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Abstract

Small-scale low-temperature geothermal-based electricity generation systems are under
development for use as grid supporting and grid forming power sources in remote locations.

Conversion of low-temperature heat to electrical energy in an organic Rankine cycle using working

fluids such as refrigerants is challenging due to the low energy conversion efficiency of the process

and the significantly slower thermal response rate in comparison to the time response of the
electrical grid for changes in electrical generation and load. There is a need to investigate

techniques for controlling the flow of the working fluid in combination with the use of a secondary
heat exchanger to improve ramping response of these systems. This research project develops and
models a working fluid control technique that incorporates power electronic technologies that

could help to improve the ramping response of geothermal-based organic Rankine cycle generation
systems. The performance of the model is examined with the aid of simulations in MATLAB®
Simulink®. The results from these simulations are used to develop a functional and reliable control
technique for ramping response improvement in geothermal-based electricity generation systems
using organic Rankine cycles.
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Introduction

Geothermal utilization for heat and electricity generation is becoming more relevant as renewable
energy integration continues its expansion. Alaska is one of the eight states in the United States
with geothermal resources, but underdeveloped when compared to states like California and

Nevada [1], the top two users of geothermal resources in the U.S. Geothermal resources in Alaska

could provide additional renewable energy resources that can be harnessed to meet the state's

vision of reducing fossil fuel consumption by 50% by 2030 [2]. Figure 1 gives the comparison of
utilization percentages between geothermal and other forms of renewable energy in the United

States between 2015 and 2018. This illustrates that geothermal is a very small percentage of the
total renewable energy portfolio.

Figure 1 - U.S. renewable energy utilization between 2015 and 2018. The chart shows that geothermal energy
consumption accounts for ~2% of the total renewable utilization in the U.S. for each year. (Data from U.S. Energy
Information Administration https://www.eia.gov/renewable)

The temperature of geothermal fluids could be above or below the boiling point of water,
depending on the location of the geothermal well. If the temperature of the geothermal fluid is

above 100 °C, then the source fluid can be used as the working fluid in a Rankine cycle steam-

powered turbine for electricity generation. If the temperature of the geothermal fluid is below 100
°C, the low-grade temperature geothermal source requires a separate working fluid that changes
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phase (from liquid to vapor) at a temperature lower than the boiling point of water and that of the
geothermal fluid.

The technology that allows an organic working fluid (i.e., a refrigerant) to extract the heat energy

of the geothermal resource without them mixing, and then vaporizes the working fluid to drive a
turbine using an expansion process before being condensed back to a liquid in a closed loop is

referred to as an organic Rankine cycle (ORC). In this ORC process (illustrated in Figure 2), the
pressure-drop that the working fluid undergoes between the inlet and exit of an expansion turbine

is converted to mechanical energy. The mechanical energy at the shaft of the expansion turbine is
then converted to electrical energy if an electric generator is coupled to the expander [3]-[6]. This
ORC process converts the heat energy in the low-temperature geothermal resource to electricity.

Figure 2 - A block diagram of an organic Rankine cycle process, showing the temperature distribution at each section
of the cycle. The torque at the shaft of the expander is fed to an induction machine that converts mechanical energy
to electricity.

By mathematical modelling, the mechanical energy produced by the expander is expressed as a
function of the mass flow rate of the working fluid and its enthalpy difference [5]. Therefore,
control over the flow of the working fluid determines the upward or downward ramp of electric

power delivered by the geothermal-based ORC generation system, provided the temperatures of
2

the geothermal and sink fluids are favorable (relatively large temperature difference) and

maintained for the duration of the ORC process.

Problem Statement

1.1

A conventional power grid is known to have base load and peak load power generation sources.

The availability of these sources of power generation allows the grid to meet the electric load
demand of society [7]. Dispatching a geothermal-based ORC generation system as a stand-alone

grid comes with its own challenges, since the grid must meet all the demand levels of the electric
loads. Depending on the need, time, and events, electric load could be added to or disconnected

from the grid. In this case, the stand-alone grid must always be coordinated to respond to load
demands.

Goal and Objectives

1.2

The goal of this research work is to investigate if a geothermal-based ORC generation system can
be implemented as a prime-power source for electricity generation in rural Alaska villages. To
achieve this goal, the objectives are to:

• Develop an ORC generation system model based on previous laboratory and field tests
carried out on the ElectraTherm™ Green Machine using the MATLAB® Simulink® tool.

•

Simulate and validate the model with results from the laboratory test.

• Develop a working fluid control technique based on load demand on the microgrid.
• Develop a condensing heat exchanger model that allows the geothermal-based ORC system

to work efficiently in severe cold conditions.

