhanced
by 1.5 times while using 5% of graphite in the mixture. This was obtained considering other
important factors such as the particle’s size and amount of moisture in the grout. Graphite is usually

found in two different forms: flake and expanded. Both are formed of high percentages of natural
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graphite in which the former and latter correspond to values above 94% and 99%, respectively
[68]. Expanded graphite is more used as grout additive than the flake-type due to its high surface
area and sealing properties. The expanded type is manufactured by passing through an oxidation
reaction and expansion process reaching a ratio of 200-300. Additionally, the important factor that
makes graphite a good additive is the insolubility in water. Thus, when it is used as a grout material,

there is no risk of contamination even if it interacts with water.

Another commonly used additive is sand, which has been frequently utilized to enhance
conventional-based grout materials' performances. Blazquez et al. [59] investigated the effect of
aluminium shavings’ amount on sand-based grout's thermal conductivity. Below 2.5% of
aluminium, the grout's thermal conductivity was proportional to the amount of shavings, while the
relationship was inverted at higher percentages. The authors deduced that when using high
amounts of aluminium shavings, the number of holes will increase, resulting in an increase in the
grout’s thermal resistance. It was also expected that these results would change at different
amounts of moisture. Kim and Oh [69] compared two types of cement-based grouts to ascertain
the effect of additives on the thermal conductivity in which water and sand were used as grout
additives. The addition of water showed a better performance compared to that of sand, while the
change in sand content percentage was more significant. The comparison was carried out taking

into consideration different saturation levels (see Table 2.2).
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Table 2.2: The effect of introducing additives into grout materials

Additive Thermal
Reference Grout Additive ercentage/ratio conductivity
P g (W/m.K)
Aluminium 0.5% 3.270
Blazquez et al. [59] Sand sh;virlm 'Su 2% 3.752
g 3.5% 3.620
Graphite 0% 1.5
i 0
Erol and Francois [66] Homemade Natural 'graphlte' 5% 2.3
admixture | Synthetic graphite
5% 2.5
150 um
. . - 15
Delaleux et al. [67] Bentonite Graphite 50 5
_ Saturated: 1.06
SIC=0 Air-dried: 0.79
Kim and Oh [69] _ Saturated: 1.62
(Water/Cement ratio = 0.3) Cement Sand SIC=05 Air-dried: 1.28
_ Saturated: 1.87
SiC=1 Air-dried: 1.58

2.3.3 Controlled low-strength material

Controlled low-strength material (CLSM) is a concrete mix suitable for backfilling applications
such as BHESs in which it is characterized by low strength, good flowability, low shrinkage and
high thermal conductivity [70]. Natural sand and marine dredged soil mixture were integrated into
CLSM-based grout by Do et al [71]. The aim was to reduce the grout material’s bleeding rate to
decrease the geothermal system's capital cost. The studied mixture's thermal conductivity was
suitable for BHESs such that it was varying between 1.4 W/m.K and 1.82 W/m.K. The commonly
used CLSM types are composed of fine aggregates, cement, fly ash, and water. Usually, sand and
coal are used as fine aggregates. The heat exchange rate in the BHE was investigated by
Do et al. [72] while comparing different CLSM mixtures with conventional grout materials. The

composition ratio of CLSM was also varied to select the optimal material and study its effect on
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the total cost. The results showed that the incorporation of all CLSM types can enhance the GE
system’s performance regarding thermal properties and economical aspect. Two types of GHEs
were involved in the mentioned study that are the U-type and spiral-type. The geothermal system'’s
total construction cost was reduced by 20.8% in a study performed by Kim et al. [73] while using
a by-product-based CLSM with bentonite-sand mixture. Quartz-based mine tailings and pond ash
were used as fillers and aggregates, respectively. Pond ash was introduced as an alternative to
natural sand. The aim was to enhance the mechanical strength of CLSM. Quartz-based mine
tailings and pond ash are usually formed of SiO2, AL.03, Fe203, CaO, MgO, MnO, Na:0, K20,
TiO2 and P20s. The difference between the two materials (quartz and pond ash) is the ratio of each
chemical substance. The addition of such materials into CLSMs must be based on compromising
between the mechanical and thermal properties because this addition may be accompanied by a
decrease in grout's thermal conductivity. The thermal conductivity of CLSMs can be further
enhanced by decreasing the fineness modulus as reported by Do et al. [74]. This was deduced

while comparing the excavated soil and pond ash in CLSM mixtures.

2.3.4 Dolomite

Calcium magnesium carbonate rock is known as dolomite and can be used as a backfill material
in boreholes to reduce the GE system’s installation capital cost. Dolomite drilling cuttings were
investigated by Luo et al. [75] and compared with bentonite and cement mixtures. The application
was based on a GSHP in which a TRT was carried out to study the system's heat transfer
performance and economic feasibility. The reduction in cost using dolomite drilling cuttings was
significant compared to that of concrete and bentonite-quartz. The corresponding reductions were
14.87% and 17.16%, respectively. The geological profile of the BHE studied was formed of

several layers of dolomite drilling cuttings with a total depth of 100 m. The thickness of each layer
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depends on the characteristics of ground and grout. The shallower layer was backfilled with 2.5 m
of gravel and clay while the deeper layers were backfilled with dolomite. As for bentonite-based
grout, the optimal mixture ratio of dolomite to bentonite was 2 to 8 and the thermal conductivity
of this mixture was 1.96 W/m.K. The thermal conductivity was higher in case of using cement
mixture in which the value was 2.19 W/m.K considering an optimal dolomite to cement mixture

ratioof 3to 7.

2.3.5 Phase change materials

Having said that, GE is one of the most stable renewable energy sources, phase change materials
(PCM) could be introduced to avoid thermal depletion or heat accumulation in the presence of
high loads [76]. This incorporation can stabilize the geothermal system’s performance while
decreasing its operating cost. Thermal energy storage (TES) is generally divided into two
categories: sensible and latent. The former stores energy by changing the temperature of the
storage material while the latter relies on storing heat at nearly constant temperature by the help of
PCM. There are three main types of PCM; organic, inorganic and eutectics (see Figure 2.19). PCM
are highly used in applications that are based on waste heat recovery systems [77] or solar
energy [78]. Most recent investigations utilize composite PCM to enhance their thermal
performance such as foam-based [79], nano-enhanced [80, 81], and shape-stabilized [82]. TES can
be incorporated with shallow GE to avoid thermal pollution. Thus, PCM is favourable in
geothermal systems to provide thermal balance and ensure stability. It could be used as grout

material around the GHE, or underground TES as presented in Figure 2.20.
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Figure 2.19: Phase change materials; (a) the commonly used type in geothermal energy and (b)

different types

One of the most barriers that faces GE systems is the capital cost and especially when using the
vertical GHE or deep GE systems. For this reason, PCM is introduced to the horizontal shallow
GHE usually to make it more feasible to compete the vertical type [83]. It can increase the
performance of horizontal GHE to avoid thermal depletion and heat accumulation. In addition, it
contributes to reducing the GHE’s length and consequently the total borehole size. In Bernier and
Eslami-nejad [84], research was conducted to study the single U-tube borehole with a ring made
up of thermally PCM mixed with sand. The PCM sand ring was used to harness its high energy
content which resulted in a 7.3% borehole length reduction. On the other hand, the energy
consumption was increased by 2%. The melting did not exceed the ring’s radius while increasing
the thickness of the ring by 4.1 cm at peak conditions which was also accompanied by a decrease
in the borehole length by 9.3%. This phenomenon caused a 2.7% increase in the pump energy

usage. Some PCM have low thermal conductivities leading to a decrease in the geothermal
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system’s performance. However, they still provide stability to the GSHP when compared to the
conventional grout materials. According to Chen et al. [85], PCM with high thermal conductivity
is recommended in cases where the underground water is poor. Chen et al. [86] confirmed that
PCM is preferred when the thermal demand is less persistent. In this case, it ensures ground
restoration and especially if the load is not alternating uniformly between heating and cooling.
Under the investigated conditions, the best phase transition temperature was 20.4°C. There is also
another important factor to be studied which is the cycle ratio that represents the operating hours
to that of non-operating ones. If the cycle ratio decreases, the efficiency of the GSHP and the PCM
restoration performance will both increase. In Kong et al. [87], the microencapsulated PCM
(MPCM) was investigated to improve the GSHP performance such that the COP was between 3.2
and 4. This type of grout material significantly enhances the heat transfer inside the borehole. It
was also deduced that the cavity pump is better than the centrifugal one in case of MPCM such
that it can increase the life span to 10.5 years. Pu et al. [88] studied the effect of MPCM volume
fraction. As the volume fraction varied from 7% to 15%, the heat transfer coefficient increased
from 8.2% to 11.1% while the pressure loss decreased from 39.6% to 21.1%. One of the most
important advantages of using PCM as grout material is its small thermal effect radius. This helps
reducing the pipe spacing leading to a decrease in the GHE’s construction area. On the other hand,
it is crucial to keep in mind that the liquid fraction of PCM is affected by the initial ground
temperature and pipe spacing. In each case, according to the load, if the pipe spacing exceeds a
certain distance, the liquid fraction will be independent [89]. In Yang et al. [90], the soil thermal
interference radius was reduced by 13% when using PCM instead of soil backfill. The authors
concluded that the best PCM type to be used depends on the season. A mixture of decyl acid and

lauric acid was used in summer while oleic acid in winter. This shows that it is very important to

38



mix between the different types of PCM or investigate new composites to balance between the

performances of heating and cooling seasons.
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Figure 2.20: The characteristics of phase change materials and geothermal energy combination

Zhu et al. [91] compared the usage of PCM for cooling storage and cooling tower in a GSHP
application. It was deduced that PCM can decrease the annual cost by 34.2% if the cooling storage
ratio is 40%. Moreover, the increase in the storage ratio provides more stability to the ground such
that it can reduce the maximum soil temperature considerably. PCM encapsulation geometry helps
achieving complete melting and solidification. It could be immersed in a water tank to form a
hybrid storage tank to decrease the storage volume. A 65% reduction in the storage volume could
be achieved if 50% PCM is used compared to water alone [92]. This hybridization allows the PCM
to have a better release and capture heat ability due to the convenient heat transfer conditions of
water [93]. In addition, the PCM leakage will be almost eliminated because there will be no moving

solid particles compared to the direct contact with soil.
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2.4 Ground Heat Exchangers

There are three main types of ground heat exchangers (GHES): vertical [94], horizontal [95] and

slinky or spiral [96, 97]. Figure 2.21 presents the three different GHEs, however, there are still

some remaining sub-types that will be presented in the below sections of each GHE.

VY, v

(@) (b) (©)

Figure 2.21: Ground heat exchanger configurations; (a) vertical, (b) horizontal and (c) spiral

2.4.1 Vertical ground heat exchanger

The vertical GHE has the highest performance and stability because it is less affected by the
external conditions. This can be obviously recognized because it is a deep underground system,
which means that it is much less affected by all atmospheric conditions compared to the other
GHEs. GSHPs are mostly used for heating due to the huge amount of heat embedded underground
which is usually extracted by using vertical GHEs. In some cases when the existing heating load
is very high, specific types should be used such as the deep geothermal (DG) system in which

depths vary between 1000-5000 m [98]. Besides the single vertical GHE presented in Figure 2.21,
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there is another type which is frequently used. This type is known as double pipe vertical heat

exchanger which is depicted in Figure 2.22.
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Figure 2.22: Heat transfer through a closed loop double pipe heat exchanger, reproduced

Injected fluid

I 14
Pt

from [99]
2.4.2 Horizontal ground heat exchanger

The conventional horizontal GHE was presented in Figure 2.21. In the presence of several paths,
different configurations could be offered such as parallel and series (see Figure 2.23). A
comparative study should always be carried out to select the optimal configuration which must be

based on the heat transfer conditions and the total area of heat exchange.
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Figure 2.23: Horizontal ground heat exchanger configurations

2.4.3 Coiled ground heat exchanger

This type is highly favourable when the GHE is surrounded by water which is the case in the sea
or lake. This is mainly due to the low effect of distance between pipes in the presence of water.
This GHE has two different shapes: spiral/helical and slinky. The one presented in Figure 2.21 is
the spiral/helical. However, the slinky could be found in two other forms; vertical slinky and
horizontal slinky (see Figure 2.24). The installation itself could also be either vertical or horizontal
based on the principle shown in Figure 2.21. The ground coiled heat exchanger is always preferred
among the conventional GHEs due to its small volume. However, this may be accompanied by
thermal depletion or heat accumulation. Thus, the GHE’s installation mainly depends on the

amount of load and the operating conditions.
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(a)
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Figure 2.24: Schematics of (a) horizontal and (b) vertical slinky ground heat exchangers [100]

2.5 Hybrid Geothermal Energy Systems

One of the most frequent issues faced in shallow GE systems is the thermal imbalance and heat
accumulation. A practical solution is to adopt hybrid system that combines geothermal energy with
other energy sources [101]. There has been significant interest recently on hybrid systems that
integrate geothermal and other forms of energy sources to increase the overall output and
efficiency. Hybrid geothermal systems (HGSs) used for heating and cooling applications are
commonly encountered in the form of a hybrid ground source heat pump (HGSHP) or a hybrid
ground coupled heat pump (HGCHP) [102]. Figure 2.25 shows the difference between the

conventional GSHP and HGSHP designs.
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Figure 2.25: Difference between (a) ground source heat pump and (b) hybrid ground source heat

pump [103]

Alavy et al. [104] investigated the use of a HGSHP for district heating and cooling through a
common water loop distribution. The system showed high potential that depends mainly on
building size and type as well as weather conditions and location. One of the most important
parameters to be studied in these hybrid systems is the ratio between the heating and cooling loads
to design the optimum ground regeneration cycle. Regenerating the ground potential can be
achieved by adding a secondary energy source as mentioned above, or through a traditional
heating, ventilating, and air conditioning (HVAC) system based on an ASHP. On the other hand,
it is possible to achieve the required regeneration using a dry cooler. The cooler can be used to
inject ambient heat into the cold bore field in winter and extract it from the warm bore field in
summer. This would require the use of a dual bore field as recommended by Allaerts et al. [105].
Choosing the best hybrid system is not straight forward because each HGS must be considered

from a different perspective such as initial or operating cost.
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GE can be coupled with various energy sources depending mainly on sources’ availability and
effect on system’s performance. Several possible integrations that involve geothermal energy
systems will be discussed below. Based on previous investigations, it has been found that it is
obviously better to use geothermal energy in hybrid systems regardless of other affecting
parameters. The combination of GE with other sources provides various advantages especially
associated with cost of energy. Table 2.3 highlights the advantages and disadvantages of

geothermal hybrids as compared to conventional GE systems.

Table 2.3: Advantages and disadvantages of geothermal hybrids

Advantages Disadvantages
Low energy consumption Complexity
Low cost of electricity Control problems
Support higher peak loads Connection troubles

Low capital cost

Low operating cost

No ground fouling

Smaller bore field area required

There has been increasing interest in research related to the hybridization of geothermal energy
systems. Figure 2.26 presents the trend of publications in the literature related to hybrid geothermal
systems (reported by Olabietal. [101] in 2019). Interest in such systems has increased

tremendously during the past five to six years.
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Figure 2.26: Evolution of research in hybrid geothermal systems [101]

Hybrid systems involving GE can provide different forms of energy. The chart in Figure 2.27
shows that HGSs are utilized mostly in the form of heat pumps with approximately equal share
(44% each) for heating and cooling applications. The remaining 12% of hybrids reported in the
literature are utilized for generation of electricity. The tendency to use these systems for thermal
applications (heating and cooling) is directly related to the thermal nature of the energy source and

available geothermal conditions.
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Figure 2.27: Different applications of geothermal hybrids; research conducted at the end of

2019 [101]

Hybridizations depend on many factors including resource availability, environmental effects,
desired performance, energy price target, capital costs, operational costs, etc. The chart in Figure
2.28 shows the prevalence of the different types of systems integrated with geothermal installations
as reported in the literature. The most common combination is geothermal-solar (about 45% of

reported systems) followed by geothermal with a cooling tower (about 30%).
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Figure 2.28: Types of systems integrated into geothermal hybrids; research conducted at the end

of 2019 [101]

There are several factors that could affect the geothermal hybrid system’s efficiency and economic
feasibility (see Figure 2.29). This depends highly on the compatibility between the ground and the
other source used in both cases, power plant and heat pump. Thus, it is very important to apply an
accurate pre-study to check the viability of combining the two proposed sources to check if they
could fit into one system from a thermodynamic point of view while examining the energy that
could be generated with respect to time. This will highlight the expected problems that could
mainly be solved by the help of energy storage systems. The capital and operating costs vary
significantly from one country to the other based on the availability and abundance of energy

resources and equipment.
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Figure 2.29: Factors affecting hybrid geothermal energy systems characteristics

Based on the literature, it is recommended first to determine the dominant load (cooling, heating,
or power) to specify the preferable supplementary source in addition to the geothermal. In this
regard, geothermal energy is prioritized over the other energy sources while avoiding thermal
imbalance and heat accumulation (in case of shallow GE). Moreover, the supporting source must
be highly abundant and have low impact on the environment. Therefore, increasing renewable
energy and waste heat recovery utilizations is the most favourable method to encourage people

toward adopting eco-friendly systems.

2.5.1 Integration of geothermal and solar energy systems

There are several ways that solar and geothermal energies can be integrated to form a hybrid energy
system. For example, thermal solar collectors can be used to generate additional heat energy to

shore-up any deficit from the geothermal system. A common hybrid solar-geothermal combination
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is the solar assisted ground source heat pump (SAGSHP). While there may be different
implementations, the main objective of this combination is the reduction of annual operating costs
and CO. emissions. Usually, hybrid power plants are much better than individual systems
especially when the available sources are of low-grade natures which is almost the case of shallow
GE. Geothermal and solar thermal storage combination is recently being a very important hybrid
system that is employed to increase the seasonal coefficient of performance and decrease the
ground loop size. One of the most important reasons for coupling the geothermal and solar thermal
plants is to decrease the electricity required for operating the system. This system has four different
operation modes: solar thermal ground storage, solar direct heating, direct heat exchange and
geothermal heat pump. Boreholes can be used as energy storage systems by storing the excess of
solar energy. This energy storage could face several barriers such as the geological conditions,
unclear heat transfer mechanism and distributing underground environment. In addition to that,
hybrid systems can solve the problem of inadequate drilling area in large commercial buildings
while operating with a minimum cost compared to other individual systems. Therefore,
hybridization of geothermal systems is very crucial because it improves the system’s efficiency
and prevents thermal imbalance which otherwise may lead to the system’s failure. SAGSHP
optimization studies are usually performed by the help of a seasonal regeneration system with a

focus on the BHE thermal behaviour, system operation and seasonal effects of solar regeneration.

Solar thermal collectors can also be used for ground heat recovery and stabilizing the geothermal
system [106]. Conversely, a geothermal heat exchanger can be used as a second heat source to
support the solar thermal power plant [107, 108]. This combination can increase the overall
efficiency by 3.6% compared to the combined individual systems as reported by

Ghasemi et al. [109]. Another motivation for integrating geothermal and solar thermal systems
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might be the need to increase the steam flow in the geothermal cycle [110]. Researchers have been
able to reduce the initial costs associated with a geothermal system by using a SAGSHP to reduce
the required borehole heat exchanger field size. It is also possible to use a supercritical ORC based
on a geothermal system integrated with a concentrated solar power system to increase peak loads
for demand-side management [111]. While most hybrid systems are designed for heating
applications, it is also possible to integrate a GHE with a solar cooling system to improve its

performance [112].

Solar thermal systems suffer from seasonal deterioration in energy output depending on the sun’s
position and ambient air temperatures. One way to improve the seasonal coefficient of
performance is to use the geothermal system as a seasonal energy storage. The system is mainly
composed of solar collectors, short-term thermal storage devices, heat pump, and borehole heat
exchanger for long-term storage. A staged series of GHEs can be used to reduce temperature
differences and maintain the effectiveness of the storage system for an elongated period [113].
Ground water flow may be the main limiting factor against the use of such an integration [114].
Ground water flow levels at the site must be low enough to ensure that the induced thermal plume
is not dissipated. Based on the previous mentioned investigations, several researchers have
reported that seasonal heat storage is not reliable for solving the thermal imbalance if ground water

seepage velocity is large.

As can be seen from the above examples, integrating solar thermal system with geothermal plant
can either assist in producing additional power, or reducing the consumed geothermal energy. An
essential factor to consider in the design of hybrid solar-geothermal systems is the state of the
available ground fluid. If the available fluid is in the steam-liquid state, then a flash cycle (see

Figure 2.30 and Figure 2.31) would be the preferred design [115, 116]. Incorporating the solar
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system contributes to superheating and evaporating the geothermal fluid and therefore boosting

the generated power [109].
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Figure 2.30: Single-flash hybrid power plant [115]
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Figure 2.31: Double-flash hybrid power plant [115]
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A photovoltaic thermal hybrid system (PVT) can be integrated with a GSHP to produce different
forms of energy at the same time (as shown in Figure 2.32). While the GSHP system works on
extracting thermal energy from the ground, the PVT system produces electrical energy from the
incident sun light and at the same time extracts additional thermal energy from the sun’s heat.
Careful consideration for the working fluid is necessary to ensure best results from these systems.
Most designs have concentrated on using organic fluids. However, it is also possible to use a
refrigerant fluid like CO2 in which the cycle would require some modifications such as the
incorporation of a reverse transcritical cycle [117, 118]. Other studies have also investigated the
use of hybrid systems for water distillation in addition to power generation [119]. Recently, poly-
generation and tri-generation systems are becoming more common. The system presented in
Siddiqui et al. [120] shows a solar-geothermal system being used for generating electricity,
cooling, and hydrogen production. The energy and exergy efficiencies were found to be 19.6%

and 19.1%, respectively.