1.3

Alaska's Geothermal Significance

With 97 thermal springs in Alaska (see Figure 3), the opportunity to use geothermal as a source of

heat and electric energy is ripe if government agencies and private investors divert more financial

resources and commitment to this renewable energy source. Harnessing the bulk of Alaska's
geothermal resources will add more renewable energy into the power grid, aid the reduction of

electricity generation from fossil fuel-based sources in remote villages, and most importantly
contribute to Alaska's 2030 goal of 50% electricity generation from renewable energy sources.
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Figure 3 - Alaska's geothermal map showing some of its 97 thermally active wells. The orange spots indicate resource
temperature less than 50 °C and the red spots 50 °C and above. (This map was developed using Google Maps based
on geothermal sites listed in [8])

Low-temperature geothermal sites could deliver significant heat and electricity if developed. Onesuch example is the well-known Chena Hot Springs (see Figure 4) with a developed geothermal

power plant which can deliver as much as 400 kilowatts of electric power. More developments in
this ‘very quiet' renewable energy resource of Alaska will put more money in Alaska's economy,
reduce money spent on fossil fuel, as well as create jobs for Alaskans. More so, replacing Alaska's
fossil-fired power plants, such as coal, diesel, heating oil and biomass, with geothermal plants

4

where the resource is available equates to less pollutant emissions in Alaska [2]. These pollutants
include SO2, CO, NOx and PM 2.5.

Figure 4 - A photo of the outdoor swimming pool at Chena Hot Springs during the winter season. The geothermal
fluid in this location is pumped consistently into the pool. This outdoor swimming pool attracts large numbers of
Alaskans and tourists from within the United States and other countries due to the significance of the hot spring.
(Credit: flickr)

1.4

Alaska's Geothermal Challenges

Geothermal challenges in Alaska can be traced to the location of the geothermal wells, logistics,

and energy conversion efficiency.
1) Location: Location of geothermal wells or springs determines the site of the ORC-powered
generation plant. The size of the power distribution systems is determined by the distance

from and the electricity demand of communities at or nearby the geothermal source. This

may also add to the cost of utilizing this renewable energy option [8]-[9].

2) Logistics: The logistics required in deploying ORC technology for generating electric

power involves the knowledge of the geothermal well characteristics, mobilizing an
experienced workforce for feasibility studies, project implementation, and routine
maintenance of the ORC-based generation plant. More so, costs of ORC machines are in
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the few hundreds of thousands of dollars range and depend on the capacity of the machine

[8].

3) Road Access: Poor road access to remote communities with geothermal resources is
alarming. Mobilization of equipment, construction materials, supplies and workforce will

require the use of aviation vehicles in some cases. This becomes a constraint and will add

to the logistics and expenditure of developing geothermal resources to meet energy
demands in rural Alaska.

4) Presence of Permafrost: Geothermal resources found in areas with the presence of
permafrost or seasonally frozen ground will require more expertise and expenditure for
development. Since the golden rule of a location with permafrost and seasonally frozen

ground is to keep it frozen and keep it thawed, respectively, arctic, civil, mechanical, and

electrical engineers must come up with the best and most realistic designs to extract the
different forms of energy from geothermal springs that meet the energy demands of

Alaskans [9].

5) System Efficiency: ORC technology is known for low efficiency. Recent findings on size

and efficiency of ORC machines from different manufacturers or developers show that the
maximum efficiency the technology has achieved to date is 12% at the source. This

efficiency is low compared to conventional fossil fuel-fired plants, which can operate in
the low to mid 30% range at the source, and above 50% for combined cycle [4]-[6].

1.5

ORC Technology Significance and Limitations

ORC technology allows the extraction of heat from a low-grade heat source such as a geothermal

spring or well, biomass heating resources such as wood-fired boilers, and extraction of waste heat
from industrial processes, such as heat rejected from the exhaust of coal-, steam- or gas-fired power

plants. Depending on the need for the heat extraction, ORC processes can be used in district heating

systems for recreational purposes (e.g., saunas and hot water baths) and for electric power
generation [4]-[6]. ORC technology can produce electricity with less carbon emissions depending

on the source of heat. Nevertheless, the efficiency of the technology is of big concern. A large
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amount of thermal energy is needed to produce a few kilowatt-hours of electricity, and the ORC

machines that are available on the market also have high capital cost [4]-[6].

1.6

Power Generation

The motivation for this research is to present a viable and reliable means of electricity generation

from a renewable energy sources and to promote utilization of geothermal energy in the State of
Alaska. With ORC technology identified as a means of producing electricity from low-temperature
geothermal sources, the choice of electric generator plays a major role in electric power generation

using ORC technology. This research work implements an induction generator in the development

of the electric power system model. Induction generators are known for their ease of manufacture,
robustness, and lower maintenance, cost, and weight relative to other types of electric machines.
They are also suitable for generating electricity from renewable energy sources such as geothermal

and wind [10]-[11].

1.7

Research Methods

Research methods implemented in this work included the development of models for the ORC
machine, power grid, generator, and converter. These models were used to perform simulations to
examine the feasibility of ORC technology as a prime source of electric power. The results of these
simulations were compared and validated with test results that were obtained from previous

laboratory and field work that involved the testing and evaluation of a 50 kW ElectraTherm™

ORC-based Green Machine, that was conducted at the University of Alaska Fairbanks power plant
and Alaska Power and Telephone (AP&T) woody biomass plant in Tok, Alaska. The strengths and

limitations of the models developed and used in this work could be further explored if field work

or additional laboratory testing were to be part of this research.

1.8

Thesis Organization

Chapter 1 introduced the thesis and highlighted the goal and objectives of the research work, the

motivation behind the work, and the challenges of utilizing geothermal resources in Alaska. Some
important topics and information that are relevant to ORC technology, which were found in

articles, textbooks, and journals are discussed in Chapter 2. The model of the ORC machine, power

grid, generator, and converter developed in the MATLAB® Simulink® environment are described
7

in Chapter 3. The results of simulations from the developed ORC model used to validate and
develop a ramp rate control scheme via the working fluid are presented and discussed in Chapter
4. Conclusions, recommendations, and future work that can be performed with respect to

geothermal utilization for prime electric power generation in Alaska are outlined in Chapter 5.
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2

Literature Review

In this section, a review of organic Rankine cycles, electric generators, power conversion,
distribution lines, electric loads, and efficiency of microgrids is presented. This review guides the

objectives of the research work.

2.1

Organic Rankine Cycle (ORC)

ORC is an established technology that uses a low boiling point organic fluid to extract low-grade

heat for district heating or conversion to electricity (see Figure 5). The sources of this low-grade
heat include geothermal, biomass, and waste heat [2], [4]. For this research work a geothermal
resource was considered as the source of heat.

Figure 5 - A schematic diagram of the ORC process showing four steady state processes (adapted from [12]).

The ORC process differs from the conventional Rankine cycle process, because in place of water,

an organic fluid (basically refrigerant) which requires a low-temperature heat for phase change
9

from liquid to vapor is used. The organic fluid is referred to as working fluid, and in its vapor state
is used to drive an axial turbine working as an expander whose shaft is coupled to an electric

generator. Figure 5 shows four basic processes of an ORC. Process 1-2 involves compression of
liquid refrigerant in a pump; Process 2-3 involves isobaric heat extraction from the geothermal
fluid by the refrigerant; Process 3-4 involves expansion of the refrigerant in the axial turbine; and

Process 4-1 involves isobaric heat rejection by the refrigerant in the condenser. The low enthalpy

working fluid coming out of the condenser goes back to the pump to complete the process, as well

as keep it in the cycle. The components of the ORC working fluid loop in Figure 5 are described
under these categories: heat exchangers (evaporator and condenser), pump, and expander.

2.2

Heat Exchangers

Heat exchangers are devices that allow exchange of heat between two fluids that are of different
temperature without them mixing or coming into direct contact. Therefore, the thermal energy
inherent in a fluid can be transferred to another fluid without them mixing. The modes of heat
transfer in heat exchangers are convection and conduction. First, heat is transferred from the hot
fluid to the wall of the heat exchanger by convection, through the wall by conduction, and then

from the wall to the colder fluid by convection.

Available radiation effects are included in the convective heat transfer coefficient. Types of heat
exchangers include shell-and-tube (shown in Figure 6), compact, regenerative, plate, printed

circuit, micro-channel, radiator, boiler, solar thermal heat pipe, furnace evaporator coil, and finned
tube coil. Typical flow regimes found in heat exchangers are parallel flow, counter flow, and cross

flow. Figure 7 illustrates parallel flow and counter flow regimes [13]-[14].
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Figure 6 - Shell-and-tube heat exchangers with multi-pass flow arrangements: one-shell and two-tube passes (left)
and two-shell and four-tube passes (right) (adapted from [14]).

Figure 7 - A double-pipe heat exchanger with different flow regimes and associated temperature profile. In a parallel
flow double-pipe heat exchanger (left), hot and cold fluids flow in the same direction. In a counter flow double-pipe
heat exchanger (right), hot and cold fluid flow in opposite directions.

Fluids commonly used in heat exchangers are water, steam, air, oil, and refrigerants. The
applications of heat exchangers are found in manufacturing plants; coal-, gas-, and diesel-fired

power plants; nuclear reactors; refrigeration systems; automobiles; and heating, ventilation, and
air-conditioning (HVAC) systems [14]. In the ORC process, heat exchangers are used at the

evaporation and condensation sections of the cycle. The evaporating heat exchanger allows
transfer of thermal energy from the hot fluid to the working fluid, while heat is withdrawn from

the working fluid to the sink fluid or environment using the condensing heat exchanger. The flow
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rates of the working fluid and the conversion of its enthalpy or pressure difference to useful energy
are set by the working fluid pump and carried out by the expander, respectively.

2.3

Expanders

The expander is the component of the ORC-based system that converts the energy of the fluid
running through it to mechanical energy at its shaft (see Figure 8). To achieve this conversion, the

useful energy from the expansion of the incoming high-pressure vapor of the working fluid is
extracted by the expander, and the low-pressure working fluid exits the turbo-expander. The
mechanical power generated by the expander can then be converted to electrical form by direct or
indirect coupling of an electric generator to its shaft. Thus, the presence of an expander in an ORC

based system makes the technology viable for electric power generation. For an ORC-based
system design, factors that determine the selection of the expander are mass flow rates,
temperatures and pressures of the heat source and heat sink, type of working fluid, and power

generation capacity. Based on their mode of operation, we define types of expanders under two
categories: turbo- and volumetric-type expanders [15]-[16].