53



1 HOUSE (200 m?)

Py

Main Pump

-
2801

Blower Fan

< 3 Way valve

I

-
|

AC

Inverter

Hot Water

Solar Preheat

Solar preheat cir.
pump

i Natural Gas

GS Tank Pump Tank

Figure 2.32: Photovoltaic thermal integrated with ground source heat pump [121]

Because of inherent uncertainties and nonlinearities, all the mentioned hybrid systems suffer from

issues related to control. This has motivated researchers to find new control methods such as fuzzy

logic (FL) controllers [121] and model predictive control (MPC) [122].

Trillat-Berdal et al. [123] presented a combination between GSHP and solar collectors (see Figure

2.33). The roles of the solar collectors are domestic water pre-heating, dwelling heating, and soil

thermal recharging (if excess). This coupling helps reducing the borehole length and hence

decreasing the capital cost of the system. It was found that if there are several BHES in the same

field, a thermal ground recovery is needed, which is directly related to the operating duration.
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Figure 2.33: Diagram of GEOSOL process proposed by Trillat-Berdal et al. [123]
2.5.2 Integration of cooling tower into geothermal systems

It has been shown that it is advantageous to incorporate a cooling tower with the ground source
heat pump (see Figure 2.34) to improve the cooling efficiency [103]. This hybrid system can
maintain soil thermal balance such that the annual overall COP of the GSHP can be around 3.96
(3.93 for cooling and 4.09 for heating) [124]. The capacity of the cooling tower needs to be chosen
taking into consideration the difference between peak and average load values or the cooling load
percentages. Simulation studies have shown that the cooling tower needs to be activated two years
after initial heat pump operation. An optimal auxiliary cooling ratio (ACR) needs to be chosen

based on the system’s configuration (See Figure 2.35) [125].
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Figure 2.34: Ground source heat pump coupled with a cooling tower [126]

It has been recommended in the literature that the cooling tower needs to be integrated in a serial
configuration as depicted in Figure 2.35 to avoid heat accumulation [127]. In addition, it is
necessary to keep the temperature of the circulating water in the cooling tower as low as possible
to increase the coefficient of performance (COP). If the cooling load is very high for a standard
cooling tower, then a traditional HVAC system can be added to meet the cooling demand [128]. It
is also possible to incorporate a second cooling tower having the same capacity as the ground heat

exchanger to serve as an alternator or accumulator [129].
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Figure 2.35: Parallel (a) vs. serial (b) hybrid ground source heat pump configurations

After studying the different strategies for controlling the geothermal-CT system, researchers have
reported that the most optimal strategy is the wet bulb temperature control method. This method
is based on the difference between outlet fluid temperature and the temperature of wet bulb [124].
The aim of investigating this method is to make full use of heat exchange between air and soil. It
concentrates on deriving the most benefit from ambient capacity by prioritizing the use of ambient
air as the cooling source. Artificial neural network (ANN) models were developed to predict the
temperature of the water exiting the GHE in comparison with that of the cooling tower. The ANN
showed an absolute error of about 0.2°C according to the study carried out by Gang and

Wang [130].

Another control method that has been suggested for hybrid geothermal-CT systems is the
extremum seeking control (ESC) [126]. This feedback-based method (depicted in Figure 2.36) is

based on the comparison between the total power consumption, flow rate entering the CT, and
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pump speed. ESC has been shown to provide 9.3% energy savings as compared to other methods.
This method is very helpful in applications where the system consists of multiple borehole heat
exchangers. In such systems, it would be advisable to normally operate some of the BHES only

and limit the operation of all BHES together to peak load periods [131].
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Figure 2.36: Extremum seeking control for optimizing efficiency of hybrid ground source heat

pump [126]

2.5.3 Less-commonly used hybrid geothermal systems

There are some less common hybridization techniques that can integrate GE with other sources of
energy. For example, it is possible to integrate geothermal with waste heat recovery (another
source of low-grade energy) in a power generation system. Another example would be the injection

of industrial waste heat into geothermal boreholes. This integration exploits the thermal storage
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characteristics of the boreholes and allows the extraction of waste energy exhausted by industrial

processes.

A geothermal installation can be integrated into an existing coal fired power plant to improve
efficiency and lower the cost. The geothermal system can be used to preheat the boiler’s feed water
and can also be used as a carbon capture storage. Researchers have determined that a serial
configuration for geothermal preheating is better at temperatures below 140°C [132]. A detailed
analysis of available conditions with regards to coal sufficiency and availability of geothermal hot
water are needed before such a system can be contemplated. Another integration can be based on
utilizing the coal plant for electricity generation and the geothermal system for providing

additional capacity to meet high heating demands [133, 134].

GE can be used to preheat the organic fluid in a dual-fluid biomass system to achieve the highest
possible output power (see Figure 2.37) [135]. Researchers have reported that it is advisable to
integrate a pre-heater and evaporator into the geothermal system to achieve the combined heat and

power system improvements [136].
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Figure 2.37: Dual fluid hybrid geothermal-biomass power plant [135]

One of the main issues affecting GSHPs is the thermal imbalance. It has been shown that increasing
the size of the heat exchanger can alleviate this issue. However, this may not be always feasible if
the available space is limited. If the load is cooling dominated, then a chiller can be integrated into
the geothermal system to improve the system’s performance [137]. Adequate consideration should
be given to factors affecting the chiller’s design such as required cooling, compressor efficiency,
and climate conditions. A geothermal system can be integrated with a floor cooling system to
provide a secondary cooling source [138]. The geothermal system can provide elimination of the

floor condensation due to excessive heat that would be generated if the floor radiator is used alone.
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Several studies have shown that hybrid systems integrating geothermal energy into existing energy
systems can provide improvements in efficiency as well as economics. Cui et al. [139] have shown
that coupling a geothermal source with an electric heater could produce 3.4% savings in energy

used for heating and provision of domestic hot water.

Various studies have been performed to compare the performance of traditional geothermal
systems with hybrids. It was shown that it is more beneficial to control the temperature of the fluid
entering the system when a geothermal system is integrated with a gas boiler and electric air-
conditioning system [140]. In Liu et al. [133], a COP of 2.79 was achieved while combining the
gas boiler with the GSHP to provide heating. On the other hand, it would be more beneficial to
vary the temperature of the fluid exiting the system when a geothermal system is integrated with

a cooling tower and a boiler [141].

GE can also be used to retrofit other existing plants such as preheating the boiler feed water of a
coal fired facility to capture efficiency improvements. Several studies were performed to maximize
the utilization of renewable energy and waste heat recovery by designing a borehole thermal
energy storage (BTES) system [142, 143]. BTES can provide a convenient medium to store the

excess of energy supplied by the main source feeding the system.

2.6 Ecological Impact

Among the two types of geothermal energy, it is considerably clear that deep GE has more impact
on the environment compared to shallow GE. Water contamination is one of the major drawbacks
of deep systems since geothermal fluids contain harmful substances such as sulphur, salts, and
minerals. Another disadvantage is the large consumption of water of open loop GE systems. The

extraction of geothermal fluids for generating power can cause severe air pollution since they
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usually contain hydrogen sulphide, carbon dioxide, ammonia, and methane. These gases are very
harmful to human life and have huge effect on climate changing [144, 145]. On the other hand,
shallow GE systems have much less ecological impacts. Regulations are more considered for open
loop shallow systems where there is consumption of water and high probability of water
contamination. However, in case of closed loops, there must be no water contamination unless it
is improperly designed where leakage may occur [146]. The major adverse environmental impact
of shallow GE closed loop systems is the thermal imbalance of soil which is usually due to the
inappropriate design conditions and overloading [147]. Consequently, this imbalance may cause
soil volume changing which may negatively affect nearby foundations. This effect depends
significantly on the properties of soil and grout material as previously discussed in this chapter.
Fujimitsu et al. [148] investigated the subsurface environmental changes caused by the use of
GSHP over 20 years of operation. The authors deduced that the amplitude and phase of annular
temperature are almost the same for 20 and 2 years of operation. Figure 2.38 presents the results

corresponding to the 2-year operation for a depth of 35 m.
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Figure 2.38: Subsurface temperature changes during 2 years at the downstream side (D.S.) of the

heat exchanging well at a depth of 35 m [148]

2.7 Research Gap

The literature presented in this chapter shows that GE has been immensely developed in the recent
years. Figure 2.39 presents a summary of the commonly known geothermal energy-related systems
reviewed in the current chapter including applications, installations, advantages, and
disadvantages. It is obvious that there are no direct reports on the use of shallow GHEs for cooling
power cycles. However, there are several investigations that examined the usage of GE for heating
and power generation applications. Thus, this research highlights the research gap in this domain

and focuses on using shallow GE as a cooling system for enhancing power cycles.
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Chapter 3. Ground-Cooled Condenser Investigation using EES

In this chapter, CO»-based transcritical Rankine cycle (CTRC) will be used to generate
electricity from different heat source conditions while using the underground water as a
condenser [149]. Usually, all previous studies that investigated geothermal energy in
power generation have used the ground as a source of heat. These systems could be found
in four different forms: dry steam, binary, single and double flash cycle depending on the
geothermal conditions. These have also passed through several enhancements to improve
the cycle’s performance such as the combined flash-binary [150, 151] and regenerative
cycle [152, 153]. However, the innovative aspect in this study is to use the ground as a heat
sink (condenser). This will provide a lower cooling medium temperature, so that the
condenser’s pressure could be decreased accordingly. Thus, the net output power will be
maximized which depends mainly on the pressure difference between the gas heater and
condenser. The different conditions of the cycle are discussed in this chapter such as
pressures, temperatures, and flow rate to optimize the cycle’s performance and heat
exchangers’ sizes. Figure 3.1 shows the temperature-entropy diagram of CTRC displaying

the enhancement in the cycle’s net output power.
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enhanced with a ground cooling system
3.1 Initial Concept

The aim of this study is to investigate a new system using CTRC with a ground-cooled
condenser. It is proposed to generate electricity especially in summer because the ground
temperature under a certain depth is approximately independent of the ambient conditions.
Therefore, the ground heat exchanger is a better choice compared to the air heat exchanger
when the ambient temperature is high during summer. To provide the suitable heat transfer
conditions, the geothermal condenser is embedded in a well to facilitate the process of heat
exchange by the help of underground water. Figure 3.2 presents the proposed CTRC
showing all its components knowing that the source of heat considered in this study is a

heat wasted from an engine exhaust (see section 3.4).
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In this chapter, the underground water temperature is assumed to be constant which means
that it is not affected by the amount of heat rejected from the cycle to the ground. This
assumption can be considered only in two cases, either when the well’s volume is relatively
very large, or the ground-cooled condenser is functioning as a secondary condenser. The
latter is highly recommended to ensure stability since the primary condenser (air/water-
cooled) can reduce the amount of heat rejected to the ground and compensate the coolth
energy during off-periods. This will be more illustrated in Chapter 4 and Chapter 5 showing
the detailed operational strategy in addition to the different operating modes. This will
explain how the ground temperature surrounding the GHE could be maintained constant
by managing the operation of the cooling system and using a coolth recovery approach. In
this case, the ground/underground water can be used as a cooling storage medium and
especially because the proposed system is mainly designed to be convenient for waste heat

recovery applications knowing that such applications usually do not operate 24 hours/day.
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Figure 3.2: CO2-based transcritical Rankine cycle combined with an underground water

condenser

As shown in Figure 3.2, the condenser is selected as a helical GHE to minimize the total
volume of the GHE. The heat recovery system is chosen as a counter flow heat exchanger
also to obtain the minimum possible size. This study covers several variable conditions of
gas, cycle, and underground water to find out the optimal conditions for the cycle and

minimal size of heat exchangers.
3.2 Theory of Modelling

The model presented in this section shows the equations used for calculating the cycle’s

performance and heat exchangers’ lengths that were developed in Engineering Equation
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Solver (EES) as shown in Appendix A.1. EES is very compatible with such models since
it includes all required thermodynamic properties and has a very simple programming
language. The thermodynamic performance of the power plant depends on the amount of
heat extracted from the gas, choice of pressures and temperatures of the cycle and the

efficiencies of turbine, pump, and generator. The net output power can be calculated by:
Wnet = Wt- rlg - VVp (3.1)

where W, is the turbine power, I]q is the generator efficiency and Vi/p is the pump power.
W, and Wp mainly depend on the mass flow rate of CO2 and the enthalpy variation as

shown in equations (3.2) and (3.3).
Wp = mf(h4 - h3) (3.3)

After calculating the net output power, the efficiency can be evaluated as follows:

W,
g =—< (3.4)
Qin
Qin = mgcpg(Tgi - Tgo) = mf(hl — hy) (3.5)

where Q;,, is the heat extracted from the gas and added to the cycle gas heater. The value
of heat added is based on the specific heat (cpg), flow rate (1m,) and temperature difference
of hot gas (Tgi and Tgo). Then, it is necessary to check the area of heat exchangers involved
in the proposed system shown in Figure 3.2 (gas heater and condenser). The lengths of gas

heater and condenser are mainly affected by the amount of heat added and extracted to/from

69



the cycle, respectively. The area of each heat exchanger is based on the energy balance

equation (between CO> and heat source/sink) which is represented by:
Q = U.A.ATy, (3.6)

where Q is the heat added or extracted to/from the system, U is the overall heat transfer
coefficient that depends on the convection heat transfer coefficient of both fluids and the
thermal conductivity of the pipe, A is the heat exchanger’s area and AT, is the logarithmic
mean temperature difference. Equation (3.7) represents the relation between the overall
heat transfer coefficient (U) and the equivalent thermal resistance (Req) of the heat
exchanger.

UA=— (3.7)
eq

ol

As shown in Figure 3.3, the three thermal resistances represent a serial connection. Thus,
the following equations (3.8 and 3.9) can be used to calculate the equivalent thermal

resistance.

Req = Rconv—l + Rcond + Rconv—z (3-8)

1 +ln(’”0/n.) 1
¢4 wmd;L ~ 2mkL  hymd,L

R (3.9)

where hj and ho are the convective heat transfer coefficients of the internal and external
fluids and k is the thermal conductivity of the pipe. ri, di, ro and do corresponds to the

internal and external radii and diameters, respectively.
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Figure 3.3: Schematic representation for the thermal resistances inside the heat exchanger

The logarithmic mean temperature difference used in equation (3.6) depends on the
temperature difference between inlet and outlet of hot and cold fluids in the heat exchanger
as shown in Figure 3.4. The following equation presents the relation between these

temperatures and ATim:

AT, — AT,
AT, = ——— 2 (3.10)

In (ATl/ ATz)

where ATy and AT> are the temperature difference between the hot and cold fluids entering

and exiting the heat exchanger.
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Figure 3.4: The variation of hot and cold fluid temperatures inside a counter flow heat
exchanger
The convection heat transfer coefficient of all fluids involved (hot gas, underground water,

and COsz is given by:

h = (3.11)

where Nu is the Nusselt number, k is the thermal conductivity and L, is the characteristic
length. In the case of turbulent internal flow forced convection, the hydraulic diameter is
considered as the characteristic length and the following equation could be used to calculate

the Nusselt number of hot gas and working fluid [154]:

Nu = 0.023.Re?8. Pr™ (3.12)

where Re and Pr are the Reynolds and Prandtl numbers, respectively. n is equal to 0.3 in

case of cooling and 0.4 for heating. When the velocity of the fluid is equal to zero, free
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convection will take place which is the case of underground water. According to
Izadpanah et al. [155], the following Nusselt number correlation could be used for coiled

heat exchanger natural convection applications:

H —0.1097
Nu = Ra®3071 (E) (3.13)
where Ra is the Rayleigh number, H is the height of the coil and D is the coil diameter.
This correlation is only considered when the characteristic length is taken as the coil length

(Lc) which is presented in equation (3.14) [155].

L, = n.(p;? + m2D?)%> (3.14)
where n¢ is the number of turns and pc is the pitch (distance between two consecutive turns).
3.3 Methodology

The methodology that was followed in this chapter to develop the presented model is as

follows:

e Entering the heat source characteristics: composition, specific heat, thermal
conductivity, viscosity, and Prandtl number.

e Choosing the condensation and evaporating temperatures based on the ground and heat
source temperatures, respectively.

e Evaluating the enthalpy of working fluid at all states.

e (Calculating the working fluid’s mass flow rate as presented in equation (3.5).

e Calculating the cycle’s net output power and efficiency as shown in equations (3.1) and

(3.4), respectively.
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e Dividing the heat exchangers (evaporator and condenser) into two parts to separate the
change of phase and temperature investigations.

e Determining the working fluid’s characteristics based on the average temperature in
the two parts of heat exchangers: Reynolds number, Nusselt number, Prandtl number,
viscosity, thermal conductivity, and convection heat transfer coefficient.

e Calculating the heat transfer coefficient of heating and cooling sources using equations
(3.12) and (3.13), respectively.

e Calculating the overall heat transfer coefficient (U) to evaluate the required size for

both heat exchangers.

3.4 Model Validation

The proposed model was validated by comparing the net output power with the CO2-RC
studied by Shu et al. [156] based on the conditions presented in Table 3.1. The cycle was
used as a heat recovery system at the exhaust of an engine. The exhaust gas is formed of
19.84% CO3, 8.26% H»O and 71.49% N». The presented model was inserted into the

Engineering Equation Solver (EES) to carry out the simulations of this study.
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Net power output / W (kW)

Table 3.1: The parameters considered for the model validation [156]

Parameters (Units)

Values

Gas inlet temperature (°C)

e

Gas outlet temperature (°C)

120

Gas flow rate (kg/hr)

202.6

CO- condensation temperature (°C)

25

Pump isentropic efficiency

0.8

Turbine isentropic efficiency

0.7

Generator efficiency

0.9

Figure 3.5 presents the validation of the proposed model by displaying the variation of net

output power as a function of the temperature entering the turbine (100-700°C) such that

(a) and (b) are the results obtained from Shu et al. [156] and (c) is the result of the CTRC

used in the current research.
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Figure 3.5: The variation of net output power as a function of turbine inlet temperature;
(@) and (b) are obtained from Shu et al. [156] at 10 MPa and 15 MPa respectively while

(c) refers to the proposed model

According to Figure 3.5, the proposed model behaves as expected due to the similarity in
the net output power generated at the two different operating pressures (10 MPa and 15
MPa) compared to the results obtained by Shu et al. [156]. As the turbine inlet temperature
increases from 100°C to 700°C, the power generated increases approximately from 1.8 kW

to 2 kW and from 2 kW to 3.9 kW at p1 = 10 MPa and p1 = 15 MPa, respectively.

3.5 Design conditions

Table 3.1 and Table 3.2 present all cycle’s conditions such that these values are considered
as a reference for the upcoming investigations. However, some of them may vary aiming

to study a specific relation which will be clearly presented within the discussion and
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analysis of each result. The gas components are still the same as mentioned in section 3.4,
even though they refer to an engine waste, but this study could fit any other heat source
application because a range of gas flow rate and temperature are examined. The main
difference that may vary from one application to the other is the heat transfer coefficient

of gas since it is directly affected by the gas composition.

Table 3.2: Parameters considered for the proposed model

Parameters (Units) Values
Gas heater diameter (mm) 40
CTRC diameter (mm) 20 [157]
Turbine inlet pressure (MPa) 15
Underground water temperature (°C) 15
Turbine inlet temperature (°C) 350
Coil diameter (m) 0.5
Coil pitch (mm) 2

3.6 Results and Discussion

In this section, some parameters are always fixed while the others could either be constants
or variables. This will be clearly presented in each subsection such that when a parameter
is not mentioned as a variable then it is assumed to be constant if not varying as an output.
The different parameters to be studied are the turbine/gas inlet temperatures, turbine inlet
pressure, underground water temperature, mass flow rate of CO2/gas, cycle’s performance,

and heat exchangers’ sizes.
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3.6.1 Performance assessment

The performance of the cycle depends on three main parameters: working fluid’s mass
flow rate, net output power and thermal efficiency. It is very crucial to study the
thermodynamic behaviour of the cycle to find out the conditions required to generate the
maximum amount of power. The aim of this section is to study the effect of operating
conditions (turbine inlet pressure and temperature, mass flow rate, and gas inlet

temperature) on the mass flow rate of working fluid, output power and cycle’s efficiency.

Figure 3.6 shows that the mass flow rate of the working fluid (CO2) and turbine inlet
temperature (T1) are inversely proportional. At low T1 (below 200°C), there is a slight
difference between the mass flow rate of CO. at the different presented turbine inlet
pressures, while it starts do decrease gradually to be nil after that. This is mainly due to the
dependency of CO: enthalpy on the pressure at low temperatures. However, at high
temperatures, the enthalpy of CO. entering the turbine is slightly affected by the change in
pressure. On the other hand, the variation in turbine inlet pressure at high temperatures
only changes the enthalpy of CO exiting the turbine and hence affects the fluid’s
expansion in the turbine and output power. Therefore, the mass flow rate of the working
fluid is affected considerably by the turbine inlet temperature while insignificantly by the
pressure. In this simulation study, the amount of heat extracted form gas is assumed to be
constant as shown in Table 3.1 since the gas flow rate and temperatures are fixed. This
means that the enthalpy at state one and the working fluid’s mass flow rate vary oppositely
based on the energy balance between the gas and CO: in the gas heater. Besides, the
temperature and enthalpy are directly proportional showing the reason for the decrease in

mass flow rate (see Figure 3.6). According to equation (3.1), it is expected that the output
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power varies similarly as the mass flow rate of the working fluid. Conversely, Figure 3.5-
¢ and Figure 3.6 have showed a different relation between the power generated and mass
flow rate. This is due to that the net output power is highly affected by the enthalpy

difference between inlet and outlet states of the turbine.