Figure 8 - A block diagram of an axial turbine coupled to an induction generator. The output of the expander,
mechanical power or torque, is required by the induction generator as its input (adapted from [6]).
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2.3.1 Turbine Expanders
The mode of operation of turbines is such that they convert the dynamic pressure of the working

fluid as it passes through a series of blades to mechanical energy. The pressure drop between the
inlet and outlet of the turbine, resulting in enthalpy change with continuous fluid flow while in
operation, determines the magnitude of the mechanical power of the machine. Turbo expanders

are referred to as dynamic or velocity type turbines, and they are commonly used for medium to
large-scale electricity generation. Examples of turbo-expanders are axial, radial inflow, and radial
outflow turbines [16] (see Figure 9).

In axial turbines, the working fluid flows axially, parallel to the rotational axis of the blades. They
are suitable for ORC applications and operations that require larger flow rates and for medium-to-

large power outputs. They are the most used turbomachine for power production and are common
in ORC systems designed for megawatt-scale power output and are found in large-scale power

plants using Rankine and Brayton cycles.

Figure 9 - Schematic of an axial (left) and a radial inflow (right) turbine. As shown in the diagram, the axial turbine
has its flow parallel to the rotational axis of the turbine. Initially, the fluid flows perpendicularly toward the turbine's
shaft in the radial inflow turbine, then axially outward from the turbine (adapted from [16]).

Radial turbines are suitable for applications that require low mass flow rates and high-pressure
ratios. In a radial inflow turbine (RIT), the direction of flow is both radial and axial. The initial
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flow direction of the high-pressure fluid entering the casing inlet of the turbine is radial, and it is
converted to axial at the rotor exit from radial at the inlet of the turbine.

The direction of flow is opposite in a radial outflow turbine (ROT). The working fluid enters a

ROT at the center axially, then travels outwards in a radial direction, passing through arrays of
rotor and stator blades. Compared to ROTs, RITs have higher efficiencies, but ROTs are more
suitable for small-scale applications [15]-[16].

2.3.2 Volumetric Expanders
In general, to operate a volumetric expander, high-pressure fluid enters its chamber through an

inlet valve, increasing the chamber volume due to the net force exerted by the compressed fluid.
Low-pressure fluid is ejected through the outlet valve when the maximum expansion volume of
the chamber is reached. Fluid flow is cyclic and not continuous in a volumetric expander. The

presence of control valves at the inlet and outlet of the volumetric machine aids the control of the
timing and fluid flow through the expander. This type of expander is known as a positive
displacement machine and is preferred for smaller power generation (i.e., < 50 kWe). Scroll, screw,

piston, and rotary vane expanders are types of volumetric expanders found in various applications
[16].

Scroll expanders are mostly derived from compressor units of refrigerators and HVAC systems,
and they can be directly coupled to electric generators since their operating speeds are around 3600

RPM. The built-in volume ratio for scroll expanders is between 1.5 and 5. They can withstand
temperatures as high as 180 °C and operating pressures up to 8.2 MPa. They have a power output

range of 0.5 to 10 kWe, therefore they are found in small-scale applications [15]-[16].

Operating at higher RPM when compared to scroll expanders, screw expanders can deliver power
outputs that range from 1.5 kW to 1 MW. They are suitable for ORC applications with a power

output ranging from 5 to 50 kW. They are known for high levels of noise and high costs. The
volumetric ratio for screw expanders can be from 2 to 8. They require lubrication due to contacts

between the rotors [15]-[16].
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Known for their low power outputs, piston expanders are found in small- and micro-scale ORC
applications. They have inlet and outlet discharge valves to control the inflow and outflow of the

fluid and the expansion operation, which differs from the configuration of scroll and screw
expanders. Lubrication is required in piston expanders as with screw expanders and could lead to
reduction of the ORC cycle efficiency if it mixes with the working fluid. Piston expanders are

prone to noise and vibration [16].

Rotary vane expanders, like scroll expanders, can be coupled directly to electric generators due to
their low operating speeds. They have a reported maximum power output of 2.2 kW and are
preferred because of their low manufacturing costs, higher torque, higher volumetric efficiency,

and capability to operate at high temperature and pressure. Like some volumetric expanders, they
require lubrication and are prone to leaks and higher friction losses, reducing their isentropic
efficiencies when compared to other volumetric expanders [15]-[16].

2.4

ORC Working Fluids

Reportedly, ORC performs better than the traditional Rankine cycle at low operating temperatures

due to favorable thermodynamic cycle modifications; favorable operating conditions for the
turbine; practical enthalpy drop and volumetric flow rate of the working fluid; possibility of lower

maximum operating pressure; and possibility of selecting positive gauge condensing pressure,

which prevents air infiltration [17], since steam applicable to the Rankine cycle is replaced by the
appropriate organic fluid.

In the organic Rankine cycle, a fluid that boils at a temperature lower than that of the heat source
is required. This fluid is regarded as the working fluid. Basically, the working fluid in its vapor

form is needed to drive the expander or turbomachine of the ORC. This working fluid must change
from liquid to vapor in the evaporating heat exchanger and from vapor to liquid in the condensing

heat exchanger of the ORC process. Working fluids that are commonly used in ORC applications
are basically refrigerants, but the choice of the refrigerant is dependent on the heat source
temperature, cooling medium, and the ambient temperature. Other factors considered by design

engineers for organic working fluid selection are environmental and economic considerations;
availability in the market; ease of handling; and ability to dissolve in lubricant oils [17]-[18].
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Since organic fluids differ in chemical composition, each fluid, therefore, has a different impact
on the efficiency of the ORC and the overall performance of the system. Nevertheless, organic
working fluids can be classified based on their temperature-entropy curve slope and their chemical

structures.

2.4.1 Classification of Working Fluids
Generally, organic fluids are classified based on the slope dT/ds in a temperature-entropy diagram

showing the saturation vapor curve for each fluid. Organic fluids may also be classified based on

their chemical structure. The knowledge of the organic fluid chemical structure and its wetness or
dryness aids in proper selection at the ORC design stage [12], [18].

2.4.1.1 General Classification
Classification of organic fluids based on their slope dT/ds in a temperature-entropy (T-s) diagram

(see Figure 10) is regarded as general classification. Under this classification, organic fluids are
grouped into three categories: namely wet fluids, dry fluids, and isentropic fluids. The measure of

the wetness or dryness of these fluids is determined by the inverse of the slope dT/ds, defined as

ξ or E.

Where ds is defined as change in entropy and dT is the change in temperature.

For wet fluids, ξ > 0. They have a negative saturation temperature curve on the T-s diagram and

are of low molecular mass. Wet fluids, as reported, have larger vaporization enthalpies, and

therefore require superheating. They are not suitable for ORC applications because of their heat
demands. Examples of wet fluids are water, ammonia, and ethanol. Water, as a typical wet fluid,

is suitable for large power generating plants where the conventional Rankine cycle drives the
operation. Water is chemically very stable, cheap, non-toxic, environmentally friendly, and

abundant. ξ < 0 for dry fluids. Dry fluids have high molecular mass, and their saturation vapor
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curve is positive. If ξ≈0, the fluid is isentropic. Generally, isentropic fluids have medium

molecular mass, and they exhibit an infinite or almost vertical slope on the T-s diagram. Isentropic
and dry fluids are widely recommended for ORC applications using a low-grade heat source with

liquid droplet formation in the cycle [12], [18].

Figure 10 - Example temperature-entropy (T-s) diagram showing curves for wet, dry, and isentropic fluids (copied
from [12]).

2.4.1.2 Classification Based on Chemical Structures
Since environmental and safety considerations are factored into the selection of ORC working

fluids, classification of these organic fluids according to their chemical structures is mandatory.
Organic fluids are classified into the following chemical categories: chlorofluorocarbons,
hydrochlorofluorocarbons, hydrofluorocarbons, perfluorocarbons, and hydrocarbons.

Organic fluids that contain only carbon, chlorine and fluorine molecules are regarded as
chlorofluorocarbons (CFCs). Examples of CFCs include R11, R12, R13, R113, and R114.
Hydrochlorofluorocarbons (HCFCs) are organic compounds that contain hydrogen, carbon,

chlorine, and fluorine molecules. Examples are R21, R22, R123, and R124. Hydrofluorocarbons
(HFCs) contain hydrogen, carbon, and fluorine molecules. Common HFCs are R23, R32, R125,

R245ca, R245fa, and R422a. Perfluorocarbons (PFCs) are organic fluids that contain only carbon
and fluorine atoms. They are also known as fluorocarbons. Common examples of PFCs are R14
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and R116. Hydrocarbons (HCs) contain only carbon and hydrogen molecules. Examples are

ethane, propane, butane, benzene, toluene, and cyclohexane. Hydrocarbons reportedly have high
energy efficiency, low cost, good environmental compatibility, and are generally the best choice

for ORC applications despite their flammability [12].

Irrespective of the organic fluid classification, the choice of the fluid must be such that it is suitable
for the design. In general, turbine efficiency is enhanced by organic fluids with high molecular
weights and compressibility, but high molecular weight fluids with high critical pressures require

a high rate of heat transfer, which results in bigger heat exchangers [18]. Therefore, the size of the

heat exchanger also affects the thermodynamic behavior of the organic fluid and the ORC process.

2.5

Generators

Generators are electro-mechanical devices that convert mechanical to electrical energy. In an

ORC-based power generation system, an electric generator is coupled to the expander or turbine

shaft for electric power production. The size of the electric generator needed in the ORC-based
generation system is determined by the capacity of the expander or the turbine. Alternating current

(AC) electric generators, depending on their synchronous speed and reactive power production or
consumption amongst other factors, are defined as synchronous or asynchronous generators. These

two kinds of AC generators are described in the following sections [10], [19].

2.5.1 Synchronous Generators
Synchronous generators have a fixed electrical frequency which synchronizes with the mechanical

speed of the generator's shaft. This can be further explained by mentioning the two major parts of
a synchronous machine which are ferromagnetic in nature, the stator and rotor. The stator or
armature is a hollow cylinder designed to carry the armature windings, in which the voltage is
induced from the rotor field and current flows to the load. The rotor is mounted on the shaft of the
generator, which allows it to rotate inside the hollow stator. Unless a permanent magnet is used,

the rotor magnetic field is an electromagnet with windings wrapped on the rotor core [10]. The
equivalent electrical circuit of a synchronous generator is shown in Figure 11.
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So, when a prime mover, say a steam turbine, drives the rotor of the generator, a rotating magnetic
field is produced within the synchronous machine. This rotating magnetic field induces a threephase set of voltages within the stator windings of the generator. The terms field winding and
armature winding are used to describe the windings that produce the main magnetic field in the

generator and the windings where the generated voltage is induced, respectively. If the rotor of a

synchronous generator is an electromagnet, a dc current must be supplied to its field circuit. This

can be done either by supplying dc voltage from an external dc source using slip rings or brushes,
or by mounting a special dc power source directly on the shaft of the synchronous generator [10].