- 035
Es)
< 03
8 0.25 Turbine inlet pressure
E 0.2 —10 MPa ——15MPa ——20 MPa
©
(.
= 0.15
i)
‘% 0.1
S 005

0

100 200 300 400 500 600 700

Turbine inlet temperature (°C)

Figure 3.6: The effect of turbine inlet temperature (T1) on the mass flow rate of CO; at

different Pressures (p1)

The efficiency of the cycle is highly affected by the change of turbine inlet pressure (p1) as
shown in Figure 3.7. The cycle’s efficiency is independent from the mass flow rate of the
working fluid in contrast with the output power (see equations 3.1 and 3.4). Almost when
the turbine inlet temperature is higher than 150°C, the increase in p:1 could lead to an
increase in the efficiency such that the highest efficiency is achieved at turbine inlet
pressure of 20 MPa which is around 11%. However, the efficiency usually increases with
the turbine inlet temperature (T1). This relation is also more effective at high pressures

which is the case of 20 MPa since the efficiency raised remarkably from 1% to 11% while
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T1 varied from 100°C to 300°C. On the other hand, at 10 MPa, the efficiency did not show
any remarkable jump under the same range of temperature. This does not mean that the
efficiency is not affected by the turbine inlet temperature at low pressures, however, this
depends on the range of temperature studied. The reason is that the efficiency is almost
constant after exceeding a specific temperature in which the latter is proportional to the
turbine inlet pressure. Thus, it is expected that the sudden rise in the cycle’s efficiency at
10 MPa had already occurred below 100°C. At low temperatures, the efficiency referring
to the highest turbine inlet pressure becomes the lowest. At these conditions, the cycle
cannot be considered as transcritical cycle yet. Thus, it is very necessary to use high
temperatures to ensure that the CO- is totally superheated otherwise a significant drop in
the efficiency and power may occur. This may also be accompanied by a damage in the

turbine since the nature of fluid entering it is not only vapor.
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Figure 3.7: The effect of turbine inlet temperature (T1) on the cycle's efficiency at

different pressures (p1)
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The surface plot presented in Figure 3.8 shows the influence of gas temperature and its
mass flow rate on the cycle’s net output power. The proportional relation is very noticeable
with an equality of influence, which means that both have approximately the same effect.
This could also be verified since the vertex of the plot is at the highest gas temperature
(1500°C) and mass flow rate (350 kg/hr), and that the surface plot has the same rate of
increase with respect to the two axes. It is also essential to compare the opposite sides of
the surface plot to study the effect of both variables on each other. In other words, the
increasing rate of output power with respect to gas inlet temperature is higher at 350 kg/hr
than that at 100 kg/hr such that it changes approximately from 3.8 kW to 14.5 kW and 1
kW to 6 kW, respectively. Similarly, the output power increases with a higher rate with

respect to the mass flow rate at 1500°C compared to that at 500°C.
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Figure 3.8: The variation of net output power as function of the gas temperature (Tgi) and

its mass flow rate (1)

81



The underground water temperature is one of the most important uncontrollable
parameters, thus, it is necessary to study its effect before installation to determine the
expected feasibility in terms of performance. Figure 3.9 shows the effect of underground
water temperature on the cycle’s efficiency and net output power. Both are inversely
proportional to the water temperature. The same relation was obtained when varying the
pinch temperature which is the minimum temperature difference between the working fluid
and the underground water (cooling source). These results verify the direct effect of
condenser’s pressure on the cycle’s performance. Therefore, as the pressure of the
condenser increases, the output power decreases due to the reduction in enthalpy difference
between the inlet and outlet turbine states. This shows the importance of using a
ground-cooled condenser in summer which is the main reason of the current investigation.
For example, if the underground water temperature is less than that of the ambient by 10°C,
then the ground-cooled condenser will be able to increase the output power by 1 kW
approximately compared to that of air-cooled condenser. This can be deduced from Figure
3.9 such that for each 1°C decrease in the coolant temperature, a 0.1 kW additional power

could be produced.
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Figure 3.9: The effect of underground water temperature on the cycle’s performance with

respect to the minimum temperature difference in the condenser

3.6.2 Size of the gas heater

The gas heater is usually considered as the most critical component because it is the heat

exchanger responsible for extracting the maximum possible amount of heat. This objective
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must be achieved considering the smallest acceptable heat exchanger’s size to save money

and space.

According to Figure 3.10, as the pipe diameter of the CTRC increases, the length of the
gas heater decreases in contrast to the effect of gas heater diameter. In addition, the
influence of gas heater diameter on the gas heater’s length appears more significantly at
low CTRC pipe diameter. This impact is not only due to the variation in heat exchanger
surface area and hydraulic diameter, but it also depends on the convective heat transfer
coefficient which is directly affected by the flow velocity inside the pipe. Even though it
is better to use small gas heater diameters to decrease the total size of the gas heater, it is
also necessary to study the effect of hydraulic diameter on the gas flow. This depends on
other specifications that need to be taken into consideration in further studies to make sure
that the gas is smoothly flowing without any negative effect on the systems’ components
and cycle’s performance. Under these conditions, the UA value of the gas heater was
calculated as 0.2135 kW/K and remained constant with the variation of gas heater diameter

and CTRC diameter.
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Figure 3.10: The relation between gas heater's length and the diameter of both pipes; gas

heater and CTRC

As the gas inlet temperature rises from 500° to 1500°C, the length of the gas heater is
reduced in all cases (see Figure 3.11), while this relation is inverted when varying the mass
flow rate of gas. Although both parameters have the same influence on the heat added to
the cycle, but they are also involved in the length’s calculation from another side in which
the overall heat transfer coefficient and logarithmic mean temperature difference are
affected by the mass flow rate and temperature, respectively. The major parameter that
affects the heat transfer coefficient in forced convection is the velocity which is a function
of the mass flow rate. Moreover, the logarithmic mean temperature difference is one of
most crucial factors that can change the size of the heat exchanger which represents the
temperature difference between the working fluids. Thus, it can be deduced that the effect
of gas temperature on the heat exchange area is higher than that on heat addition which is
opposite to that of mass flow rate. The UA values of the gas heater are presented in Figure

3.12 as a function of inlet temperature and mass flow rate of gas.
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Figure 3.11: The effect of gas conditions (flow rate and temperature) on the gas heater's
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Figure 3.12: The effect of gas conditions (flow rate and temperature) on the UA value of

the gas heater
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3.6.3 Size of the condenser

The area of the condenser is a crucial part to be studied very precisely in to make sure that
the underground water can extract the required amount of heat from the cycle. This is very

important due to the high complexity of maintenance since it is installed under the ground.

Figure 3.13 presents a linear relation between the gas inlet temperature and condenser’s
length, however, the ratio of proportionality is controlled by the mass flow rate of gas
(diverging). The slope of condenser’s length function is proportional to the mass flow rate
with respect to the gas inlet temperature. For example, the condenser’s length increases
from 18 m to 32 m and 27 m to 65 m at 100 kg/hr and 300 kg/hr, respectively. These
relations verify the change in the mass flow rate of CO2 which directly modifies the amount
of heat rejected and thus, the condenser’s length. In addition to that, it is necessary to keep
in mind that they also have an influence on the convection heat transfer coefficient of the
CO2 within the condenser due to the change in the CO> mass flow rate. As presented in
Figure 3.14, it can be noticed that the effect of heat source conditions on the UA value of

the condenser is same as that on the length.
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Figure 3.14: The effect of gas conditions (flow rate and temperature) on the UA value of

the condenser
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Figure 3.15 shows that the underground water has a great influence on the length of the
condenser which can be obviously recognized from the significant empty space between
the two curves corresponding to 15°C and 18°C water temperatures. These results are
obtained at a constant condensation temperature of 25°C. All curves are taking the shape
of wide parabola which means that for every specific underground water temperature there
is a specific CTRC pipe diameter that corresponds to the minimum condenser length. The
value of this diameter is approximately around 15 mm. However, this must not be the only
criterion for selecting the optimal diameter. This is due to the diameter’s effect on pressure
drop which may affect other parameters in the cycle such as the net output power. This
means that in some cases, choosing the smallest diameter would not be the best solution
even though it clearly reduces the length of the condenser. Thus, it is very necessary to
balance between the heat exchangers’ sizes and overall cycle’s performance. Under this
investigation, the UA value of the condenser was found to be dependent on the underground
water temperature only such that it increased from 0.9743 to 1.899 kW/K as the mentioned

temperature increased from 9°C to 18°C.
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The result shown in Figure 3.16 is based on varying the condensation temperature similarly
as the underground water temperature such as the difference between them is the minimum
temperature difference between CO2 and water. This pinch temperature has a greater effect
on the condenser’s length than that of the underground water temperature. This is due to
the inversely proportional relation between the logarithmic mean temperature difference
and the heat exchanger’s area as shown in equation (3.6). In addition, the rate of decrease
in the length is more sensitive at high pinch temperature difference. Figure 3.15 and Figure
3.16 seem to be presenting opposing results, however, the difference is that the
condensation temperature in Figure 3.15 is kept constant at 25°C which means that the net
output power is also fixed. However, for a specific curve in Figure 3.16, as the underground
water temperature increase the condensation temperature of CO2 will increase similarly.
This will consequently lead to a drop in the net output power due to the change in

condenser’s pressure. Figure 3.16 shows that it is a good option to fix the minimum
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temperature difference between the two fluids to minimize the condenser’s length and
hence to reduce the capital cost of installation. On the other hand, this reduction must be
balanced with the decrease in output power as shown in Figure 3.9 which is related directly
to the operating cost. By comparing Figure 3.16 and Figure 3.17, it can be seen that the
effects of underground water temperature and minimum temperature difference are almost

the same on that of condenser’s length and UA value.
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Figure 3.16: The effect of underground water temperature under different minimum

temperature differences on the condenser's length
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Figure 3.17: The effect of underground water temperature under different minimum

temperature differences on the condenser's UA value

Figure 3.18 presents the major dimensions’ parameters of the condenser. The relation
between coil height, coil diameter and pipe diameter must be studied to choose the suitable
volume. The curves are diverging when the pipe diameter is increasing. This shows that
the variation in coil diameter is more effective on the condenser’s length at large pipe
diameters. The relation between pipe diameter and coil height is similar to that with total
condenser’s length presented in Figure 3.15 because at a specific coil diameter, the
variation of coil height represents the same variation of length. Indeed, it is favourable to
choose the lowest pipe diameter to minimize the coil height and consequently achieving
the smallest volume of GHE. However, there are some other parameters that need to be
taken into consideration and investigated in future studies such as thermal
pollution/imbalance and pressure drop. Under these conditions, the UA value of the

condenser is found to be constant at 1.415 kW/K.
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Figure 3.18: The variation of condenser's coil height with respect to the pipe and coil

diameters

3.6.4 Gas heater vs. condenser

This section will present a comparison between the heat exchangers in the proposed CTRC
(gas heater and condenser) to balance between the two sizes. This will contribute to

choosing the best optimum conditions to select the heat exchangers’ sizes accordingly.

The turbine inlet temperature has more influence on the condenser’s length compared to
that of the gas heater (see Figure 3.19). From this point of view, it could be very beneficial
to choose a high turbine inlet temperature so that both heat exchangers are of moderate
lengths which is around 650°C (both lengths were approximately 23 m). The amount of
heat added to the cycle is constant since it is only a function of gas flow rate and
temperatures. Thus, the turbine inlet temperature will vary oppositely to the mass flow rate
of CO> based on the energy balance between the two fluids. As the mass flow rate of

working fluid decreases the heat rejected from CTRC will decrease too leading to a drop
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in the condenser’s length. On the other hand, the turbine inlet pressure has no significant
influence on the heat exchangers’ lengths such that condenser’s and gas heater’s length
remain around 30 m and 9 m, respectively. Figure 3.20 shows the comparison between heat
exchangers’ UA values as a function of turbine inlet temperature and pressure. The results

are similar to that of lengths presented in Figure 3.19.
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Figure 3.19: The difference between heat exchangers’ lengths (gas heater and condenser)

with respect to the (a) turbine inlet temperature (T1) and (b) pressure (p1)

94



—«Condenser Gas heater

UA (KW/K)

(@)

100 200 300 400 500 600 700

Turbine inlet temperature (°C)

1.6
1.4
1.2

0.8 —<—Condenser Gas heater

0.6 (b)
0.4

0.2

UA (KWI/K)

10 12 14 16 18 20
Turbine inlet pressure (MPa)

Figure 3.20: The difference between heat exchangers’ UA values (gas heater and

condenser) with respect to the (a) turbine inlet temperature (T1) and (b) pressure (p1)

After studying the influence of the highest temperature in the cycle (T1), it is also important
to study the lowest one which corresponds to the condensation (T3z). As shown in Figure
3.21 and Figure 3.22, it will not affect the gas heater’s length and UA value, while it

remarkably changes that of the condenser and the net output power. The condenser’s length
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and net output power vary from 80 m to 13 m and 4.2 kW to 3.2 kW respectively for
condensation temperature range of 20-30°C. The drop in power is due to the decrease in
expansion while that of condenser’s size because of variation in the amount of heat
extracted and the logarithmic mean temperature difference. As the condensation
temperature rises, the difference between fluid and underground temperature will increase
too which improves the conditions of heat transfer and hence, a smaller heat exchanger will
be required. Thus, it is very necessary to balance between the heat exchangers’ lengths and
the net output power to make sure that both meet the desired requirements. In addition, if
the cycle is going to be designed considering a high condensation temperature, then it will
not be feasible to use a ground-cooled condenser. The most important specification in this
system is the ability to operate at low condensation temperatures in summer compared to

the ambient temperature to increase the net output power of the cycle.
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Figure 3.21: The variation of heat exchangers’ lengths (gas heater and condenser) and net

output power as a function of condensation temperature (T3)
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Figure 3.22: The variation of heat exchangers’ UA values (gas heater and condenser) and

net output power as a function of condensation temperature (T3)
3.7 Conclusion

The proposed CTRC coupled with ground-cooled condenser can generate electricity from
several heat sources such that it can produce a perfect amount of power that depends on
the cycle’s conditions and gas specifications. The parametric analysis contributes to extract
the maximum amount of energy while preserving small heat exchangers. A positive linear
relation was noticed between the net output power and the available heat. The use of
ground-cooled condenser generated approximately 30% more power compared to the
conventional Rankine cycle. This enhancement is mainly affected by the ground’s
temperature since it controls indirectly the working fluid’s expansion. The turbine inlet
temperature was found to be an effective variable such that it does not affect the net output

power significantly while providing acceptable heat exchanger’s lengths. The second
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crucial parameter to be controlled is the cycle’s pipe diameter since it can be used to

balance between the lengths of heat exchangers.

The current study focuses on small scale power cycles which can be noticed from the low
net output power presented in this chapter. This makes it necessary to replace the turbo
expander with a scroll expander which better fits such applications [158]. This is crucial to
avoid inefficient expansions in small turbines that operate at very high rotational speeds.
In such cases (below 10 kW), the scroll expander efficiency is almost always considered
as ~70%. Thus, the mentioned assumption will be considered for the upcoming chapters of

this research.
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Chapter 4. Experimental Study for Ground Temperature

Measurement

One of the objectives of this research is to study the potential of shallow geothermal energy
in Lebanon [159]. The ground temperature has been monitored in Bekaa-Lebanon and
compared with the highest and lowest ambient temperatures. The sensors of temperatures
are placed at depths of 0.3 m, 0.6 m, 1 m, 1.3 m, 1.6 m, and 2 m underground. This chapter
presents the experimental study and analysis in terms of temperatures and operating

durations.
4.1 Experimental Setup

The setup used to measure the ground temperature is presented in Figure 4.1 including
digital meter and thermocouple. The digital meter used has an accuracy of 0.5% as
mentioned by the manufacturer and can measure a range of temperature between -9°C and
99°C, making it suitable for this experiment. It was a new device, and the calibration was
done according to the manufacturer instructions. Six thermocouples of type HT15T are
inserted under the ground as shown in Figure 4.1b. The measuring device has a fast
response speed of 4.5 s with a low power consumption which is less than 3 VA. It could
be easily used as depicted in Figure 4.1c and Figure 4.1d. It was also mentioned in the
operation instructions of the digital panel meter that the best applicable temperature range
is 0-50°C. This also makes this device more accurate in the experiment since the ground
temperature in Bekaa-Lebanon is usually within this range as will be presented in the next
section. However, this accuracy is only valid for temperature measurements when the

humidity is below 85%. Thus, it is decided to undertake the experiment in a place where
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the soil is dry all over the year, so not to compromise the accuracy of the results, especially
for shallower ground temperatures. For this reason, the results obtained at a maximum
depth of 2 m correspond to the most reliable collected data. To check further the reliability
of the obtained results, the temperature variation was monitored precisely and especially
during the winter season when raining. Accordingly, there was no significant variations in

the corresponding values.

Digital
meter
Thermocouple Signal input
| I
T T
N 220V

Power supply

(@) (b) © ()

Figure 4.1: Temperature measuring setup; (a) thermocouple, (b) depths of measurement,

(c) digital meter and (d) schematic of digital meter

4.2 Ground Temperature Measurement Results

Figure 4.2 shows the recorded ambient and ground temperatures during 2020. It can be
seen that the ambient temperatures fluctuate significantly while the ground temperatures
are considerably stable. As the depth increases the stability increases in which the curve

corresponding to the depth of 2 m represents the least temperature fluctuations. During
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2020, the maximum temperature difference at 2 m was 7°C since the temperature varied
between 12°C and 19°C. This shows the great potential of using ground-cooled condenser
in this location and mainly because the ground temperature is nearer to the lowest ambient
temperature. Due to the stability recorded at 2 m, this depth will be considered as a

reference for the ground temperature in the upcoming analyses.
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Figure 4.2: Ambient and ground temperature measurement in Bekaa-Lebanon during

2020

The ground temperatures in Bekaa are almost constant when compared to the ambient
temperature due to the high fluctuations and temperature differences between ambient
highest and lowest values during the day. This makes the use of shallow GE very important
to stabilize energy related systems because even at very shallow depths the ground
temperature is more stable than that of ambient as shown in Table 4.1. The results show
that the annual average values of all ground temperatures are approximately equal to

15.5°C. This makes the results reliable revealing the effect of ground layers on each other
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which can be noticed from different temperature variation all over the year and equal

average temperatures.

Table 4.1: The difference between ambient and ground temperatures; average, highest,

lowest and temperature difference in Bekaa-Lebanon during 2020

Temperature Average Highest (°C) Lowest (°C) Difference (°C)
Ambient high 22.83 41 1 40
Ambient low 8.87 24 -9 33
Ground (0.3 m) 15.74 26 4 22
Ground (0.6 m) 15.62 24 6 18
Ground (1 m) 15.72 23 7 16
Ground (1.3 m) 15.67 22 8 14
Ground (1.6 m) 15.57 21 10 11
Ground (2 m) 1551 19 12 7

The highest, lowest, and average daily ambient temperatures highly fluctuate compared to

that of the ground at 2 m depth as shown in Figure 4.3, while the annual ground and ambient

average temperatures are almost the same (15.5-16°C). However, it is essential to consider

that this comparison is missing a crucial part which is that peak loads are usually reported

during the daytime when the ambient temperature is relatively high. This makes the use of

ground-cooled condenser very efficient for two main reasons that are stability and low

temperature compared to that of ambient during operating hours. It is also expected that

the ground temperature can be decreased using a cooling recovery strategy as will be

presented in section 5.2 to enhance the performance of ground-cooled condenser during
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operation. Additionally, the peak load is not only the main reason for comparing the ground
temperature with that of daytime ambient average temperature, but in many applications
the system does not operate at night. This will be discussed in detail in section 5.3 showing
the significance of choosing the operational duration of the proposed power cycle which is
assumed to be from 06:00 to 24:00. However, the actual system’s operating duration is 8
hours/day but randomly distributed during 06:00-24:00. Therefore, the upcoming sections
in this chapter will be based on these assumption as if the system’s maximum possible

operating duration is 18 hours/days.
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Figure 4.3: The variation of ambient highest, lowest, and average temperatures in

comparison with the ground temperature at 2 m depth in Bekaa-Lebanon during 2020

4.3 Ground Temperature Results Analysis

The aim of this section is to manage the operation of each condenser according to the lowest
available temperature. This is essential because the aim of this research is to decrease the

condensation temperature in the ORC knowing that this parameter is directly proportional
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to the cooling source temperature. As will be discussed in section 5.2, a hybrid-cooled
condenser is used and composed of GHE and air/water-cooled heat rejector such that they
utilize the ground and ambient air as cooling sources, respectively. This makes it necessary
to control the operation of each cooling source by comparing the ground and ambient air
temperature at each instant during the day. This means that when the ground temperature
is lower than that of ambient, the GHE will be operating, otherwise the primary heat
rejector will be the only functioning heat exchanger. In this section, the ambient air
temperature is assumed to be varying linearly during the day such that the lowest and
highest ambient temperatures are at 06:00 and 13:00, respectively. The equations and
algorithm were coded into Visual Basic within Excel and used to carry out the simulation

to estimate the value of daily effective cooling source temperature (Appendix B).

4.3.1 Ground cooling system operating cases

- Case 1: Ground temperature is less than the lowest ambient temperature

This case occurs in summer when the ambient temperature is greater than that of ground
during the entire day. Figure 4.4 presents a representation of case 1 such that the ground
temperature horizontal line is always lower than that of ambient. In this case, the effective
cooling source temperature during this day will be equal to that of the ground. This means
that the GHE has the potential to operate from 06:00 to 24:00. However, this does not mean
that the other heat rejector is not operating (see section 5.2). The primary heat rejector can
remain functioning to reduce the heat rejected to the ground avoiding heat accumulation.
In addition, the air/water cooled heat exchanger has an important role in such days in which

it will be running at night to ensure providing coolth compensation.
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Figure 4.4: Ground cooling system operating the entire day (case 1)
- Case 2: Ground temperature is higher than the highest ambient temperature

During winter, the ground temperature can be totally higher than that of ambient in some
days as shown in Figure 4.2 and Figure 4.3 (mainly in January, February, and December).
In such cases, it is needless to use the ground as a secondary cooling source since it is
incapable of rejecting heat from water after passing through the primary heat rejector. Case
2 is depicted in Figure 4.5 in which the ground temperature at a depth of 2 m is greater than
the highest ambient temperature. In this case, the condenser will be only depending on the
air/water cooled heat exchanger since it is providing the lowest temperature during the
entire operating duration. For this reason, the effective cooling source temperature in case 2
is equal to the average ambient temperature during operating hours. It is essential to
mention that the possibility of having this case can be reduced after adopting the optimized
system (see section 5.2). Therefore, it is expected that this case will be mainly representing

the days where there is a sudden drop in the ambient air temperature.
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Figure 4.5: Ground cooling system not operating (case 2)
- Case 3: The ambient temperature fluctuates around the ground temperature

This is the most complex case in which the ground temperature is lower than the highest
ambient temperature while it is higher than that of lowest ambient. Figure 4.6 presents case
3 showing that the maximum and minimum ambient temperatures are recorded at 06:00
and 13:00. As shown in Figure 4.2, this is the most frequently occurring case in the year
2020. Assuming that the ambient temperature is varying linearly during the day, the
equation of a straight line is used to represent the temperature as shown in equation (4.1).
The temperature function can be divided into two parts such that it is increasing during
06:00-13:00 and decreasing during 13:00-24:00. Thus, it is necessary to find the equations

of these lines in terms of maximum and minimum ambient, and ground temperatures to
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calculate the daily effective cooling source temperature based on the ground cooling

system (GCS) operating duration.

T=at+b (4.1)

where T, a, t, and b are the temperature, slope, time, and y-intercept.
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Figure 4.6: Ground cooling system partially operating (case 3)

As for the duration between 06:00 and 13:00, the following equations are used to find the

intersection between ground and ambient temperatures:

_ Tnax = Tmin
a, = 3¢ (4.2)
6(Tmax — Thi
by = Ty — ( max mm) (4.3)

7

where Tmax and Tmin are the maximum and minimum ambient temperatures during the day
at 13:00 and 06:00, respectively. After substituting equations (4.2) and (4.3) in equation

(4.1), the following is obtained to represent the temperature variation during the first phase:
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T, . —T,.
T, = M(t— 6) + Trnin (4.4)

Equation (4.5) shows the first intersection point between the ground and ambient
temperatures which is obtained by taking a particular case (T1 = Tg) and substituting it in
equation (4.4):

7(Ty — Trmin)

Tmax - Tmin

where t; and Tg are the starting operation time of GCS and ground temperature at 2 m depth,

respectively. (Note: the value of t; must be between 06:00 and 13:00)

As for the duration between 13:00 and 24:00, first it is required to calculate the approximate
temperature at 24:00. Assuming that the temperature is decreasing linearly from 13:00 to

the next day at 06:00, then the slope of the second phase can be estimated as follows:

(4.6)

where the number 17 refers to the duration between 13:00 and next day at 06:00. Therefore,
if the temperature is decreasing at this rate, then the temperature at 24:00 can be calculated

as shown in equation (4.7).

6(Trax — Timi
T@24:00 = ( "‘“"17 min) + Tonin (4.7)

Equations (4.8) and (4.9) shows the method used for evaluating the y-intercept and
temperature function during the second phase. The latter is derived by substituting

equations (4.8) and (4.6) in the general temperature function which is equation (4.1).
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13(Tmax - Tmin)

by, = Thax + 17 (4.8)

Tmax - Tmin

T; = Thax — 17

(t —13) (4.9)

Equation (4.10) shows the second intersection point between the ground and ambient
temperatures which is obtained by taking a particular case (T. = Tg) and substituting it in
equation (4.9):

_ 17(Trnax — Ty) 13

tr
Tmax - Tmin

(4.10)

where t> corresponds to the second point of intersection between the ground and ambient
temperature which is the time when the GCS is turned off. (Note: the value of t> must be

between 13:00 and 24:00)

Figure 4.7 presents the effective cooling source temperature based on the model used for
case 3 in which it shows that the GHE limits the increase in ambient temperature during
the daytime. Equation 4.11 is used to calculate the average effective cooling source
temperature during the days of case 3. For this reason, the area under the curve of Figure
4.7 is divided into three areas to easily apply the integration shown in equation (4.11). The
area is divided into two trapezoids and one rectangle. Thus, equation (4.12) can be
considered as a representation of the final approximate average temperature. (Note: this

temperature must always be between the ground and lowest ambient temperatures)

Tavg.eff = 18 (4.11)
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(Ty + Toin) (t1 — 6) + 2T, (t; — t1) + (T, + T@24:00)(24 — t,)
Tavgefsr = 36 (4.12)
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Figure 4.7: The effective cooling source temperature during a day representing case 3
4.3.2 Ambient vs. effective average temperatures

It is very important to calculate the daily average cooling source temperature since it
directly affects the condensation temperature of working fluid. These temperatures have
the same fluctuations during the year which is due to that they have a constant temperature
difference (condenser’s pinch temperature difference). Figure 4.8 shows the difference
between average ambient and effective cooling source temperatures during 2020. The
average ambient temperature is calculated considering only the operating hours (06:00-
24:00) while that of effective is based on the cases presented in section 4.3.1. The results
show that there is a significant difference between the two average temperatures and
especially during summer. This confirms the contribution of ground cooling source to

decreasing the condensation temperature of the cycle. In some days of the year, the curves
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coincide representing case 2 where the ground temperature is always higher than that of
ambient. In addition, the difference between the two curves almost represents the operating

duration of the GCS.
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Figure 4.8: The variation of average ambient and effective cooling source temperatures in

Bekaa-Lebanon during 2020
4.3.3 Operation assessment

This section aims to present the daily and annual GCS operating durations. The maximum
possible operating duration per day is assumed to be 18 hours (06:00 to 24:00). Thus, when
the GCS can operate 18 hours, then it will be reported as full operation (100%/day). Figure
4.9 shows the variation in the daily operating potential of GHE during 2020. It presents a
great potential since the average operating duration is approximately 10 hours which

represents 55.56% of the total operating time.

111



20
18
16
14
12
10 =

—Operating
— Average

Operating duration (hr)

OoON B~ OO

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Date

Figure 4.9: The estimated annual operating hours of ground cooling system

The results presented above have shown that the ground source can immensely decrease
the condensation temperature of the power cycle. This is not only noticeable from the
difference between the temperatures, but also because the GCS can operate for long
durations with large portions of the total time of operation. Table 4.2 presents a detailed
comparison between the ground and ambient sources regarding their differences in terms

of temperatures and operations.
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Table 4.2: The difference between the effect of ground and ambient cooling sources on

the proposed system; operations and temperatures

Parameters (ground) Value Unit
Maximum operating duration 18 (100) hours/day (%)
Average operating duration ~10 (55.56) | hours/day (%)
Full operation (18 hours/day) 51 (13.97) | days/year (%)
Total operation (0-18 hours/day) 258 (70.68%) | days/year (%)
Maximum difference with highest ambient temperature 24 °C

Maximum difference with lowest ambient temperature 22 °C

Average difference with highest ambient temperature 7.33 °C

Average difference with lowest ambient temperature 6.64 °C

According to the mentioned operating cases in section 4.3.1, the GCS can be fully

operating, partially operating, or turned off during the day. These possible operations refer

to the cases 1, 2 and 3, respectively. Figure 4.10 shows the number of days for each case

such that the GCS can be operating 258 days/year. However, 51 days of them correspond

to full operations (18 hours/day). It is expected that the GCS can be turned off for 107

days/year, but it is essential to mention that the operating days can be more than 258 after

adopting the optimized system (see section 5.2). Even though, the GCS is not operating

during these 107 days, it is very important to take advantage of the cold ambient air in

winter to recover the ground’s coolth energy. This allows the ground source cooling system

to operate more than 258 days/year considering the decrease in its temperature due to the

additional heat rejection provided by the primary heat exchanger.
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Figure 4.10: Summary of the potential of using a ground cooling system in

Bekaa-Lebanon

4.4 Conclusion

The ground and ambient temperatures were measured in Bekaa-Lebanon during 2020 and
a detailed comparison was provided. The thermocouples were inserted at depths of 0.3, 0.6,
1, 1.3, 1.6 and 2 m. The maximum differences between highest and lowest temperatures
during 2020 were 40°C, 33°C and 7°C for ambient high, ambient low and ground
temperature at 2 m, respectively. The corresponding average values were 22.83°C, 8.87°C
and 15.51°C. All ground temperatures were more stable than that of ambient such that as
the depth increased the stability increased. These results show that shallow geothermal

energy has a great potential for cooling a power cycle in Bekaa-Lebanon.
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Chapter 5. Parametric Study for System Optimization

This chapter presents the methodology that was followed to optimize the power generation
system incorporating a ground-cooled condenser, proposed in Chapter 3. However, in this
chapter, the ground heat exchanger is placed in soil considering the absence of shallow
underground water in many regions (ex: Bekaa-Lebanon). System optimization also aims
to mitigate the negative effects of critical parameters such as pressure drop, low mass flow
rate and large ground loops. This requires the investigation of different configurations and
working fluids to ascertain their effects on the performance of the system. The purpose of
system optimization is to help increase the net output power whilst reducing the capital
cost of installation, such optimizations capturing the importance of both thermodynamic
and economic aspects. Figure 5.1 presents the flow chart diagram for the current chapter
including both parametric and optimization approaches. The first part of this chapter aims
to compare two different possible ground cooling system’s configurations based on the
pressure drop inside the ground loop. After that, a parametric study is applied on the

optimized system intending to select the suitable working fluid [160].
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Figure 5.1: A flow chart diagram representing the methodology used in this chapter
5.1 Direct Cooling vs. Indirect Cooling

The system depicted in Figure 3.2 shows the ground-cooled condenser concept exhibiting
a direct cooling method. This means that a direct contact between the cooling source and
power cycle is available. This method is usually used to produce the highest amount of
power since no intermediate loops are involved (minimum pinch temperature can be

assumed). However, this may be accompanied by severe pressure drops in the condenser
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and hence negatively affecting the overall system’s performance. This is also more
considerable in the absence of underground water when large ground loop is required. In
most cases, the ground loop is installed in the soil as shown in Figure 5.2. The main
concepts of using shallow horizontal ground-cooled condenser as direct and indirect

cooling systems are presented in Figure 5.2a and Figure 5.2b, respectively.
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Figure 5.2: (a) Direct and (b) indirect ground cooling systems
5.1.1 Effect of pressure drop

This section aims to investigate the effect of pressure drop in the direct ground cooling
system (see Figure 5.2a) to check if it is feasible to use such a strategy or is better to add
an intermediate loop to make the system more controllable and avoid negative impacts.
The same model presented in section 3.2 is used to calculate the system’s performance
(Appendix A.2), whilst equations (5.1) and (5.2) show the method used to ascertain the

pressure drop effect [161].

0.316

= ReO.ZS (5'1)
.f.L.v?

ap = 2L Lv” = (5.2)
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where £, Re, AP, p, L, v and D are friction coefficient, Reynold’s number, pressure drop,
density, length, velocity, and diameter, respectively. The working fluid’s velocity is

calculated as shown in equation (5.3).

4m

v = (5.3)

p.mD?

Table 5.1 presents a summary of the conditions used for investigating the effect of pressure
drop. These parameters are either fixed at the values mentioned in the table or will be varied
and reported later during the simulation. According to a study carried out by
Fujii et al. [162], it is recommended to keep the horizontal installed pipes 2 m apart to
avoid thermal interference between them. This means that the effect of each pipe could
reach 1 m. For this reason, in this section, the soil thermal interference is assumed to be
1 m. In other words, the ground temperature is assumed to be constant at 1 m far from the

GHE.
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Table 5.1: Parameters considered for investigating the effect of pressure drop

Parameters (Units) Values
Gas heater diameter (mm) 40

Gas mass flow rate (kg/hr) 300

Gas inlet temperature (°C) 777 [156]
Gas outlet temperature (°C) 120 [156]
Expander inlet pressure (MPa) 15
Expander inlet temperature (°C) 500
Ground temperature (°C) 15
Condensation temperature (°C) 25

Cycle pipe diameter (mm) 10
Expander isentropic efficiency 0.7
Pump isentropic efficiency 0.8
Generator efficiency 0.9

5.1.2 Results and discussion

In this section, the simulations are carried out to compare three models with minor
differences; ideal direct ground cooling (I-DGC), considering pressure drop in the
condenser (C-DGC) and considering pressure drop in both heat exchangers (DGC). The
effect of pressure drop can be represented by the difference in net output power between

the mentioned cases.
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Figure 5.3 shows that the net output power is significantly affected by the cycle’s pipe

diameter. This is especially noticed at small pipe diameters (below 15 mm). However, the

minimum value of diameter can also change depending on the grade of energy since it was

increased from ~13 to ~16 mm when the mas flow rate of gas increased from 200 to

300 kg/hr. From this point of view, it can be reported that the negative effect of pressure

drop can be avoided, but this depends on the available gas conditions and equipment cost

that may be changed when large diameters are required.
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Figure 5.3: The effect of cycle's pipe diameter on the pressure loss at gas mass flow rates

of (a) 200 kg/hr and (b) 300 kg/hr

121



To study further the effect of energy grade source on the pressure drop consideration, the
gas temperature and mass flow rate were varied from 700 to 1500°C and 100 to 300 kg/hr,
respectively as shown in Figure 5.4. It can be noticed that the curves corresponding to the
ideal case are diverging, while those of DGC are converging. This confirms that the
pressure drop is relatively more considerable for higher grade energy sources. This shows
that the pressure loss is increasingly affected by the amount of heat added to the cycle. The
pressure drops in both heat exchangers is almost the same which can be determined from
the rate of change between the three presented models. The main reason causing the
pressure loss effect to increase with the grade of energy is the increase of working fluid
mass flow rate. As shown in equation (5.2), the pressure drop is highly affected by the
fluid’s velocity knowing that the latter and mass flow rate and directly proportional at a

given cross-sectional area.
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Figure 5.4: Effect of energy grade source on the net output power of (a) I-DGC, (b) C-

DGC and (c) DGC

It may appear good in some cases to change the conditions for the cycle to optimize the
system and achieve the best operating conditions. However, this is an ineffective method
for avoiding the negative impacts accompanied by pressure drop. This can be noticed from
the results presented in Figure 5.5 since the change in expander inlet temperature and

pressure did not significantly affect the discrepancy between the studied models. Even
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though the net output power difference between the three considerations was decreased at
high temperatures and pressures, this requires a considerable change in the conditions

which is usually unacceptable.
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Figure 5.5: The influence of expander inlet conditions on the effect of pressure drops at

(@) 15 MPa and (b) 12 MPa

The results presented in this section show that the effect of pressure drop cannot be

neglected and will indeed cause significant drawbacks and changing of cycle’s conditions.
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Thus, it would be recommended to introduce an intermediate water loop between the cycle
and ground to ensure stability, make the system more controllable and avoid critical issues
resulting from pressure losses. This encourages using the indirect cooling strategy
presented in Figure 5.2b. However, this system needs to be further modified to avoid a
large ground loop installation. It is also important to mention that an antifreeze liquid must
be mixed with water to avoid freezing since the cooling source temperature can decrease

below 0°C as presented in Chapter 4.

5.2 Optimized System

The heat rejected from a power cycle can be relatively massive with respect to the shallow
GHE capacity, otherwise a large installation would be required. This causes additional
expense making this system inappropriate for such utilizations. For this reason, it is better
to integrate another cooling source into the hybrid power cycle such as an air-cooled or
water-cooled heat exchanger to operate as a primary heat rejector. Another advantage of
this integration is to provide coolth compensation to the GHE in which this can immensely
enhance its performance during operating hours. This recovery system can operate during
the night whilst the ORC is off such that only the water loop will be running to transfer
heat from the ground to the ambient air. However, it is recommended to introduce an
underground storage medium that has high thermal conductivity and storage capacity, such
as composite phase change materials, to allow the surrounding around the GHE to store
coolth energy. This contributes to compensating the cooling ability of the ground source as
well as improving the overall heat transfer coefficient to increase the heat transfer rate

between the ground and circulating coolant.
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The optimized system is presented in Figure 5.6 in which the two types of heat exchangers
are connected in series. A bypass line is connected in parallel with the GHE to avoid
exchanging heat with the ground when the ambient temperature is lower than that of the
ground. On the other hand, the primary heat rejector will always be operating to reduce the
amount of heat rejected from the cycle to the ground preventing heat accumulation and the
need for large GHE installations. Therefore, a directional control valve (DCV) is used at
the exit of primary heat rejector (state 6) to control the flow path of water; either passing
through the GHE or overtaking it to directly enter the circulating pump. Another DCV is
placed at state 8 to allow bypassing the cycle’s condenser at night when the system is
operating under recovery cooling mode. Thus, the two bypass lines help the ground to
recover its coolth energy by decreasing its temperature when the power cycle is off (mainly
at night) by extracting heat from the ground to the ambient air. It is also necessary to use a
DCV at the inlet of primary heat rejector which helps overtaking this heat exchanger when
the water exiting the condenser is below that of ambient (state 5). A particular case with

detailed input will be shown in Chapter 7 presenting the conditions of all states.
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The optimized system can be further enhanced by utilizing the heat rejected from the cycle
between states 5 and 6 to increase the overall system’s efficiency. This can maximize the
output of the system by providing two types of outputs: electricity from the ORC and heat
from the water loop. A large portion of heat is rejected from the water loop by the air/water-
cooled heat exchanger, and this can be used to heat domestic water or utilized as an input
to a heating system during winter months. Another possible utilization is the preheating of
water prior to entering an electrolyzer. This can be helpful in producing hydrogen knowing
that this type of combination suits the proposed system well since the electrolysis process
requires both available forms of energy, electrical and thermal. It is also possible to use a
regenerator which is a heat exchanger used to transfer the heat remaining in the working
fluid when exiting the expander to that entering the gas heater. This can also reduce the
required heat input for producing the same amount of power or increase the net output

power while maintaining constant heat addition.

5.3 Operating Modes

This section aims to manage the operation of the optimized system presented in Figure 5.6.
The DCVs placed at states 5, 6 and 8 are responsible for controlling the flow paths of the
intermediate water loop, while the water pump helps regulating the amount of heat rejected
from the cycle. Another advantage of the latter regulation is to facilitate the ground’s coolth
recovery at night. Concerning the operating modes, the ORC is either turned on or off,

while the water loop has four operating modes with different flowing paths.
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5.3.1 Normal operation (mode 1)

This mode corresponds to the case when the ground temperature is below that of the
ambient air. For this reason, the coolant exiting the primary heat rejector (state 6) passes
through the GHE to further decrease its temperature as shown in Figure 5.7. Then, cold
water (state 7) is supplied to the condenser (state 8) via a circulating pump. In this mode,
there is no need to use any of the bypass lines since both heat rejectors are activated. This
operation is usually required during the daytime when there is electricity demand, and the
power cycle is turned on. However, it is essential to ensure that the ambient temperature
during this mode is higher than that of the ground, otherwise the coolant entering the GHE
will gain heat instead of rejecting it. The portions of heat rejected to the ground and ambient
air will be calculated and compared in the next chapter to investigate the feasibility of

normal mode operation.
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Figure 5.7: Schematic diagram of the normal mode operation
5.3.2 Ground cooling system turned off (mode 2)

The mode presented in Figure 5.8 shows the second possible mode of operation which
represents the case when the ground temperature is higher than that of the ambient air. This
is also needed only when the power cycle is turned on, otherwise mode 4 will operate. The
ground’s temperature can be relatively high mainly in two cases, either in winter or due to
high loads leading to heat accumulation. Thus, it is necessary to connect thermal sensors
to allow regulatory control of the operating modes. The thermocouples must be placed very

near to the GHE to detect the increase in effective ground’s temperature and compare it
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with that of ambient. This regulation can significantly affect the cycle’s performance since

it helps to select the suitable operating mode (1 or 2).
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Figure 5.8: Schematic diagram representing mode 2; only primary heat rejector is

operating
5.3.3 Primary heat rejector turned off (mode 3)

In some summer days, the ambient air cannot be used to extract any heat from the water
loop due to the low water temperature exiting the condenser compared to that of ambient.
In this case, it is better to bypass the primary heat rejector as shown in Figure 5.9. Hot
water directly enters the ground loop to decrease its temperature. In this mode, the ground

cooling system (GCS) is operating at full load and the ground is receiving the highest
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amount of heat compared to other operating modes. In these periods, mode 4 is very
essential during night hours to ensure coolth compensation because the condenser is only

depending on the GCS during the daytime.
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Figure 5.9: Schematic diagram representing mode 3; primary heat rejector is turned off
5.3.4 Coolth recovery (mode 4)

In this mode, the power cycle is turned off while water is only circulating in the primary
heat rejector and GHE as shown in Figure 5.10. This operation contributes to decreasing
the ground’s temperature by recovering its coolth energy. It helps to maintain low

condensation temperatures and avoid ground heat accumulation. This mode is mainly used
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at night when the ground temperature is higher than that of ambient. However, it can also
be used during off-periods in some days of winter as presented in section 4.3.1. This
operational mode shows the importance of integrating ground thermal energy storage
technologies into the proposed optimized system. This means that introducing storage
material in the form of grout can store coolth energy during night hours to increase the heat
rejection capacity of the ground cooling system. This decreases the effective cooling source

temperature during operation.

Gas heater
) ()
Rankine power cycle Expander [
2
3) Hybrid-cooled
condenser
R 5)
DCV DCV Heat
1 | rejection
Water loop Prim.a ry heat »
rejector
(6)
DCV]
Check valve Ground heat
(7 exchanger h

' Coolth recovery

Figure 5.10: Schematic diagram of the recovery operating mode

133



5.4 Working Fluid Selection

The CO»-based transcritical Rankine cycle presented in Chapter 3 was used only as a
reference system to investigate the potential of ground-cooled condenser. This section
describes the analysis in which the most suitable working fluid was selected for the
optimized system (see Figure 5.6). Low to medium-grade sources of energy are considered
in this study representing the source used in the real application presented in Chapter 7
(Appendix A.3.1). Such sources require adoption of ORC instead of the conventional steam
Rankine cycle and this is mainly due to the low flow rate of water resulting in inefficient

expansion and requirement for high turbine rotational speeds [163].