Now the electrical frequency that synchronizes with the rate of rotation of the magnetic fields in
the synchronous generator is defined as

Where

fse

rpm, and

is the electrical frequency in Hz,

P

nm

is the mechanical speed of the magnetic field in

is the number of poles.

Figure 11 - The per-phase equivalent circuit of a synchronous generator. Rf is the combination of the internal field
circuit resistance and the external variable resistance (adapted from [10]).

The common electrical frequencies for power generation are 50 and 60 Hz. So, a two-pole machine

must turn at a fixed speed of 3600 rpm and a four-pole machine at 1800 rpm to generate voltage
19

at a frequency of 60 Hz. Synchronous generators are a great source of reactive power for the

electrical grid. When a synchronous generator operates in steady state, a significant amount of

reactive power is delivered to the electrical grid to which they are connected as the excitation is
increased. The result is opposite when the excitation is decreased. When the synchronous machine

is under-excited, reactive power is drawn by the generator from the electrical system [10],[19].

2.5.2 Induction Generator
Asynchronous generators, otherwise known as induction generators, with their own limitations

and advantages, differ from the synchronous type. An induction machine can function both as a
motor or generator, depending on the difference between the rotor and synchronous speeds. If an

induction machine is driven by a prime mover at a speed greater than the synchronous speed, the
machine acts as a generator. The difference between the rotor speed and the synchronous speed is

termed slip speed,

slip . A common term used to describe the operating mode of an induction

n

machine is the slip, s, which is defined as the ratio of the slip speed to the synchronous speed [10]

[11].

Where

slip is the slip speed of the machine, nsync is the speed of the magnetic fields, and

n

nm

is

the speed of the rotor, or the mechanical shaft speed of the machine, all in rpm. The corresponding

slip

s can be determined as follows.
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Figure 12 shows the per-phase equivalent circuit of an induction machine referred to the stator as

described in [10]. The equivalent impedance, Zeq,stat , of the circuit referred to the stator terminals

is given as

Figure 12 - The per-phase equivalent circuit of an induction machine referred to the stator with phase voltage Vϕ
across its terminal (adaptedfrom [14]).

In terms of operation, an induction generator is without a separate field circuit, therefore it does
not produce reactive power but requires it. An external source of reactive power must always be

connected to the stator terminals of the induction generator to maintain its stator magnetic field, as
well as control its terminal voltage. In grid supporting applications, the electrical system to which

the induction generator is connected provides the needed reactive power and by default maintains

its voltage output [10]-[11].

Induction generators have the advantage of being lighter, more robust, and easier and less costly
to manufacture than their synchronous counterparts. This is a result of the lack of a separate field

circuit in the rotor. An induction machine will act as a generator if its rotor speed is greater than
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the synchronous speed associated with the frequency of the power system to which it is connected.

Therefore, it does not need to be driven at a continuous fixed speed. Because of its simplicity, low
maintenance, and small size per kilowatt of output, an induction generator is a good choice for
wind turbines and ORC-based generation systems [10]-[11].

If an induction generator is used as a stand-alone or prime power source such as in this work (see

Figure 13), capacitor banks must be provided to supply reactive power needed by the generator
and the loads, as well as provide power-factor correction. This type of system also requires a full

power electronic converter (grid-forming inverter) and a battery bank to deliver synchronous
power to the grid and serve as a dampener, respectively, and to maintain stable grid operation with

variations in the renewable resource.

Induction generators operating in stand-alone systems are susceptible to voltage variations, a major
problem when electrical loads change abruptly, especially reactive loads. The capacitor bank
provides a fixed amount of reactive power, both to the inductive loads and induction generator.

Additional inductive loading will amount to generator voltage collapse/drop, since the reactive
power is diverted to the added inductive loads causing the generator to move back along its

magnetization curve. Therefore, an efficient power conversion is needed to maintain voltage and
frequency regulation for a stand-alone induction generator [10]-[11].

Figure 13 - A 3-phase induction generator operating as an isolated system, with a capacitor bank connected across
its terminal to supply reactive power (adapted from [10]).
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2.6

Electric Power Conversion

Electric power conversion from either alternating current (AC) or direct current (DC) to a different

form or different level are not uncommon, and in most cases necessary or mandatory in electric
power grids [20]. In this case, three-phase AC power conversion is performed for the purpose of
voltage and frequency regulation. Such conversion is mandatory if a certain voltage output from

an induction generator to the grid must be maintained, as well as the system frequency.

To achieve this conversion, the variable (unregulated) three-phase AC output voltage of the

induction generator is input to the converter, which provides regulated and controlled three-phase
AC output voltage (as illustrated in Figure 14). Power electronic devices are used at each stage
involved in the conversion architecture. Basically, the AC signal undergoes rectification at the

input of the converter, then the rectified signal is inverted to the desired AC signal level and
frequency, passing through a filter capacitor before its controlled/regulated form is delivered at the
output of the converter. In some cases, depending on the design of the power converter, the

rectified DC voltage can be converted from one level to another before the DC voltage is inverted
to a regulated three-phase AC output voltage [20].

Figure 14 - A block diagram of a power electronic converter showing the stages involved in converting an unregulated
AC voltage to a regulated AC voltage. A rectifier is employed as converter 1 and inverter as converter 2. The filter
capacitor removes the ripple from the DC output of the rectifier (adapted from [20]).

2.6.1 Rectifiers
A rectifier converts an AC voltage to an unregulated DC voltage. When inexpensive diode
rectifiers are used, the output is an uncontrolled signal with power flowing in one direction only,

AC side to DC side [20]-[21]. A filter capacitor is connected to the DC side of the rectifier to
ensure an almost ripple-free signal. Single-phase (see Figure 15) and three-phase (see Figure 16)

diode-bridge rectifiers are common for AC-DC power conversion, but in this case our emphasis
will be on the three-phase rectifier. As explained in [20], line current in a three-phase rectifier
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contains less distortion and a better power factor than a single-phase rectifier. The ripple in the DC
voltage is found to be smaller in a three-phase rectifier. Also, in some applications, the filter

capacitance may be much smaller in a three-phase rectifier as compared to a single-phase diode

bridge rectifier. Three-phase rectifiers also have higher power-handling capability and are

preferred for industrial applications where three-phase AC voltages are more readily available.

Figure 15 - Equivalent circuit of a practical single-phase diode-bridge rectifier with a filter (adapted from [20]).
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Figure 16 - Equivalent circuit of a practical three-phase diode-bridge rectifier with a filter (adapted from [20]).

2.6.2 DC-DC Conversion
In some applications, changing DC voltage from one level to another may be required. This voltage
level change is referred to as DC-DC conversion. In most cases, the input signal to a DC-DC

converter is an unregulated DC voltage, which is obtained from the rectification of an AC voltage
source. DC-DC converters which are widely used in regulated switch mode power supplies convert
unregulated DC input into a regulated DC output at the desired voltage level. In this case, the
voltage level change may be a step up or step down. To achieve this voltage level change, three

commonly used designs are the buck converter to step down voltage level, boost converter to step

up voltage level, and buck-boost converter which is used to either step down or step up the voltage

level depending on the voltage source and load demand.

In any of these topologies, one or more switches are used to change the DC voltage from one level
to another. With a given input voltage, the average output voltage of the DC-DC converter is
controlled by adjusting the switch on and off durations [20]-[21]. Pulse-width modulation (PWM)

is a common method employed for controlling the output voltage. The PWM method controls the
25

switching at a constant frequency or constant switching time period and adjusts the on duration of

the switch to control the average output voltage level. Therefore, the ratio of the on duration to the
switching time period is termed the switch duty ratioD.

Where

ton

and toff are the switch on and off times, respectively, and

Ts

is the switching time

period.

When an average output voltage lower than the input DC voltage is required in power supply
applications, a buck converter is employed. A buck converter (see circuit diagram in Figure 17) is

a step-down converter used to lower the average voltage level from input to output. It is mainly
used in regulated dc power supplies and dc motor speed control [20]. The output voltage

buck converter is the product of the duty ratio

D

and input voltage

Vd

Vo

of a

as shown in equation 9.

The boost converter is a step-up converter (see circuit diagram in Figure 18) that functions the
opposite of a buck converter. It is employed in power supply applications where the required
average output voltage level is greater or higher than the average input voltage. Also used in

regulated dc power supplies, boost converters are used in regenerative braking of dc motors.
Equation 10 shows the mathematical expression for the average output voltage

converter.
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Vo

of a boost

Figure 17 — Circuit diagram of a buck (step-down) DC-DC converter with a low-pass filter, which consists of an
inductor and a capacitor is used to eliminate the output voltage fluctuations or ripples (adaptedfrom [20]).

Figure 18 — Circuit diagram of a boost (step-up) DC-DC converter with very large filter capacitor C to ensure that
the average output voltage value is relatively constant (adaptedfrom [20]).

In power system applications that use buck-boost converters (see circuit diagram in Figure 19),
the average output voltage level may be higher or lower than the average input voltage depending

on variations in the source voltage and the load demand. A buck-boost converter can be obtained
by cascading a buck converter (to step down voltage level) and a boost converter (to step up
voltage level) [20]. Equation 11 shows the average output voltage
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Vo

of a buck-boost converter.

The average output voltage value can be higher or lower than the average input voltage depending
on the duty ratio D. In this case, if the duty ratio D = 0.5, then the average output voltage value is

the same as the input. The converter steps down the average input voltage level when the duty ratio
D < 0.5 and steps up the average input voltage level when the duty ratio D > 0.5 [20].

Figure 19 — Circuit diagram of a buck-boost DC-DC converter with a very large filter capacitor C to ensure that the
average output voltage value is relatively constant (adapted from [20]).