5.4.1 Methodology

Firstly, to select the best working fluid, it is necessary to carry out parametric studies to
compare the different usable working fluids. Choosing the fluid corresponding to the
highest net output power and efficiency is not always the optimal method since it is
essential to be aware of critical drawbacks and negative effects. These may include toxicity,
flammability, and global warming potential. There are some other issues that are related to
the fluid’s nature like requiring high pressures to operate optimally or low flow rate. 1,1,2-
Trichloro-1,2,2-trifluoroethane (R113) presents a good example of organic fluids that can
produce high amount of power, while it is unfavourable due to its negative effect on public
health and ozone layer. For these reasons and according to previous investigations, three
compatible refrigerants will be compared in terms of performance that are 2,2-Dichloro-
1,1,1-trifluoroethane (R123), 1-Chloro-1,2,2,2-tetrafluoroethane (R124) and 1,1,1,3,3-
Pentafluoropropane (R245fa). However, CO: is also included in this comparison only to

represent the results related to the reference system presented in Chapter 3. After stating
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the negative effects of unsuitable working fluids, it is also important to mention the factors

that encourage using the convenient fluids. The most important factors are mainly the

availability, cost, and performance. These are the main reasons for choosing the mentioned

refrigerants in this parametric study. The methodology used to choose the best working

fluid can be represented by the following points:

Proposing different working fluids based on their availability and cost.

e Studying the negative effects of the proposed working fluids.

e Eliminating the unacceptable fluids based on their environmental impacts.

e Investigating the best point temperature of each working fluid.

e Investigating the relation between best point temperature and cycle’s conditions.

e Comparing the working fluid’s performance regarding net output power.

e Examining the flow rate of the best working fluid to check if it is feasible for an

expander.

Table 5.2 presents the IUPAC names of the investigated working fluids in addition to their

critical temperatures and pressures.

Table 5.2: The critical temperatures and pressures of the working fluids investigated

Working fluid | IUPAC name Critical temperature | Critical pressure
(°C) (kPa)

CO2 Carbon dioxide 30.98 7377

R123 2,2-Dichloro-1,1,1-trifluoroethane 183.7 3668

R124 1-Chloro-1,2,2,2-tetrafluoroethane 122.3 3624

R245fa 1,1,1,3,3-Pentafluoropropane 154 3651
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5.4.2 Results and discussion

Each working fluid has optimal operating conditions in which these depend mainly on the
available grade source of energy (flow rate and temperature). This section aims to figure

out the best operating conditions for the investigated working fluids in the basic ORC.

Effect of energy grade source

In this section, the mass flow rate of gas, expander inlet pressure and condensation
temperature are kept constant at 200 kg/hr, 10 MPa and 25°C, respectively. Figure 5.11
shows the variation of net output power resulting from the compared working fluids as
function of expander inlet temperature at gas temperatures of 300°C and 600°C. The gap
presented in Figure 5.11a corresponds to the unsuitability of refrigerants at these conditions
such that the lowest temperature of operation depends directly on the expander inlet
pressure. Thus, it would be better to decrease the pressure to ensure the superheating of
working fluid at low temperatures. It is essential to ensure that the fluid exiting the
expander is in vapor state otherwise it will not be possible to operate properly, and the
expander blades will be damaged with time. This is also better considering lower pressures
inside the pipes and hence minimizing the required thickness and preventing leakage. This
is the first reason that makes the refrigerants preferable with respect to CO,. Another
advantage is the high extracted power compared to CO: in which all investigated
refrigerants show better performances with noticeable differences (see Figure 5.11).
Among the studied working fluids, R123 presented the highest net output power at the
different gas and expander inlet temperatures. In the next sections, CO2 will be removed
from the comparative study due the observed significant difference compared to other

working fluids.
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Optimal operating temperature

After eliminating CO> from the possible working fluid choices, it is better to decrease
cycle’s high pressure. This is mainly because the chosen refrigerants can operate properly

at low pressures and especially at low grade sources of energy. The gas flow rate, gas
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temperature and condensation temperature are maintained at 200 kg/hr, 600°C and 25°C
respectively in this section. The optimal operating temperatures of the refrigerants are
presented in Figure 5.12 in which it can be noticed that the best point temperature can vary
with the change in the expander inlet pressure. This temperature is more noticeable at
3 MPa such that it is recorded as 131.6°C, 163.2°C and 184.2°C for R124, R245fa and
R123, respectively. This shows that the refrigerant that has higher critical temperature
requires higher operating temperature to achieve its optimal performance (see Table 5.2).
Figure 5.12 shows that when the expander inlet pressure increases from 3 to 6 MPa, the
curves become smoother which means that the variation in expander inlet temperature is
more effective at low pressures. This makes the choice of operating temperature more
critical at low grade sources of energy because it will not be possible to increase the
expander inlet pressure as presented in section 5.4.2. According to this comparison, R123
still corresponds to the highest performance at low expander inlet pressures achieving net
output power of 4.57 kW at 3 MPa and 5.046 kW at 6 MPa. This is another reason for
making R123 suitable for low grade applications since there is no significant difference

between the net output power at the different studied pressures.
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Effect of condensation temperature

The aim of investigating the ground-cooled condenser presented in Chapter 3 was to
decrease the condensation temperature to increase the difference between the low and high
cycle’s pressures. Consequently, this has helped improving the system’s efficiency and net
output power due to the increase in working fluid’s expansion in the expander. To study

the effect of using ground-cooled condenser (decreasing the condensation temperature),
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the values considered in the previous section are kept the same whilst only changing the
condensation temperature from 25°C to 15°C. The results are presented in Figure 5.13 in
which R123 generates the highest net output power with highest values of 5.367 kW at
3 MPa and 5.615 kW at 6 MPa. In comparison with the results presented in Figure 5.12,
the corresponding enhancements are 7.35% and 6.36%. This shows that the importance of

using ground-cooled condenser is more noticeable at low grade sources of energy.
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Table 5.3 shows the performance enhancements of all working fluids in terms of net output
power. The highest enhancements are recorded by the refrigerant that has the lowest critical
temperature which R124. However, the refrigerants with high critical temperatures that are
R123 and R245fa still generate higher amounts of power at the investigated conditions.
The highest enhancement recorded by R124 is also obtained at the low pressure (3 MPa)
with a value of 12.13% representing the increase in net output power from 3.2 kW to

3.588 kW.

Table 5.3: The enhancement of net output power when using ground-cooled condenser

Working fluid Net output power enhancement (%)

Expander inlet pressure: 3 MPa | Expander inlet pressure: 6 MPa

R123 7.35 6.36
R124 12.13 9.28
R245fa 8.77 7.37

5.5 Regenerative Cycle

Adding a regenerator to the optimized system presented in Figure 5.6 would be an attractive
method to enhance the thermodynamic performance of the cycle and specially when there
is a huge difference between the temperatures of states (2) and (4). The regenerative cycle
is depicted in Figure 5.14 which aims to take advantage of the energy remaining in the
working fluid exiting the expander [164] (Appendix A.3.2). On the other hand, it is
necessary to check out if there are any negative consequences associated with this
integration such as the amount of heat rejected to the ground. In this section, the inlet and

outlet heat source temperatures are maintained at 500°C and 120°C, respectively.
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Figure 5.14: Schematic diagram of the regenerative cycle
5.5.1 Methodology

Figure 5.15 presents the temperature-entropy diagram of the regenerative cycle showing
the states of the organic Rankine cycle. It is essential to compare the temperatures entering
and exiting the regenerator in all cases to ensure that the regeneration is applicable. This
means that T4 must be always greater than T4 as well as T must be greater than T4 and
Ts. For this reason, in the upcoming sections, some points have been eliminated from the
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figures representing the results. This mainly depends on the thermodynamic properties of
the investigated working fluids. The temperature difference between the working fluid
entering the gas heater and that exiting the expander is assumed to be 30°C to avoid the

installation of large heat exchanger (regenerator).

Temperature

v

Entropy

Figure 5.15: Temperature-entropy diagram of the regenerative transcritical organic

Rankine cycle

Equation (5.4) presents a relation between the enthalpies of working fluid entering and
exiting the regenerator. The effectiveness of regenerator (&) is assumed to be 80%.

h’Z - hz’

&r

where hy, hz, hs and hy are the working fluid’s enthalpies exiting the expander, entering
the condenser, exiting the pump, and entering the gas heater, respectively. This equation
aims to calculate the enthalpy at state (2”) and hence to evaluate T>> considering a negligible
pressure drop inside the regenerator.
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5.5.2 Results and discussion

The upcoming subsections aim to compare the basic and regenerative ORC in terms of net
output power, working fluid’s mass flow rate and heat rejection. This will be carried out
whilst varying the expander inlet temperature and pressure, condensation temperature, and

heating source flow rate.

Expander inlet temperature

The temperature of working fluid entering the expander (T1) has a significant effect on the
net output power of the regenerative cycle as shown in Figure 5.16. The expander inlet
pressure, condensation temperature and gas flow rate are maintained at 10 MPa, 25°C and
200 kg/hr, respectively. The net output power of the basic ORC is almost around 3.5 kW
for all working fluids, however, that of the regenerative cycle has a sharp increase while
increasing the expander inlet temperature from 200°C to 400°C. The effect of adding a
regenerator is more considerable for R124 than R245fa and R123 at each specific
temperature which can be noticed from the difference between the slopes. On the other
hand, the unsuitability of regeneration occurs earlier for R124 and R245fa allowing R123
to reach the highest net output power of 8.6 kW at 380°C. The corresponding values for

R124 and R245fa are 7.27 kW and 8.07 kW at 312°C and 344°C, respectively.
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Figure 5.16: Effect of expander inlet temperature on the net output power of basic and
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The highest net output power of the basic ORC and regenerative cycles for the three
working fluids is recorded and tabulated (see Table 5.4). The corresponding expander inlet
temperatures vary between ORC and regenerative cycle as well as between the working
fluids. For the regenerative cycle, the highest power is always achieved at the maximum

allowable temperature.

Table 5.4: The enhancement in net output power using a regenerative organic Rankine

cycle
Net output power (kW)
Working fluid
Organic Rankine cycle Regenerative cycle
R123 4.14 @ 358°C 8.86 @ 386°C
R124 3.26 @ 305°C 7.27 @ 312°C
R245fa 3.58 @ 310°C 8.07 @ 344°C

Expander inlet pressure

To investigate the impact of expander inlet pressure on the cycle’s performance, the
expander inlet temperature, condensation temperature and gas flow rate are kept constant
at 300°C, 25°C and 200 kg/hr, respectively. It can be noticed from Figure 5.17 that as the
expander inlet pressure increases the net output power of basic ORC increases while that
of regenerative cycle decreases for all working fluids. The highest performances are
recoded as 6.83 kW for R123, 7.2 kW for R124 and 7.26 kW for R245fa. Even though,
R245fa corresponds to the highest net output power, but R123 is still the preferable
working fluid. This is due to that R123 can operate at wide range of temperatures and

pressures as shown in Figure 5.16a and Figure 5.17a. Another reason is that the results
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presented in Figure 5.16 is obtained at an expander inlet temperature of 300°C which is
near to the best point temperature of R124 and R245fa (see Table 5.4). Thus, it would be
possible to enhance the net output power of R123 by increasing the temperature (T1).
Additionally, R123 can operate at lower pressures than that of R124 and R245fa in case of
regenerative cycle at the same expander inlet temperature. This makes R123 the favourable
working fluid and specially because the net output power is still highly acceptable
compared to R124 and R245fa when operating far from its optimal temperature at lower
pressures. For R123, it can operate normally between 5 MPa and 10 MPa at an expander
inlet temperature of 300°C. However, for R124 and R245fa, the regenerative cycle is

unsuitable for pressures lower than 9.1 MPa and 6.8 MPa, respectively.
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Condensation temperature

The variation of condensation temperature (T3) affects the basic ORC and regenerative
cycle almost in the same manner for all working fluids. Figure 5.18 shows that as the
condensation temperature increases from 15°C to 25°C the net output power of the cycles

decreases by an amount of ~0.3 kW. The decrease in condensation temperature
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corresponds to the use of ground cooling system since the ground is responsible for heat
removal. Thus, if this system is activated, and considering a condensation temperature drop
from 25°C to 15°C, the enhancement of net output power for regenerative R123, R124 and
R245fa can be estimated as 5.4%, 4.8% and 5.4%, respectively. This shows that the ground

cooling system is more effective for R123 and R245fa than that of R124 regenerative

ORCs.
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Figure 5.18: Effect of condensation temperature on the net output power of basic and

regenerative organic Rankine cycles for (a) R123, (b) R124 and (c) R245fa
Flow rate of heat source

According to the energy balance inside the gas heater, the following equation can be used
to represent the relation between heat source gas and ORC’s working fluid in case of a

regenerative cycle:
thg. Cpg(Tgi — Tyo) = mip(hy — hyr) (5.5)

T

where mg, ¢c,g, Tgi, Tgo,

i my, hy and h,s are the gas flow rate, gas specific heat, gas inlet
temperature, gas outlet temperature, working fluid’s mass flow rate, enthalpy at state (1)
and enthalpy at state (4’), respectively. It is obvious that the flow rates of heat source and
working fluid are directly proportional. This relation can be observed in Figure 5.19 such
that both flow rates vary similarly in ORC and regenerative cycle for all working fluids.

However, the slope of curve corresponding to the regenerative cycle is greater than that of

basic ORC showing that the regeneration approach is more attractive at high heat source
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flow rates. The mass flow rate of working fluid in the regenerative cycle is always higher
than that of ORC revealing the results presented in Figure 5.16, Figure 5.17 and Figure
5.18. Therefore, the increase in net output power is mainly due to the increase in the
working fluid’s mass flow rate that is affected by the enthalpy change at the gas heater’s
inlet. Based on equation (5.5), if the enthalpy of the working fluid entering the gas heater
increases, the mass flow rate will also increase. So, by comparing the basic ORC and
regenerative cycle, the enthalpy has increased from state (4) to (4) resulting in an increase

in the working fluid’s mass flow rate.
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Figure 5.19: The relation between mass flow rate of heat source and working fluids in

basic and regenerative organic Rankine cycles for (a) R123, (b) R124 and (c) R245fa

Heat rejection

From the previous sections, the increase in working fluid’s mass flow rate has been
considered as an advantage to enhance the overall cycle’s thermodynamic performance.
On the other hand, this may cause negative impact on the ground loop resulting in a larger

ground heat exchanger which mainly depends on the amount of heat rejected from the
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cycle. Equation (5.6) is used to estimate the heat transferred from the regenerative ORC to

the ground.
Qrej = mf(hz’ — h3) (5.6)

The amount of heat rejected from the cycle is presented in Figure 5.20 for the three
investigated working fluids as a function of the expander inlet temperature. It can be
noticed that the effect of adding a regenerator on the amount of heat rejected from the cycle
is more considerable for R124 and R245fa than that for R123. This is clearly presented
from the gap between the curves corresponding to ORC and regenerative cycle. The heat
rejected in case of R124 and R245fa increases slightly from 20.98 to 21.94 kW and 20.66
to 21.18 kW, respectively while that of R123 decreases from 20.16 to 19.72 kW. This
makes R123 also more attractive and especially because the highest net output power is
achieved at high expander inlet temperatures (see Figure 5.16) while the heat rejected is

less than that of other fluids by approximately 2 kW.
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Figure 5.20: The influence of regenerator on the heat rejected to the ground for (a) R123,

(b) R124 and (c) R245fa

5.6 Conclusion

After performing the parametric and comparative studies, it is seen that R123 is the best
suitable working fluid under the investigated conditions. This has been recorded for the
basic ORC and regenerative cycle. R123 is not only preferable due to the corresponding

thermodynamic performance, but it also resulted in the lowest amount of heat rejected to
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the ground as well as it can operate at wide range of pressures and temperatures. The latter
reason makes the cycle more flexible while using R123 as a working fluid allowing it to
operate normally at different heat source conditions. Thus, R123 will be considered as
working fluid in Chapter 7 to investigate a real application to check the feasibility of the

system in terms of performance and cost.
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Chapter 6. Simulation of Ground Thermal Distribution

This chapter aims to investigate the soil thermal interference radius in the ground heat
exchanger (GHE) to ensure that there will be no heat accumulation during the operation.
The study is simulated using ANSY'S and EES software to examine the thermal distribution
in the soil for the period of 8 hours which is the maximum operating duration per day (see
Appendix C). The ground temperature measured in Chapter 4 is considered as an input to
the system simulated on ANSYS. This investigation compares the thermal distribution in
two cases: with and without phase change materials (PCM) [165]. The latter is used to
provide stability during operation and maintain the boundaries of the GHE pipes at low
temperatures to enhance the heat transfer [166]. However, the incorporation of PCM must
only be considered if there is a significant change in the ground thermal distribution during
the operating hours. This is essential to avoid high capital cost of installation when there is
no remarkable enhancement in the GHE performance. After performing these simulations
and estimating the soil thermal interference radius, the size of ground loop will be evaluated

(section 6.4).
6.1 Design Conditions

As presented in Chapter 4, there are three operating cases based on the ground and ambient
temperatures. In this study, the first case is chosen to ascertain the design conditions since
the ground cooling system is operating 8 hours/day. This corresponds to the maximum
amount of heat injected to the ground in a day compared to the other two cases. The highest
temperature reported at 2 m depth was 19°C which can be considered as the initial

temperature of the soil in the current simulations. Taking a minimum temperature
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difference between the cooling source and working fluid of 8°C, the condensation
temperature can be assumed as 27°C. Thus, the water circulating through the ground heat
exchanger must have a temperature varying between 19°C and 27°C. According to the
theory of modelling presented in section 3.2, the convection heat transfer coefficient
depends significantly on the mass flow rate of the circulating fluid (see equations 3.11 and

3.12). The following equation can be used to evaluate the mass flow rate of water:
Qrej = mwcprTw (6.1)

where m,, is the mass flow rate of water, c,,, is the specific heat and AT,,, is the temperature

difference of water which is assumed to be 4°C. Table 6.1 summarizes the design

conditions needed for the numerical simulations.

Table 6.1: The design conditions for ANSY'S simulations

Parameters Values Units
Initial ground temperature 19 °C
Water inlet temperature 25 °C
Water outlet temperature 21 °C
Water mass flow rate 0.85 ka/s
Specific heat of water 4.18 kJ/kg.K

6.2 Material Properties

The properties of soil, pipe and phase change material are presented in Table 6.2. The

values related to the soil are taken as average values since there are different types of soil.
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The inner and outer radii represent the thickness of each material such that the pipe and
PCM have a thickness of 2.3 mm. However, the soil has two values for its inner radius
considering the two investigated cases, with and without PCM. Rubitherm (RT 21HC) is
used as the latent storage material since its melting/solidification temperature is between
the highest and lowest temperatures of the fluid circulating through the pipes. It has a latent
heat of 190 kJ/kg and densities of 770 and 880 kg/m? for the liquid and solid phases. The
specific heat of both phases is approximated as 2 kJ/m.°C, however, during the change of
phase it varies significantly. This rise in its specific heat represents the latent heat of fusion
in ANSYS software. RT 21HC has also an advantage in the sensible storage since its
specific heat in both phases is higher than that of soil and high-density polyethylene. The

corresponding values of the latter materials are 0.8 and 1.865 kJ/m.°C.

Table 6.2: The properties of the materials considered for the current simulations

High-densit Phase change

Materials Soil g y material (RT

polyethylene pipe 21HC)
Thermal
conductivity 2 0.5 0.2
(W/m.K)
Density (kg/m?3) 1500 953 770-880
Specific heat
(kJ/m.°C) 0.8 1.865 2
Latent heat (kJ/kg) - - 190
Inner radius (mm) 34.3-36.6 32 34.3
Outer radius (mm) 600 34.3 36.6
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6.3 ANSYS Simulation

The simulations were carried out using ANSYS software to investigate the thermal
distribution. This software has been selected since it is simple, robust, available, and cheap.
The study covers a circular area with a radius of 0.6 m since it is expected that the thermal
interference will not exceed this radius as well as the results will be more precise and
reliable. The areas created in ANSYS have different colours such that each area represents
a specific material, where three areas are created in case of using phase change materials,
soil, pipe, and RT 21HC. However, only two areas are created in the other case when the
phase change material is not added. The inner and outer radius of each area are taken as

presented in Table 6.2.

6.3.1 Meshing

The materials used in this study were created using the Solid (Quad 4node 55) as the
thermal element type. These were all modelled as areas in which they were glued allowing
the user to use different types of material properties. The created meshes are almost the
same in both cases (with and without PCM) due to the large relative radius of area under
study compared to that of PCM and HDPE (see Figure 6.1). The size of elements was kept
as default since it is found to be suitable for the accuracy of thermal distribution (small
elements near the centre). The size of elements created at the peripheries is not a constraint

because the soil thermal interference radius will not spread to reach these elements.
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(@)

(b)

Figure 6.1: The meshing of areas in ANSY'S (a) with and (b) without phase change

materials
6.3.2 Sensitivity analysis

As mentioned previously (section 6.3.1), the size of element edge was set by the software
automatically (default size). On the other hand, similar results could be obtained if the size
is added manually by the user. Thus, a sensitivity analysis based on the size of meshing
was done to determine the maximum acceptable element edge length and avoid high
computational durations (see Figure 6.2). The results shown correspond to the nodal
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thermal distribution after 8 hours of operation. It can be noticed that the results are not
acceptable for the first two cases where the element edge sizes are 150 and 100 mm since
the soil thermal interference radius is not steady. In the third case (75 mm), the soil thermal
interference radius is almost clear and agree well with the simulation results of 50 mm and
those of section 6.3.3. However, it does not provide detailed results regarding the thermal
distribution in the HDPE pipe where the inner edge of the pipe is presented as a square.
Thus, the size of the element edge must not exceed 50 mm where the results are steady and
provide detailed and clear image for the thermal distribution and soil thermal interference

radius.

Figure 6.2: Sensitivity analysis based on the element edge size
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6.3.3 Simulation results

The first run of simulations was carried out in the absence of latent storage material. Based
on the nodal thermal distribution analysis, the temperature at the boundaries of the pipe
immediately increased to reach approximately the same temperature of the circulating fluid
(25°C) after one hour (see Figure 6.3). However, the soil thermal interference radius
increases slowly with time reaching a value of ~0.32 m after 8 hours which is the maximum
operating duration. This means that the distance between the horizontal pipes must be equal

or greater than 0.64 m to avoid heat accumulation.

1 hour

1
HODAL SOLUTICH

STEE=1

4 hours

8 hours

1
FODAL SOLUTION

Figure 6.3: The nodal thermal distribution in soil without using phase change materials
during 8 hours of operation
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The second run of simulations was carried out considering the insertion of RT 21HC as a
PCM around the HDPE pipe. Based on the contour plot of temperature distribution, it can
be noticed that the soil thermal interference radius (~0.32 m) is insignificantly affected by
the incorporation of PCM (see Figure 6.4). However, high temperatures were more
bounded to the centre in this case. Additionally, the temperature near to the pipe is lower
than that without PCM at all instants revealing the effect of PCM’s melting during the

charging process.

1 hour 2 hours

Figure 6.4: The nodal thermal distribution in soil using RT 21HC as a phase change

material
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6.4 Ground Loop Sizing using EES

Considering the same design conditions presented in Table 6.1, the size of the ground loop
will be evaluated based on the same theory of modelling using EES shown in section 3.2

(Appendix A.4).
6.4.1 Methodology

The length of the ground heat exchanger will be calculated for the case where no PCM is
used. This is mainly due to the insignificant effect of PCM on the soil thermal interference
radius and the high capital cost of the PCM incorporation. Thus, three resistances are
considered that correspond to the convection between the coolant and pipe, conduction of
HDPE and conduction of soil. The temperature of the ground is taken as 19°C at 0.32 m
far from the centre of pipe which is the estimated soil thermal interference radius (see
section 6.3.3). The following equation can be used to calculate the size of the ground loop

based on the value of heat rejected computed using equation (6.1):

(6.2)

where Qrej is the heat rejected from the coolant, AT, is the log mean temperature

difference and R is the equivalent resistance of the three materials considered.

6.4.2 EES results

To estimate the length of the ground heat exchanger, the exhaust gas of a diesel generator
is taken as the source of energy which will be presented completely in the next chapter.
The flue gas has constant mass flow rate and temperature of 150 kg/hr and 500°C,

respectively. The selected working fluid is R123 based on the analysis presented in Chapter
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5 and the heat added to the cycle is evaluated as 17.72 kW when the expander inlet
temperature is fixed at 300°C. At these values, the heat rejected from the cycle varies
between 14.13 and 14.58 kW depending on the cooling source temperature with an average
value of 14.45 kW. Based on equation (6.2), the length of ground heat exchanger can be
calculated as 1423 m for the basic ORC and the regenerative cycle considering the same
expander inlet temperature. However, if this temperature increases to 450°C, the length
will also increase but insignificantly to 1480 m. This is the case of the regenerative cycle
when running at its highest performance. The increase of size is mainly due to the rise in
the amount of heat rejected from the cycle which will increase from 14.45 to 15.72 kW.

Table 6.3 summarizes the results obtained from this chapter.

Table 6.3: Summary of the results obtained from ANSYS simulations and analytical

calculations for ground loop sizing

Parameters Values
Maximum operating duration 8 hours
Soil thermal interference radius ~0.32m
Heat rejected from the cycle 14.45 - 15.72 KW
Ground loop length 1480 m

6.5 Conclusion

The soil thermal interference radius is one of the most crucial parameters in the ground
heat exchanger. It depends mainly on the amount of heat rejected to the ground, mass flow

rate, operating duration, fluid temperature, and initial ground temperature. In the proposed
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system, the heat rejected to the ground was evaluated as 14.45-15.72 kW. Under the
investigated conditions, the soil thermal interference radius was found to be approximately

0.32 m considering a maximum operating duration of 8 hours/day.
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Chapter 7. Waste Heat Recovery: Application

This chapter aims to present a real application on the use of the proposed technology
(hybrid cooling system). This will be based on the results and analyses of previous chapters
that are ground temperature variation (Chapter 4), working fluid (Chapter 5), and ground
loop size (Chapter 6). In Lebanon, electricity outage is a common problem that occurs
daily. For this reason, the private sector managed to overcome this problem by providing
electricity via diesel engine generators. The capacities of these generators are usually very
small avoiding high capital costs. Here comes another problem which is the low efficiency
of old generators that are mostly used. The proposed system presented in the previous
chapters suits well such application which can be used as a waste heat recovery system to
provide additional amount of power. This can be easily adopted in rural areas such as Bekaa
where there are enough spaces for installing horizontal GHEs. In Bekaa, the maximum
operating duration of diesel generators is 8 hours/day, but randomly distributed between
06:00 and 24:00. The upcoming sections will present the contribution of GCS to reducing

fuel consumption and increasing the net output power.
7.1 Design Conditions

The diesel generator’s exhaust gas conditions presented in this chapter are estimates and
taken as average values due to the high fluctuations in the supply and demand. To avoid
the effect of such significant variations, a diesel generator of 30 KW capacity is investigated
with a diesel consumption of ~11 L/hr. This choice makes it easy to compare and
compromise between the information provided by the manufacturer and the details reported

by the generator’s owner. The exhaust mass flow rate of gas can be estimated as 150 kg/hr
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assuming an air to fuel ratio of 15. The specifications and design conditions of diesel

generator and ORC are presented in Table 7.1.

Table 7.1: The design conditions of organic Rankine cycle and exhaust gas of diesel

generator
Parameters Values | Units
Gas mass flow rate 150 | kg/hr
Gas inlet temperature 500 |°C
Gas exit temperature 100 |°C
Diesel generator capacity 30 kw
ORC working fluid R123 | -
Expander inlet pressure 5 MPa
Expander isentropic efficiency 70 %
Pump isentropic efficiency 90 %
ORC generator efficiency 90 %

7.2 Stress Analysis

One of the most important studies that need to be considered is the assessment of heat
exchanger’s mechanical design. As shown in Table 7.1, the highest pressure in the cycle is
5 MPa which is the pressure inside the gas heater. It is recommended to use copper pipes
for the ORC since it has very high thermal conductivity. The maximum allowable tensile

stress of copper is 90 MPa. Based on the American Society of Mechanical Engineers
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(ASME), the minimum required thickness of the pipe can be calculated using the following

equation [167]:
r
thickness = % (7.1)

where p is the internal pressure, r is the inner radius, and o is the maximum allowable
tensile stress. Based on the previous chapters, the inner radius varied between 0.005 and
0.01 m. Thus, according to equation (7.1), the minimum required thickness can be
calculated as 0.278 and 0.556 mm, respectively. These correspond to outer diameters of

10.56 and 21.11 mm.
7.3 Optimal Operation

As mentioned in sections 5.4 and 5.5, each working fluid has an optimal expander inlet
temperature at a given pressure. Thus, it is essential first to find this temperature before
installation to achieve the highest possible performance. Figure 7.1 shows the variation of
net output power for R123 while varying the expander inlet temperature. This result is
obtained at an expander inlet pressure of 5 MPa and condensation temperature of 18°C. It
can be noticed that the maximum net output power is approximately 3.8 kW which was
achieved at an expander inlet temperature of ~300°C. For this reason, the expander inlet
conditions will be fixed in the upcoming sections. However, the other cycle’s conditions

will vary based on the cooling source temperature which is assumed to be fluctuating daily.
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Figure 7.1: The variation of net output power as function of expander inlet temperature

for R123 at 5 MPa

On the other hand, if the regenerative cycle is to be adopted, the best point temperature will
change since the net output power of the cycle will be directly proportional to the expander
inlet temperature (see Figure 5.16). However, to make a good comparison between the
basic and regenerative ORC, two cases will be considered for the regenerative cycle. The
first case will be based on the same conditions of the basic ORC with an expander inlet
temperature of 300°C. Then, to increase the net output power, the expander inlet
temperature will be increased to 450°C in the second case keeping an acceptable
temperature difference with the diesel engine generator’s flue gas that is 500°C (see Table

7.1).
7.4 Thermodynamic Performance

The equation used (3.1) for the calculation of net output power in Chapter 3 and Chapter 5

has been adjusted in this section to include the effect of ground heat exchanger’s length
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and water pump (Appendix A.5). Equation (7.2) shows the adjusted form for the

calculation of net output power.
Wnet = Wt- ng - Vi/po - l/i/pw (7.2)

where W, is the net output power, Vi/po is the power consumed by the ORC pump, and

Wpw is the power consumed by the water pump. The latter depends mainly on the length

of the ground heat exchanger and mass flow rate of circulating water. The following

equation can be used to evaluate the amount of power consumed by the water pump:

W,, = AP.Q (7.3)

where AP is the pressure drop (see section 5.1.1) and Q is the volumetric flow rate of water.
According to calculations and simulations carried out in the previous chapters, the mass
flow rate of water can be approximated as 0.85 kg/s and the length of the ground heat
exchanger can vary between 1423 and 1480 m. Thus, the amount of power consumed by
the water pump could be estimated as 0.55 kW for the basic and regenerative ORC at an
expander inlet temperature of 300°C. However, if this temperature increases to 450°C, the

pumping power will also increase to 0.65 kW.
7.4.1 Basic organic Rankine cycle

The daily average effective cooling source temperature varies based on the ambient air and
ground temperatures as shown in Chapter 4. Assuming a constant temperature difference
(8°C) between the cooling source and condensation temperatures, both should vary
similarly. According to this variation, the daily ORC net output power has been calculated

and presented in Figure 7.2.
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Figure 7.2: The annual energy generated by the organic Rankine cycle

The average power generated by the ORC is 2.395 kW which corresponds to an
enhancement of 7.98%. This means that the owner can increase the supply capacity from
30 KW to 32.395 kW. The second method that could be used is to fix the generator’s
capacity at 30 kW and reduce the diesel consumption. However, the first method would be
better considering the difference between levelized cost of electricity and fuel consumption
cost per unit of energy. The overall system’s efficiency varies between 12.89% and 15%
with an average value of 13.52% (see Table 7.2). The total energy generated per year from

the ORC is approximated as 7,011 kWh.

Table 7.2: The performance of organic Rankine cycle; power and efficiency

Performance Minimum | Maximum | Average
Net output power (kW) 2.285 2.658 2.395
Efficiency (%) 12.89 15 13.52
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7.4.2 Regenerative ORC

Based on the same model used in the previous section, the net output power for the
regenerative cycle can be evaluated at two different expander inlet temperatures (see Figure
7.3). A considerable extra amount of power can be generated at 450°C compared to that of
300°C with an average difference of 5 kW. However, this may be accompanied by a

significant increase in the capital cost which will be discussed in the next section.
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Figure 7.3: The annual energy generated by the regenerative organic Rankine cycle

The average power of both regenerative cycles is significantly higher than that of the basic
ORC with an enhancement of 15.31% and 31.5% compared to the original power supplied
by the diesel engine generator (30 kW). These values correspond to the regenerative cycles
running at expander inlet temperatures of 300°C and 450°C, respectively. Table 7.3
summarizes the regenerative cycles’ performances with respect to their net output power
and power enhancement compared to the basic power generated by the diesel generator

(30 kW). If the system operates 8 hours/day, the annual energy generated by the

173



regenerative ORC could be estimated as 13,447 and 27,670 kWh at expander inlet

temperatures of 300°C and 450°C, respectively.

Table 7.3: The performance of the regenerative organic Rankine cycle at two expander

inlet temperatures; 300°C and 450°C

Performance Minimum | Maximum | Average

Regenerative ORC at 300°C

Net output power (kW) 4.449 4.932 4.592
Power enhancement 14.83 16.44 15.31
(%)

Regenerative ORC at 450°C

Net output power (KW) 9.239 9.912 9.45
Power enhancement 30.8 33.04 315
(%)

7.5 Cost Analysis

The levelized cost of electricity supplied by the private sector (£0.35/kWh) is
approximately twice that of the government. This makes the use of waste heat recovery
system highly attractive since it is expected to have an acceptable payback period. The
operating cost of diesel generator is calculated as £0.188/kWh since the cost of diesel in
Lebanon is £0.5/L and the fuel consumption per unit of energy is 0.37 L/kWh. Concerning
the capital cost, it can be divided into three main parts that are the ORC, groundwork and
GHE pipes. The groundwork has been presented as a range based on the shallow
geothermal conditions, however the cost of ground loop depends on the diameter, thickness
and material used. High density polyethylene is selected in this case with a 32 mm diameter
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for several reasons: corrosion resistance, durability, resistance to pressure, easy mounting,
and low friction. Table 7.4 presents all details required for estimating the capital and

operating costs.

Table 7.4: The average cost of system's components and operation

Component/operation Cost
Organic Rankine cycle (E/kW) [168] 2,250-3,000
Diesel consumption (L/kWh) 0.37
Levelized cost of electricity (E/kwWh) 0.35
Diesel cost (E/L) 0.50
Operating cost (£E/kWh) 0.188
High density polyethylene - 32 mm 1.25
inner diameter (£/m)

Groundwork (£/m) 2.07-5.18

According to the same levelized cost of electricity (£0.35/kWh), the entire plant becomes
more profitable when the operating cost decreases from £0.188/kWh to £0.173/kWh while
using the proposed system. This is due to the extra amount of power produced for the same
diesel consumption per hour. However, the diesel consumption per unit of energy is also
reduced from 0.37 to 0.34 L/kWh. The detailed cost assessment of the proposed system is
presented in Table 7.5 in which the capital and operating costs are £11,945-18,770 and
£0.173/kWh, respectively. As mentioned previously, the proposed system is expected to
work 8 hours/day at a rated average power of 2.395 kW. This means that the total gain can
be estimated as £2,419/year considering the levelized cost of electricity as £0.35/kWh.

Thus, the payback period of the system is expected to be between 4.9 and 7.8 years
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depending on three main factors that are the operating hours, diesel generator load

operation and shallow geothermal conditions.

Table 7.5: Final estimates for the basic organic Rankine cycle’s capital and operating cost

Parameter Value
Organic Rankine cycle (£) 7,218-9,624
High density polyethylene (£) 1,782
Groundwork (£) 2,945-7,364
Total capital cost (£) 11,945-18,770
Operating cost (E/kWh) 0.173
Diesel consumption (L/kWh) 0.34

Net profit (E/year) 2,419
Payback period (years) 4.9-7.8

Considering the adoption of the regenerative cycle running at an expander inlet temperature
of 300°C, it can be noticed that the capital cost of the system is approximately 1.4 times
greater than that of the basic ORC (see Table 7.6). However, if the design temperature is
450°C, the capital cost will be 2.3 and 1.6 times greater than that of basic and regenerative
cycle at 300°C, respectively. On the other hand, the payback period decreases significantly
in case of regenerative cycles in which it has an average value of 4.6 years at 300°C and
3.7 years at 450°C. This makes the regenerative cycle more attractive than the basic ORC
since the latter has a minimum expected payback period of 4.9 years. This is due to the
drop in operating costs that have corresponding values of £0.165/kWh and £0.143/kwWh.
Therefore, the most preferable system is the regenerative cycle that is running at an
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expander inlet temperature of 450°C having an annual net profit of £9,546. The second
attractive choice would be the regenerative cycle with a design temperature of 300°C. This

choice could also be considered as the best option if there is a budget constraint.

Table 7.6: Final estimates for the regenerative organic Rankine cycles’ capital and

operating cost

Parameter Expander inlet temperature

300°C

450°C

Organic Rankine cycle (£)

12,335-16,446

23,765-31,686

High density polyethylene (£)

1,782

1,854

Groundwork (£)

2,945-7,364

3,064-7,659

Total capital cost (£)

17,062-25,592

28,682-41,199

Operating cost (E/kWh) 0.168 0.143
Diesel consumption (L/kWh) 0.32 0.28
Net profit (E/year) 4,640 9,546
Payback period (years) 3.7-5.5 3-4.3

7.6 Conclusion

In this chapter, the proposed system was applied as a waste heat recovery system on the
exhaust of a diesel generator with a capacity of 30 kW. Based on the design conditions, it
was found that the best operating temperature of the basic ORC is 300°C. This cycle was
able to enhance the output power by 7.98%. However, this value can increase up to 15.31%

when it is replaced by the regenerative ORC. Furthermore, the enhancement could reach a
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value of 31.5% if the turbine inlet temperature in the regenerative ORC increases to 450°C.
This system has a capital cost and payback period ranges of £23,765-31,686 and 3-4.3

years.
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Chapter 8. Conclusions and Future Work

In this work, a new system was proposed combining organic Rankine cycle, ground-cooled

condenser, and primary heat rejector. Experimental, analytical, and numerical studies were carried

out to assess the thermodynamic performance and economic feasibility of the proposed system.

The system was used as an enhancement for the ORC based on a waste heat recovery application.

However, the presented parametric studies covered a wide range of heat source conditions in order

to provide a guide for researchers working on waste heat recovery systems for low, medium, and

high grades. The upcoming sections present the main outcomes of this research.

8.1 Ground-Cooled Condenser

The investigation of using the ground as a heat sink for enhancing the efficiency of an organic
Rankine cycle was successfully achieved. The use of a ground-cooled condenser helps
decreasing the condensation temperature and hence increasing the expansion in the expander.
Parametric studies were carried out on the CO»-based transcritical Rankine cycle involving the
variation of mass flow rates, temperatures and pressures of all states, and heat exchangers
dimensions. The grade of energy source, expander inlet conditions (temperature and pressure),
condensation temperature and pipe diameter were found to be the most effective parameters.
It was found that the net output power of the cycle can be increased by 1 kW if the underground
water temperature is lower than that of the ambient air by 10°C.

It necessary to replace the turbo expander with a scroll expander since the current study focuses
on small scale power cycles which can be noticed from the resulting low net output power.
This is crucial to avoid inefficient expansions in small turbines that operate at very high

rotational speeds.
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8.2 Experimental Study on Shallow Geothermal Energy in Bekaa-Lebanon

Six thermocouples were inserted at depths 0f 0.3, 0.6, 1, 1.3, 1.6 and 2 m to measure the ground
temperatures in Bekaa-Lebanon and compare them with the lowest, highest, and average
ambient air temperatures.

The maximum differences between highest and lowest temperatures during 2020 were 40°C,
33°C and 7°C for ambient high, ambient low and ground temperature at 2 m, respectively. The
corresponding average values were 22.83°C, 8.87°C and 15.51°C. All ground temperatures
were more stable than that of ambient such that as the depth increased the stability increased.
Based on the comparison between daily ambient air and ground temperatures, it was found that
there are three different operating cases. The first two cases represent the days where the
ambient air temperature is higher or lower than that of the ground. However, the third case
refer to the days when the ambient air temperature is fluctuating around that of the ground.
The potential of using shallow geothermal energy for cooling was found to be significant since
a considerable decrease in the average effective cooling source temperature was achieved due
to the incorporation of ground-cooled condenser. Additionally, the ground cooling system can
operate 207 days/year with full operations of 51 days. This was based on the potential of
operating between 06:00 and 24:00 in which this was considered as the maximum duration

since the ORC is always turned off during night hours.

8.3 Ground Based-Cooling System Configurations

Based on the comparison between direct and indirect ground cooling systems, it was found

that pressure drop has a huge impact on the net output power under the investigated conditions.
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Thus, it was recommended to use the indirect cooling strategy to avoid the mentioned
drawback, ensure stability and make the system more controllable.

A primary heat rejector was introduced to reduce the amount of heat rejected to the ground and
provide coolth compensation during off-periods. Thus, the modified condenser was regarded
as a hybrid-cooled condenser.

Based on the instantaneous ambient air and ground temperatures, it was found that it is
necessary to use four different operating modes to manage the flowing paths of water. The
operating modes aimed to allow the water either to flow into or overtake the GHE, primary

heat rejector and cycle’s condenser.

8.4 Working Fluid Selection

A comparison between four working fluids was carried out that are CO2, R123, R124 and
R245fa. Among these fluids, R123 showed the best performance in terms of net output power.
Each working fluid has an optimal operating temperature at a given expander inlet pressure. It
was shown that as the critical temperature increased the best point temperature also increased.
As the pressure changed from 3 MPa to 6 MPa, the optimal expander inlet temperature for
R123 was shifted from 184.2°C to 263.2°C.

The effect of decreasing the condensation temperature was more considerable for low expander
inlet pressures and working fluids with low critical temperatures in case of basic ORC. At
3 MPa, as the condensation temperature was decreased from 25°C to 15°C the enhancements
in net output power were 7.35%, 12.13% and 8.77% for R123, R124 and R245fa, respectively.

However, an opposite relation was recorded for the regenerative cycle.

181



8.5 Cost Assessment and Payback Period

To study the economic feasibility of the proposed system, a numerical study was carried out
to investigate the effect of using the heat wasted from a diesel engine generator. The capacity
of generator was 30 kW with exhaust mass flow rate and temperature of 150 kg/hr and 500°C.
The total average power of the plant (basic ORC) was increased to 32.395 kW which
corresponds to an enhancement of 7.98%. This has helped reducing the fuel consumption per
unit of energy and decreasing the operating cost from 0.37 L/kWhto 0.34 L/kWh and
£0.188/kWh to £0.173/kWh, respectively.

The total capital cost of the proposed system was estimated between £11,945-18,770.
Considering the decreased operating cost and high levelized cost of electricity (£0.35/kwWh),
the payback period was expected to be varying between 4.9 and 7.8 years according to the
shallow geothermal conditions. However, this may change depending on the total annual
operating hours.

The average total capital cost of the system based on the regenerative ORC was estimated as
£21,327 and £34,941 for an expander inlet temperature of 300°C and 450°C, respectively. The
corresponding net output power enhancements are 15.31% and 31.5% and the estimated

payback periods are 4.6 and 3.7 years.

8.6 Future Work

The system can be further improved by using the heat rejected from the cycle. This can be
mainly applied to the sensible part of heat rejection since the fluid exiting the expander is still
carrying a considerable amount of energy. In the current thesis, this was addressed by adding

a regenerator which is one of the possible heat recovery options.
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The feasibility of using the proposed system in other regions needs to be investigated. This is
very crucial since the system is highly affected by the ambient air and ground temperatures
which indeed vary based on the location. This work would help encouraging the use of shallow
geothermal energy systems.

The proposed system was applied on a specific case study (diesel generator) in this thesis.
Testing this system on further applications is critical allowing to figure out the limitations of
the system and determine where it can be feasible.

The effect of using mixture of different working fluids could be investigated. This can be also
applied to the coolant which is flowing in the primary heat rejector and GHE. It is always
essential to investigate new working fluids due to the critical drawbacks and restrictions. Thus,
searching for alternative working fluids in such a system will continually remain a major
concern in order to improve the cycle in terms of performance, capital cost and environmental
impact.

A detailed study on the selection of underground storage material could be carried out to
enhance the cooling capacity of the ground. Based on the literature, there are various types of
materials that could be used to store and release energy in shallow geothermal energy
applications. It would be beneficial to compare the two types of thermal energy storage
materials (sensible and latent) because the storage capacity and charging/discharging duration
are crucial factors in the proposed system.

According to the literature, geothermal energy has presented significant contributions to
develop hybrid energy systems. Thus, it is recommended to integrate the proposed system into
existing energy systems and mainly into RES-based systems in order to increase the

penetration of renewable energy.
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Appendix A. Engineering Equations Solver

A.1 Basic model

etta_p=0.8 "Pump Efficiency"
etta_t=0.7 "Turbine Efficiency"
etta_g=0.9 "generator efficiency"
g=9.81

R$="CarbonDioxide'

"Gas"

m_dot_g=mg/3600

T_gi=Tgi

T_go=Tgo

T_g_avg=(Tgi+Tgo)/2
cp_g=Cp(CarbonDioxide, T=T_g_avg,P=101)*0.1984+Cp(Water, T=T_g_avg,P=101)*0.0826+Cp(Nitrogen,
T=T_g_avg,P=101)*0.7149

_g=(Conductivity(CarbonDioxide, T=T_g_avg,P=101)*0.1984+Conductivity(Water,T=T_g_avg,P=101)*0.
0826+Conductivity(Nitrogen, T=T_g_avg,P=101)*0.7149)/1000
mu_g=Viscosity(CarbonDioxide, T=T_g_avg,P=101)*0.1984+Viscosity(Water,T=T_g_avg,P=101)*0.0826+
Viscosity(Nitrogen,T=T_g_avg,P=101)*0.7149
Pr_g=Prandtl(CarbonDioxide, T=T_g_avg,P=101)*0.1984+Prandtl(Water,T=T_g_avg,P=101)*0.0826+Pra
ndtl(Nitrogen, T=T_g_avg,P=101)*0.7149

"CO_2"

P_1=P1

T 1=T1
h_1=Enthalpy(R$,T=T_1,P=P_1)
s_1=Entropy(R$,T=T_1,P=P_1)

_2
2

s 1

P 3
_2s=Enthalpy(R$,s=s_2,P=P_2)
_2=h_1-etta_t*(h_1- h_2$)
—2=Temperature(R$,P=P_2,h=h_2)

—|:':'Um

_w+pinch
_sat(R$,T=T_3)
Enthalpy(R$,T=T_3,x=0)
Volume(R$,T=T_3,x=0)

T 3=T

P_3=P

h_3=

v_3=

4=P_1

v 3*(P_4-P_3)/etta_p+h_3
mperature(R$,h=h_4,P=P_4)

N

4
4=T
"Evaporator"

Q_in=m_dot_g*cp_g*(T_gi-T_go)
m_dot_C0O2=Q_in/(h_1-h_4)

"Work Output”
W_t=m_dot_CO2*(h_1-h_2)
W_p=m_dot_CO2*(h_4-h 3)
W_net=W_t*etta_g-W_p
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eff=W_net/Q_in*100
h_sat=Enthalpy(R$,x=1,P=P_2)

"Condenser1"

T_avg=(T_2+T_3)/2
mu_CO2_1=Viscosity(R$,T=T_avg,P=P_2)
Re_C02_1=4*m_dot_C02/(3.14*D*mu_C02_1)
Pr_CO2_1=Prandtl(R$,T=T_avg,P=P_2)
Nu_CO2_1=0.023*Re_C0O2_170.8*Pr_C0O2_1"0.3
K_C02_1=Conductivity(R$,T=T_avg,P=P_2)/1000
h_CO2 1=Nu_CO02_1*K_C02_1/D

Pr_w=Prandtl(Water, T=T_w,P=101)
v=Viscosity(Water,T=T_w,P=101)/Density(Water, T=T_w,P=101)
T_s_1=(T_avg+T_w)/2

B_1=1/((T_s_1+T_w)/2+273)
K_w=Conductivity(Water,T=T_w,P=101)/1000

"Characteristic length: Coil length"

Ra_w_1=g*B_1*(T_s_1-T_w)*L_coil_1*3*Pr_w/v"2
Nu_w_1=(g*B_1*(T_s_1-T_w)*L_coil_1*3*Pr_w/v*2)*0.3071*(H_coil_1/D_coil)*(-0.1097)
h_w_1=Nu_w_1*K_w/L_coil_1

dtim=(T_2-T_3)/(In((T_2-T_w)/(T_3-T_w)))
Q_out_1=m_dot_CO2*(h_2-h_sat)
h_w_1*h_CO2_1/(h_w_1+h_C02_1)*3.14*L_1*D*dtim=Q_out_1

L_1=n_coil_1*D_coil
L_coil_1=n_coil_1*(p_coil*2+3.14"2*D_coil*2)"0.5
H_coil_1=(n_coil_1+1)*D+n_coil_1*p_cail

"Condenser2"
mu_CO2_L=Viscosity(R$,x=0,P=P_2)
mu_CO2_v=Viscosity(R$,x=1,P=P_2)
mu_CO2_2=(mu_CO2_L+mu_CO2_v)/2
Re_CO02_2=4*m_dot_CO02/(3.14*D*mu_C02_2)
Pr_CO2_L=Prandtl(R$,x=0,P=P_2)
Pr_CO02_v=Prandtl(R$,x=1,P=P_2)
Pr_C0O2_2=(Pr_CO2_L+Pr_C0O2_v)/2
Nu_CO2_2=0.023*Re_CO02_2"0.8"Pr_C02_2"0.3
K_CO2_L=Conductivity(R$,x=0,P=P_2)/1000
K_C02_v=Conductivity(R$,x=1,P=P_2)/1000
K_C02_2=(K_CO2_L+K_C02_v)/2
h_CO2_2=Nu_C02_2*K_C02_2/D

T s 2=(T_3+T_w)/2

B_2=1/((T_s_2+T_w)/2+273)

"Characteristic length: Coil length"

Ra_w_2=g*B_2*(T_s_2-T_w)*L_coil_2"3*Pr_w/v"2
Nu_w_2=(g*B_2*(T_s_2-T_w)*L_coil_2*3*Pr_w/v*2)*0.3071*(H_coil_2/D_coil)*(-0.1097)
h_.w_2=Nu_w_2*K_w/L_coil 2
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Q_out_2=m_dot_CO2*(h_sat-h_3)
h_w_2*h_CO02_2/(h_w_2+h_CO02_2)*3.14*L_2*D*(T_3-T_w)=Q_out_2

L_2=n_coil_2*D_coil
L_coil_2=n_coil_2*(p_coil*2+3.14"2*D_coil*2)"0.5
H_coil_2=(n_coil_2+1)*D+n_coil_1*p_cail

L con=L_1+L_2

"Evaporator"
d_h=(D_g"2-D*2)/(D_g+D)
Re_g=4*m_dot_g/(3.14*d_h*mu_g)
Nu_g=0.023*Re_g"0.8*Pr_g"0.3
h_g=Nu_g*K_g/d_h

mu_CO2_e_1=Viscosity(R$,P=P_1,T=T_4)
mu_CO2_e_2=Viscosity(R$,P=P_1, T=T_1)
mu_CO2=(mu_CO2_e_1+mu_CO2_e_2)/2

Re_C02=4*m_dot_C02/(3.14*D*mu_C02)
Pr_e_1=Prandti(R$,P=P_1,T=T_4)
Pr_e_2=Prandtl(R$,P=P_1,T=T_1)
Pr_CO2=(Pr_e_1+Pr_e_2)/2
Nu_C02=0.023*Re_C02"0.8*Pr_C02"0.4
K_CO2_e_1=Conductivity(R$,P=P_1,T=T_4)/1000
K_CO2_e_2=Conductivity(R$,P=P_1,T=T_1)/1000
K_CO2=(K_CO02_e_1+K_C0O2_e_2)/2
h_C0O2=Nu_CO02*K_CO02/D

U_e=h_g*h_CO2/(h_g+h_CO2)
dt1=T_gi-T_1

dt2=T_go-T_4
dtlm_e=(dt1-dt2)/In(dt1/dt2)
A_e=3.14"D*L_evap
Q_in=U_e*A_e*dtim_e

H_coil=H_coil_1+H_coil 2

A.2 Effect of pressure drop

A.2.1 Ideal direct ground cooling

etta_p=0.8 "Pump Efficiency"
etta_t=0.7 "Turbine Efficiency"
etta_g=0.9 "generator efficiency"
g=9.81

R$='CarbonDioxide'

llGasll

m_dot_g=mg/3600

T _gi=Tgi

T_go=Tgo

T_g_avg=(Tgi+Tgo)/2
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cp_g=Cp(CarbonDioxide, T=T_g_avg,P=101)*0.1984+Cp(Water,T=T_g_avg,P=101)*0.0826+Cp(Nitrogen,
T=T_g_avg,P=101)*0.7149

K_g=(Conductivity(CarbonDioxide, T=T_g_avg,P=101)*0.1984+Conductivity(Water,T=T_g_avg,P=101)*0.
0826+Conductivity(Nitrogen, T=T_g_avg,P=101)*0.7149)/1000

mu_g=Viscosity(CarbonDioxide, T=T_g_avg,P=101)*0.1984+Viscosity(Water,T=T_g_avg,P=101)*0.0826+
Viscosity(Nitrogen,T=T_g_avg,P=101)*0.7149

Pr_g=Prandtl(CarbonDioxide, T=T_g_avg,P=101)*0.1984+Prandtl(Water,T=T_g_avg,P=101)*0.0826+Pra

ndtl(Nitrogen, T=T_g_avg,P=101)*0.7149

"CO_2||

P_1=P1

T 1=T1
h_1=Enthalpy(R$,T=T_1,P=P_1)
s_1=Entropy(R$,T=T_1,P=P_1)

N
]

(7]

—

3

nthalpy(R$,s=s_2,P=P_2)
-etta_t*(h_1-h 25)

‘emperature(R$,P=P_2,h=h_2)

:':rncn
N
Cﬂu
rnUI

I\)I\)I\J
i

==

T
P_sat(R$,T=T_3)
Enthalpy(R$,T=T_3,x=0)
olume(R$,T=T_3,x=0)

<704 -
Wwwc,o
IL 1

w

<

i
i

1
v 3*(P_4-P_3)/etta_p+h_3
emperature(R$,h=h_4,P=P_4)

—||3 l'U
1l

"Boiler"
Q_in=m_dot_g*cp_g*(T_gi-T_go)
m_dot_CO2=Q_in/(h_1-h_4)

"Work Output"
W_t=m_dot_C0O2*(h_1-h_2)
W_p=m_dot_CO2*(h_4-h_3)
W_net=(W_t-W_p)*etta_g
eff=W_net/Q_in*100

h_sat=Enthalpy(R$,x=1,P=P_2)

"Condenser1"

T avg=(T_2+T_3)/2
mu_CO2_1=Viscosity(R$,T=T_avg,P=P_2)
Re_CO0O2_1=4*m_dot_CO02/(3.14*D*mu_C0O2_1)
Pr_CO2_1=Prandtl(R$,T=T_avg,P=P_2)
Nu_CO2_1=0.023*Re_CO2_170.8*Pr_CO2_170.3
K_C02_1=Conductivity(R$,T=T_avg,P=P_2)/1000
h_CO2_1=Nu_C02_1*K_C02_1/D

_1=(T_2+T_g)/2
_2=(T_3+T_g)/2

"Horizontal"
dtim=(T_2-T_s_1-T_3+T_s_2)/(In((T_2-T_s_1)/(T_3-T_s_2)))
Q_out_1=m_dot_CO2*(h_2-h_sat)
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h_C0O2_1*3.14*L_h_1*D*dtim=Q_out_1

"Condenser2"
mu_CO2_L=Viscosity(R$,x=0,P=P_2)
mu_CO2_v=Viscosity(R$,x=1,P=P_2)
mu_CO2_2=(mu_CO2_L+mu_CO02_v)/2
Re_C02_2=4*m_dot_C02/(3.14*D*mu_C0O2_2)
Pr_CO2_L=Prandtl(R$,x=0,P=P_2)
Pr_CO2_v=Prandtl(R$,x=1,P=P_2)
Pr_C0O2_2=(Pr_CO2_L+Pr_C0O2_v)/2
Nu_CO2_2=0.023*Re_C0O2_20.8*Pr_C02_2"0.3
K_CO2_L=Conductivity(R$,x=0,P=P_2)/1000
K_CO2_v=Conductivity(R$,x=1,P=P_2)/1000
K_C02_2=(K_CO2_L+K_C02_v)/2

h_CO2 2=Nu_CO02 2*K _CO02_2/D

"Horizontal"

Q_out_2=m_dot_CO2*(h_sat-h_3)
h_C02_2*3.14*L_h_2*D*(T_3-T_s_2)=Q_out_2
L h=L_h_1+L h 2

"Evaporator"
d_h=(D_g"2-D*2)/(D_g+D)
Re_g=4*m_dot_g/(3.14*d_h*mu_g)
Nu_g=0.023*Re_g"0.8*Pr_g"0.3
h_g=Nu_g*K_g/d_h

mu_CO2_e_1=Viscosity(R$,P=P_1,T=T_
mu_CO2_e_2=Viscosity(R$,P=P_1,T=T_
mu_CO2=(mu_CO2_e_1+mu_CO2_e_2)/2
Re_C02=4*m_dot_CO02/(3.14*D*mu_CO2
Pr_e_1=Prandtl(R$,P=P_1,T=T_4)
Pr_e_2=Prandtl(R$,P=P_1,T=T_1)
Pr_CO2=(Pr_e_1+Pr_e_2)/2
Nu_C02=0.023*Re_C02"0.8*Pr_C02"0.4
K_CO2_e_1=Conductivity(R$,P=P_1,T=T_4)/1000
K_CO2_e_2=Conductivity(R$,P=P_1,T=T_1)/1000
K_CO2=(K_C0O2_e_1+K_CO2_e_2)/2
h_CO2=Nu_CO02*K_C0O2/D

~

U_e=h_g*h_CO2/(h_g+h_CO2)
dt1=T_gi-T_1

dt2=T_go-T_4
dtlm_e=(dt1-dt2)/In(dt1/dt2)
A_e=3.14"D*L_evap
Q_in=U_e*A_e*dtim_e

A.2.2 Considering pressure drop in the condenser

subprogram f(R$,s_2,P_3,P_2,P_2s,m_dot_C02,Q_in,W_p,D,T_g,T_3,h_1,h_3,ee:
L_hL h_1L_h_27T avg,W_net, T_2.fr1,r2)

etta_t=0.7 "Turbine Efficiency"
etta_g=0.9 "generator efficiency"
g=9.81
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s=Enthalpy(R$,s=s_2,P=P_2)
=h_1-etta_t*(h_1-h_2s)
=Temperature(R$,P=P_2,h=h_2)

h .
h .
T
W_t=m_dot_CO2*(h_1-h_2)
W_net=(W_t-W_p)*etta_g
eff=W_net/Q_in*100

T_2s=T_sat(R$,P=P_2s)
h_sat=Enthalpy(R$,x=1,P=P_2s)

"Condenser1"

T_avg=(T_2+T_2s)/2

Pavg=(P_2+P_2s)/2
mu_CO2_1=Viscosity(R$,T=T_avg,P=Pavg)
Re_CO02_1=4*m_dot_C02/(3.14*D*mu_CO02_1)
Pr_CO2_1=Prandtl(R$,T=T_avg,P=Pavg)
Nu_CO02_1=0.023*Re_C0O2_1"0.8*Pr_C02_1"0.3
K_C02_1=Conductivity(R$,T=T_avg,P=Pavg)/1000
h_C0O2_1=Nu_CO02_1*K_C02_1/D

(T_2+T_g)/2
(T_2s+T_g)/2
(

T s 1
Ts 2
T_s_3=((T_2s+T_3)/2+T_g)/2

"Horizontal"
dtim=(T_2-T_s_1-T_2s+T_s_2)/(In((T_2-T_s_1)/(T_2s-T_s_2)))
Q_out_1=m_dot_CO2*(h_2-h_sat)
h_CO2_1*3.14*L_h_1*D*dtim=Q_out_1

"Condenser2"

Pavg2=(P_2s+P_3)/2
mu_CO2_L=Viscosity(R$,x=0,P=P_3)
mu_CO2_v=Viscosity(R$,x=1,P=P_2s)
mu_CO2_2=(mu_CO2_L+mu_CO2_v)/2
Re_C02_2=4*m_dot_C02/(3.14*D*mu_C02_2)
Pr_CO2_L=Prandtl(R$,x=0,P=P_3)
Pr_CO2_v=Prandtl(R$,x=1,P=P_2s)
Pr_CO2_2=(Pr_CO2_L+Pr_CO2_v)/2
Nu_CO2_2=0.023*Re_CO0O2_2"0.8*Pr_C0O2_2"0.3
K_CO2_L=Conductivity(R$,x=0,P=P_3)/1000
K_C02_v=Conductivity(R$,x=1,P=P_2s)/1000
K_C02_2=(K_CO2_L+K_CO02_v)/2
h_C0O2_2=Nu_C02 2*K_CO02_2/D

Q_out_2=m_dot_CO2*(h_sat-h_3)
h_CO02_2*3.14*L_h_2*D*(T_3-T_s_3)=Q_out_2

L h=L_h_1+L_h 2
fr1=0.316/Re_CO2_170.25
fr2=0.316/Re_CO2_2"0.25
end

Procedure g(R$,s_2,P_3,m_dot_C02,Q_in,W_p,D,T_g,T_3,h_1,h_3,ee:L_h,dp,W_net,P_2,T 2)
P 2=P 3

P_2s=P_3

Lr=0
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Repeat

call f(R$,s_2,P_3,P_2,P_2s,m_dot_C02,Q_in,W_p,D,T_g,T_3,h_1,h_3,ee:
L_h,L_h_1,L_h_2,T avg,W_net, T_2,fr1,fr2)
v_C02_1=m_dot_CO2/(Density(CarbonDioxide,P=(P_2s+P_3)/2,x=0.5)*3.14*D"2/4)
dp1=Density(CarbonDioxide,P=(P_2s+P_3)/2,x=0.5)*fr1*L_h_1*v_C02_1"2/(2*D)
v_CO02_2=m_dot_CO2/(Density(CarbonDioxide,P=(P_2+P_2s)/2,T=T_avg)*3.14*D"2/4)
dp2=Density(CarbonDioxide,P=(P_2+P_2s)/2, T=T_avg)*fr2*L_h_1*v_C0O2_2"2/(2*D)
dp=dp1+dp2

di=Lr-L_h

Lr=L_h

P_2s=P_3+dp1/1000

P_2=P_2s+dp2/1000

until (dI<0.01) and (dI>0)

end

etta_p=0.8 "Pump Efficiency"
g=9.81
R$='CarbonDioxide'

"Gas"

m_dot_g=mg/3600

T_gi=Tgi

T_go=Tgo

T_g_avg=(Tgi+Tgo)/2

cp_g=Cp(CarbonDioxide, T=T_g_avg,P=101)*0.1984+Cp(Water,T=T_g_avg,P=101)*0.0826+Cp(Nitrogen,
T=T_g_avg,P=101)*0.7149

K_g=(Conductivity(CarbonDioxide, T=T_g_avg,P=101)*0.1984+Conductivity(Water,T=T_g_avg,P=101)*0.
0826+Conductivity(Nitrogen, T=T_g_avg,P=101)*0.7149)/1000

mu_g=Viscosity(CarbonDioxide, T=T_g_avg,P=101)*0.1984+Viscosity(Water,T=T_g_avg,P=101)*0.0826+
Viscosity(Nitrogen,T=T_g_avg,P=101)*0.7149

Pr_g=Prandtl(CarbonDioxide, T=T_g_avg,P=101)*0.1984+Prandtl(Water, T=T_g_avg,P=101)*0.0826+Pra
ndtl(Nitrogen, T=T_g_avg,P=101)*0.7149

"CO_2"

P_1=P1

T_1=T1
h_1=Enthalpy(R$,T=T_1,P=P_1)
s_1=Entropy(R$,T=T_1,P=P_1)

s 2=s_1

T 3=T3

P_3=P_sat(R$,T=T_3)
h_3=Enthalpy(R$,T=T_3,x=0)
v_3=Volume(R$,T=T_3,x=0)
P_4=P_1
h_4=v_3*(P_4-P_3)/etta_p+h_3
T_4=Temperature(R$,h=h_4,P=P_4)
"Boiler"

Q_in=m_dot_g*cp_g*(T_gi-T_go)
m_dot_C0O2=Q_in/(h_1-h_4)

ee=0
call g(R$,s_2,P_3,m_dot_C0O2,Q_in,W_p,D,T_g,T_3,h_1,h_3,ee:L_h,dp,W_net,P_2,T 2)
W_p=m_dot_CO2*(h_4-h_3)
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Wreal=W_net
Lcondenser=L_h
eff=W_net/Q_in*100

"Evaporator"
d_h=(D_g"2-D"2)/(D_g+D)
Re_g=4*m_dot_g/(3.14*d_h*mu_g)
Nu_g=0.023*Re_g"0.8*Pr_g"0.3
h_g=Nu_g*K_g/d_h

mu_CO2_e_1=Viscosity(R$,P=P_1,T=T_4)
mu_CO2_e_2=Viscosity(R$,P=P 1T=T_1)
mu_CO2=(mu_CO2_e_1+mu_CO2_e_2)/2
Re_C0O2=4*m_dot_C02/(3.14*D*mu_C02)

Pr_e_1=Prandti(R$,P=P_1,T=T_4)
Pr_e_2=Prandtl(R$,P=P_1,T=T_1)
Pr_CO2=(Pr_e_1+Pr_e_2)/2
Nu_C02=0.023*Re_C02"0.8*Pr_C02"0.4
K_CO2_e_1=Conductivity(R$,P=P_1,T=T_4)/1000
K_C02_e_2=Conductivity(R$,P=P_1,T=T_1)/1000
K_CO2=(K_CO02_e_1+K_C0O2_e_2)/2
h_C0O2=Nu_CO02*K_CO02/D

U_e=h_g*h_CO02/(h_g+h_CO2)
dt1=T_gi-T_1

dt2=T_go-T_4
dtim_e=(dt1-dt2)/In(dt1/dt2)
A_e=3.14"D*L_evap
Q_in=U_e*A_e*dtim_e

A.2.3 Direct ground cooling

subprogram f(R$,P_3,P_2,P_2s,Q_in,D,T_g,T_3,h_.

3,ee,P_1,Tgi,Tgo,m_dot_g,D_g,h_ 4T _1,T_4,P_4:

L_hL h_1,L_h_27T avg,W_net, T_2.fr1,fr2,fre,L_evap,m_dot_CO2)

T_g_avg=(Tgi+Tgo)/2

cp_g=Cp(CarbonDioxide, T=T_g_avg,P=101)*0.1984+Cp(Water,T=T_g_avg,P=101)*0.0826+Cp(Nitrogen,

T=T_g_avg,P=101)*0.7149
K_g=(Conductivity(CarbonDioxide, T=T_g_avg,P=1

01)*0.1984+Conductivity(Water, T=T_g_avg,P=101)*0.

0826+Conductivity(Nitrogen, T=T_g_avg,P=101)*0.7149)/1000

mu_g=Viscosity(CarbonDioxide, T=T_g_avg,P=101
Viscosity(Nitrogen,T=T_g_avg,P=101)*0.7149

)*0.1984+Viscosity(Water, T=T_g_avg,P=101)*0.0826+

Pr_g=Prandtl(CarbonDioxide, T=T_g_avg,P=101)*0.1984+Prandtl(Water,T=T_g_avg,P=101)*0.0826+Pra

ndtl(Nitrogen, T=T_g_avg,P=101)*0.7149

h_1=Enthalpy(R$,T=T_1,P=P_1)
s_1=Entropy(R$,T=T_1,P=P_1)

s 2=s 1
m_dot_CO2=Q_in/(h_1-h_4)
W_p=m_dot_CO2*(h_4-h_3)

t=0.7 "Turbine Efficiency
_g=0.9 "generator efficiency
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s=Enthalpy(R$,s=s_2,P=P_2)
=h_1-etta_t*(h_1-h_2s)
=Temperature(R$,P=P_2,h=h_2)

h .
h .
T
W_t=m_dot_CO2*(h_1-h_2)
W_net=(W_t-W_p)*etta_g
eff=W_net/Q_in*100

T_2s=T_sat(R$,P=P_2s)
h_sat=Enthalpy(R$,x=1,P=P_2s)

"Condenser1"

T_avg=(T_2+T_2s)/2

Pavg=(P_2+P_2s)/2
mu_CO2_1=Viscosity(R$,T=T_avg,P=Pavg)
Re_CO02_1=4*m_dot_C02/(3.14*D*mu_CO02_1)
Pr_CO2_1=Prandtl(R$,T=T_avg,P=Pavg)
Nu_CO02_1=0.023*Re_C0O2_1"0.8*Pr_C02_1"0.3
K_C02_1=Conductivity(R$,T=T_avg,P=Pavg)/1000
h_C0O2_1=Nu_CO02_1*K_C02_1/D

(T_2+T_g)/2
(T_2s+T_g)/2
(

T s 1
Ts 2
T_s_3=((T_2s+T_3)/2+T_g)/2

"Horizontal"
dtim=(T_2-T_s_1-T_2s+T_s_2)/(In((T_2-T_s_1)/(T_2s-T_s_2)))
Q_out_1=m_dot_CO2*(h_2-h_sat)
h_CO2_1*3.14*L_h_1*D*dtim=Q_out_1

"Condenser2"

Pavg2=(P_2s+P_3)/2
mu_CO2_L=Viscosity(R$,x=0,P=P_3)
mu_CO2_v=Viscosity(R$,x=1,P=P_2s)
mu_CO2_2=(mu_CO2_L+mu_CO2_v)/2
Re_C02_2=4*m_dot_C02/(3.14*D*mu_C02_2)
Pr_CO2_L=Prandtl(R$,x=0,P=P_3)
Pr_CO2_v=Prandtl(R$,x=1,P=P_2s)
Pr_CO2_2=(Pr_CO2_L+Pr_CO2_v)/2
Nu_CO2_2=0.023*Re_CO0O2_2"0.8*Pr_C0O2_2"0.3
K_CO2_L=Conductivity(R$,x=0,P=P_3)/1000
K_C02_v=Conductivity(R$,x=1,P=P_2s)/1000
K_C02_2=(K_CO2_L+K_CO02_v)/2
h_C0O2_2=Nu_C02 2*K_CO02_2/D

Q_out_2=m_dot_CO2*(h_sat-h_3)
h_CO02_2*3.14*L_h_2*D*(T_3-T_s_3)=Q_out_2

L h=L_h 1+L_h 2
fr1=0.316/Re_CO2_170.25
fr2=0.316/Re_CO2_2°0.25

"Evaporator"
d_h=(D_g"2-D*2)/(D_g+D)
Re_g=4*m_dot_g/(3.14*d_h*mu_g)
Nu_g=0.023*Re_g"0.8*Pr_g"0.3
h_g=Nu_g*K_g/d_h
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mu_CO2_e_1=Viscosity(R$,P=P_4,T
mu_CO02_e_2=Viscosity(R$,P=P_1,T=T_
mu_CO2=(mu_CO2_e_1+mu_CO2_e_2)/2
Re_C02=4*m_dot_CO02/(3.14*D*mu_CQO2)
Pr_e_1=Prandtl(R$,P=P_4,T=T_4)
Pr_e_2=Prandtl(R$,P=P_1,T=T_1)
Pr_CO2=(Pr_e_1+Pr_e_2)/2
Nu_C02=0.023*Re_C02"0.8*Pr_C02"0.4
K_C02_e_1=Conductivity(R$,P=P_4,T=T_4)/1000
K_C02_e_2=Conductivity(R$,P=P_1,T=T_1)/1000
K_C0O2=(K_C02_e_1+K_CO2_e_2)/2
h_CO2=Nu_CO02*K_C02/D

T_
T

U_e=h_g*h_CO02/(h_g+h_C0O2)
dt1=Tgi-T_1

dt2=Tgo-T_4
dtim_e=(dt1-dt2)/In(dt1/dt2)
A_e=3.14"D*L_evap
Q_in=U_e*A e*dtim_e

fre=0.316/Re_C02"0.25
end

Procedure g(R$,P_3,Q_in,D,T_g,T_3,h_3,ee,Tgi,Tgo,m_dot_g,D_g,h_ 4,P 4T 1,T 4:
L_h,dp,W_net,P_2,T_2,L_evap,m_dot_CO2)

P 2=P_3

P 2s=P_3

P 1=P_4

Lr=0

Repeat

call f(R$,P_3,P_2,P_2s,Q_in,D,T_g,T_3,h_3,ee,P_1,Tgi,Tgo,m_dot_g,D_g,h_ 4T 1,T 4P _4:
L_h,L h_1,L_h_2T avg,W_net, T_2.fr1,fr2,fre,L_evap,m_dot_CO2)
v_C02_1=m_dot_CO2/(Density(CarbonDioxide,P=(P_2s+P_3)/2,x=0.5)*3.14*D"2/4)
dp1=Density(CarbonDioxide,P=(P_2s+P_3)/2,x=0.5)*fr1*L_h_1*v_C02_1"2/(2*D)
v_C02_2=m_dot_CO2/(Density(CarbonDioxide,P=(P_2+P_2s)/2,T=T_avg)*3.14*D"2/4)
dp2=Density(CarbonDioxide,P=(P_2+P_2s)/2, T=T_avg)*fr2*L_h_1*v_C0O2_2"2/(2*D)
dp=dp1+dp2
v_C0O2_e=m_dot_CO2/(Density(CarbonDioxide,P=(P_1+P_4)/2,T=(Tgi+Tgo)/2)*3.14*D"2/4)
dpe=Density(CarbonDioxide,P=(P_1+P_4)/2, T=(Tgi+Tgo)/2)*fre*L_evap*v_CO2_e"2/(2*D)
dl=Lr-L_h

Lr=L_h

P_2s=P_3+dp1/1000

P_2=P_2s+dp2/1000

P_1=P_4-dpe/1000

until (dI<0.01) and (dI>0)

end

etta_p=0.8 "Pump Efficiency"
9=9.81
R$='CarbonDioxide'

"Gas"
m_dot_g=mg/3600

T _gi=Tgi

T_go=Tgo
T_g_avg=(Tgi+Tgo)/2
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cp_g=Cp(CarbonDioxide, T=T_g_avg,P=101)*0.1984+Cp(Water,T=T_g_avg,P=101)*0.0826+Cp(Nitrogen,
T=T_g_avg,P=101)*0.7149

llCO_2II
P_4=P1

P_3=P_sat(R$,T=T_3)
h_3=Enthalpy(R$,T=T_3,x=0)
v_3=Volume(R$,T=T_3,x=0)

"P_4=P_1"
h_4=v_3*(P_4-P_3)/etta_p+h_3
T_4=Temperature(R$,h=h_4,P=P_4)

"Boiler"

Q_in=m_dot_g*cp_g*(T_gi-T_go)

ee=0
callg(R$,P_3,Q_in,D,T_g,T_3,h_3,ee,Tgi,Tgo,m_dot_g,D_g,h_ 4,P_ 4T 1T 4:
L_h,dp,W_net,P_2,T_2,L_evap,m_dot_CO2)

Wreal=W_net

Lcondenser=L_h

eff=W_net/Q_in*100

A.3 Working fluid selection

A.3.1 Basic organic Rankine cycle

etta_p=0.8 "Pump Efficiency"
etta_t=0.7 "Turbine Efficiency"
etta_g=0.9 "generator efficiency"
g=9.81

"R$="Fluid"

llGaSH

m_dot_g=mg/3600

T_gi=Tgi

T_go=Tgo

T_g_avg=(Tgi+Tgo)/2

cp_g=Cp(CarbonDioxide, T=T_g_avg,P=101)*0.1984+Cp(Water, T=T_g_avg,P=101)*0.0826+Cp(Nitrogen,
T=T_g_avg,P=101)*0.7149

uR$u

P_1=P1

T_1=T1
h_1=Enthalpy(R$,T=T_1,P=P_1)
s_1=Entropy(R$,T=T_1,P=P_1)

_2=s_1

 2=P_3
s=Enthalpy(R$,s=s_2,P=P_2)
h_1-etta_t‘(h_1-h_2s)
Temperature(R$,P=P_2,h=h_2)

oo

jn e

_2
_2
2

—
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T_3=T_w+pinch
P_3=P_sat(R$,T=T_3)
h_3=Enthalpy(R$,T=T_3,x=0)
v_3=Volume(R$,T=T_3,x=0)
P_4=P_1
h_4=v_3*(P_4-P_3)/etta_p+h_3
T_4=Temperature(R$,h=h_4,P=P_4)
"Evaporator"

Q_in=m_dot_g*cp_g*(T_gi-T_go)
m_dot_f=Q_in/(h_1-h_4)

"Work Output”
W_t=m_dot_f*(h_1-h_2)
W_p=m_dot_f*(h_4-h_3)
W_net=W_t*etta_g-W_p
eff=W_net/Q_in*100

Q_rej=m_dot_f*(h_2-h_3)
A.3.2 Regenerative cycle

etta_p=0.8 "Pump Efficiency"
etta_t=0.7 "Turbine Efficiency
etta_g=0.9 "generator efficiency
etta_r=0.8

g=9.81

"R$="Fluid"

"Gas"

m_dot_g=mg/3600

T _gi=Tgi

T_go=Tgo

T_g_avg=(Tgi+Tgo)/2

cp_g=Cp(CarbonDioxide, T=T_g_avg,P=101)*0.1984+Cp(Water,T=T_g_avg,P=101)*0.0826+Cp(Nitrogen,
T=T_g_avg,P=101)*0.7149

IIR$II

P_1=P1

T_1=T1
h_1=Enthalpy(R$,T=T_1,P=P_1)
s_1=Entropy(R$,T=T_1,P=P_1)

_2=P_3
_2s=Enthalpy(R$,s=s_2,P=P_2)
h_1-etta_t*(h_1-h_2s)
Temperature(R$,P=P_2,h=h_2)

T_w+pinch
P_sat(R$,T=T_3)

nthalpy(R$,T=T_3,x=0)

olume(R$,T=T_3,x=0)

o'
smT
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P_4=P_1

h_4=v_3*(P_4-P_3)/etta_p+h_3
T_4=Temperature(R$,h=h_4,P=P_4)

"Regenerator"
T_44=T_2-30

h_44=Enthalpy(R$, T=T_44, P=P_1)

h_22=h_2-etta_r*(h_44-h_4)

T_22=Temperature(R$, h=h_22, P=P_2)

"Evaporator"

Q_in=m_dot_g*cp_g*(T_gi-T_go)

m_dot_f=Q_in/(h_1-h_44)

"Work Output”
W_t=m_dot_f*(h_1-h_2)
W_p=m_dot_f*(h_4-h_3)

4-h_
W_net=W_t*etta_g-W_p
eff=W_net/Q_in*100
Q_rej=m_dot_f*(h_22-h_3)

A.4 Ground loop sizing

P_w=101

cp_w=Cp(Water, T=T_wa,P=P_w)
mu_w1=Viscosity(Water,T=T_wa,P=P_w)
Re_w1=4*m_w/(3.14*Dh*mu_w1)
Pr_w1=Prandtl(Water,T=T_wa,P=P_w)
Nu_w1=0.023*Re_w1"0.8*Pr_w10.4
K_w1=Conductivity(Water, T=T_wa,P=P_w)/1000

h_w1=Nu_w1*K_w1/Dh

kp=0.5
kpcm=0.2
ks=2

rin=0.032/2
ro=rin+0.0023
roo=ro+0.0023
rooo=0.32

R1=1/
R2=In
R3=In
R4=In

h_w1*3.14*Dh*L*1000)
ro/rin)/(2*3.14*kp*L)

roo/ro)/(2*3.14*kpcm*L)
rooo/roo)/(2*3.14*ks*L)

—_—~ =

Regq=R1+R2+R3+R4

dt1=6
dt2=2
dtim=(dt1-dt2)/In(dt1/dt2)
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Qrej=m_w*cp_w*4
dtim/Req=Qrej*1000

A.5 Application

A.5.1 Basic organic Rankine cycle

etta_p=0.9 "Pump Efficiency"
etta_t=0.7 "Turbine Efficiency"
etta_g=0.9 "generator efficiency"
g=9.81

"R$="Fluid"

"Gas"
m_dot_g=mg/3600
T_gi=Tgi
T_go=Tgo
cp_g=1.063

"R123"

P_1=P1

T 1=T1
h_1=Enthalpy(R$,T=T_1,P=P_1)
s_1=Entropy(R$,T=T_1,P=P_1)

s_1

P 3
s=Enthalpy(R$,s=s_2,P=P_2)
h_1-etta_t*(h_1-h_2s)
Temperature(R$,P=P_2,h=h_2)

(7]

_2
2

pv)

o s o

2
2
2

—

T_3=T_w+pinch
P_sat(R$,T=T_3)
Enthalpy(R$,T=T_3,x=0)
Volume(R$,T=T_3,x=0)
1=Enthalpy(R$,T=T_3,x=1)

3
P 3
h 3
v_3
h 3

P_1
v_3*(P_4-P_3)/etta_p+h_3
Temperature(R$,h=h_4,P=P_4)

4

— > T

4
"Evaporator"
Q_in=m_dot_g*cp_g*(T_gi-T_go)
m_dot_f=Q_in/(h_1-h_4)

"Work Output”
W_t=m_dot_f*(h_1-h_2)
rho_2=Density(R$,P=P_2,h=h_2)
Q_2=m_dot_f/rho_2
sH=(h_1-h_2)*1000

Ns=0.58
N=60*Ns*sH"(3/4)/(2*3.14*Q_2"0.5)
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W_p=m_dot_f*(h_4-h_3)
W_net=W_t*etta_g-W_p-Wpump
eff=W_net/Q_in*100

Q_rej=m_dot_f*(h_2-h_3)

T w_1=T_3-2
T_w_2=T_3-6
Q_rej=m_dot_w*4.18*(T_w_1-T_w_2)

D=0.032

A=3.14*D"2/4

v=m_dot_w/(1000*A)
Vis=Viscosity(Water, T=T_w+4,P=101)

Re=1000*v*D/Vis
f=0.316/Re"0.25
I=1423 "GHE Length"
dP=f*I*v*2/(2*D)
Wpump=dP*v*A
Q=v*A

A.5.2 Regenerative cycle

etta_p=0.9 "Pump Efficiency"
etta_t=0.7 "Turbine Efficiency"
etta_g=0.9 "generator efficiency"
etta_r=0.8

g=9.81

"R$="Fluid"

llGaSH
m_dot_g=mg/3600

T _gi=Tgi

T_go=Tgo
T_g_avg=(Tgi+Tgo)/2
cp_g=1.063

"R123"

P_1=P1

T_1=T1
h_1=Enthalpy(R$,T=T_1,P=P_1)
s_1=Entropy(R$,T=T_1,P=P_1)

s 2=s 1

P_2=P_3
h_2s=Enthalpy(R$,s=s_2,P=P_2)
h_2=h_1-etta_t*(h_1-h_2s)
T_2=Temperature(R$,P=P_2,h=h_2)
T_3=T_w+pinch

P 3=P sat(R$,T=T _3)
h_3=Enthalpy(R$,T=T_3,x=0)

v_3=Volume(R$,T=T_3,x=0)

P_4=P_1
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h_4=v_3*(P_4-P_3)/etta_p+h_3
T_4=Temperature(R$,h=h_4,P=P_4)
"Regenerator"

T 44=T 2-30

h_44=Enthalpy(R$, T=T_44, P=P_1)
h_22=h_2-etta_r*(h_44-h_4)
T_22=Temperature(R$, h=h_22, P=P_2)

"Evaporator"
Q_in=m_dot_g*cp_g*(T_gi-T_go)
m_dot_f=Q_in/(h_1-h_44)

"Work Output”
W_t=m_dot_f*(h_1-h_2)
W_p=m_dot_f*(h_4-h_3)
W_net=W_t*etta_g-W_p-Wpump
eff=W_net/Q_in*100

Q_rej=m_dot_f*(h_22-h_3)

D=0.032

A=3.14*D"2/4

v=m_dot_w/(1000*A)
Vis=Viscosity(Water, T=T_w+4,P=101)

Re=1000*v*D/Vis
f=0.316/Re"0.25
I=1423  "GHE length"
dP=f*I*v"2/(2*D)
Wpump=dP*v*A

Q=v*A

T w_1=T_3-2

T w 2=T _3-6
Q_rej=m_dot_w*4.18*(T_w_1-T_w_2)
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Appendix B. Visual Basic

Private Sub Click_Click()
Fori=2To 367

tmax = Cells(i, "B")

tmin = Cells(i, "C")

tg = Cells(i, "D")

t1=25

t2=25

IT3I
X = (tmax - tmin) / 17
t3=6* X +tmin

Cells(i, "E") = t3

aal = (tmax + tmin) * 7/ 2
aa2 = (tmax +t3) *11/2
tavamb = (aal + aa2) / 18

Cells(i, "I'") = tavamb

If tg < tmin Then

teff = tg

t1=6

t2=24

Elself tg > tmax Then

teff = tavamb

Else

't

al = (tmax - tmin) / 7

bl=tmin-6*al
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t1=(tg-bl)/al

"
a2 = (t3 - tmax) / 11

b2 = (tmax - 13 * a2)

t2 = (tg - b2) / a2

arl = (tg + tmin) * (t1-6)/2
ar2 =tg * (t2 - t1)

ar3=(tg +t3) * (24 -12)/ 2
ar=arl+ar2+ar3

teff =ar/ 18

End If

Cells(i, "J") = teff

Ift1 <13 Then

Cells(i, "F") = t1

Else

Cells(i, "F") =""

End If

Ift1 <13 And t2 <= 24 Then
Cells(i, "G") =12

Else

Cells(i, "G") =""

End If

deltat = Cells(i, "G") - Cells(i, "F")
If deltat = 0 Then
Cells(i, "H") =0
Elself deltat <0 Then
Cells(i, "H") = 24 - Cells(i, "F")
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Else

Cells(i, "H") = Cells(i, "G") - Cells(i, "F")
End If

Next i

End Sub
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Appendix C. ANSYS

1
MATERIALS

Figure C.1: The variation of RT 21HC specific heat with respect to the temperature and change

of phase

(@)
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(b)

Figure C.2: The areas created in ANSYS (a) with and (b) without phase change materials
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