2.6.3 Inverters
An inverter changes a DC voltage to an AC voltage. When the goal is to deliver an AC sine wave

output voltage whose magnitude and frequency are both controlled, a switch-mode DC-to-AC
inverter is employed. Inverters dominate electrical grids where distributed and renewable power

generation sources are used. Depending on the input signal to the switch-mode inverter, the
inverter type could be a voltage source inverter (VSI) or current source inverter (CSI) or both.

In a VSI, the input is a DC voltage source, and the output is a single-phase (see circuit diagram in
Figure 20) or three-phase (see circuit diagram in Figure 21) AC voltage. The application and the
control technique used for the VSI output voltage and frequency determine its topology. Common
VSI topologies are PWM, square-wave, and single-phase with voltage cancellation [20]. Unlike
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VSIs, a large inductor is used in the DC link of CSIs to make the input appear as a current source

to the inverter (see circuit diagram in Figure 22). CSIs are limited in their application when
compared to VSIs and are mostly used for very high-power AC motor drives [20] and in battery
energy storage applications employing a grid-supporting mode of operation. Three-phase inverters

are used to supply three-phase loads. It is possible to employ three single-phase inverters to supply

three-phase loads, but in this case the total number of switches would be twelve instead of six.
Using three single-phase inverters for a three-phase system also introduces complications with
phase balancing and switching controls. Grid-forming inverters used in energy storage applications
with isolated grids comprised of medium- and high-penetrations of variable and distributed

renewable energy sources can operate in both VSI and CSI modes.

Figure 20 - Circuit diagram of a single-phase full-bridge voltage source inverter supplied by a DC link from a voltage
source (adapted from [20]).
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Figure 21 - Circuit diagram of a three-phase voltage-source inverter supplied by a dc link from a voltage source. The
switches are controlled by gating signals (adapted from [20]).

Figure 22 - Circuit diagram of a three-phase current-source inverter supplied by a dc link from a current source. The
switches are controlled by gating signals (adapted from [20]).
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2.6.4 Full AC-DC-AC Power Electronic Conversion
Power converters that deliver controlled and regulated AC power from an unregulated input are
needed in today's power systems. The configuration is possible by combining a rectifier and a
switch-mode inverter. This type of converter is referred to as an AC-DC-AC power converter. AC-

DC-AC power converters play an important role in applications where the AC power source is

either from a stand-alone induction generator or other forms of distributed generation and

renewable energy sources with variable and intermittent output [22]-[28]. This type of power
conversion is commonly used with wind turbines, solar photovoltaic systems, and heat recovery

or geothermal-based stand-alone electric generation systems [10]. As shown by the block diagrams

in Figures 23 and 24, AC-DC-AC power converters can also employ switches for rectification of
the AC voltage to DC voltage, thus replacing the diode-based rectifier with a synchronous rectifier.

Figure 23 - Circuit block diagram of an AC-DC-AC converter with diodes for AC signal rectification and switches
for DC signal inversion (adaptedfrom [20]).
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Figure 24 - Circuit block diagram of an AC-DC-AC converter with switches for rectification ofAC signals and
inversion of DC signals (adapted from [21]).

The research models developed in this work are based on the features of the components described

in this chapter, including heat exchangers, pump, expanders, generators, and power converters.
The models for each of these components are presented in Chapters 3.
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3

Research Methods and Models

In this chapter, research methods and models required for the analysis of the research problem
stated in section 1.3 are presented and analyzed. The analysis enhanced the development of
solutions to the challenges in the deployment and operation of a prime power ORC-based
geothermal power plant. First, the ORC-based geothermal power generation plant is modelled and

analyzed, followed by the development of control techniques that allow for thermal and electric

power ramping. Lastly, arctic-based cooling methods and models are presented as an alternative
sink fluid during the winter months in Alaska and/or arctic regions. The results derived through
simulation using these methods and models are presented in Section 4. The diagram in Figure 25
shows the breakdown of the research methods and models into their various constituents.

Figure 25 - The organizational chart of the research methods and models adopted to meet the goal of this work. The
ORC-based geothermal power plant model is divided into ORC and electric power models. The control technique
model includes ramp rate control, secondary loads, and secondary condenser.
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3.1

ORC-Based Geothermal Power Generation Model

For proper analysis of the ORC-based geothermal plant used as a case study in this research work,

the plant is divided into two sections: thermal and electrical, as shown by the block diagram in
Figure 26. The thermal section of the geothermal plant, which is basically the ORC process, is

used to convert heat to rotational energy, while the electrical section is used to convert mechanical

torque to electricity. The ORC machine is comprised of the working fluid pump, heat exchangers,

and expander that delivers the mechanical power required by the electrical side of the geothermal
plant. The electrical part is comprised of the induction generator, distribution system, transformers,

power converter, and electric loads. The MATLAB® Simulink® environment is employed to
develop models of the ORC machine, induction generator, distribution lines, and power converter

(see Appendix B1). Afterwards, a control technique that allows the thermal section of the
geothermal plant to respond to changes in the electric load is created. This section also considers

the positive impact of arctic cooling on the condenser of the ORC machine.

Figure 26 - A simple block diagram that shows the major components of an ORC-based geothermal power plant. The
input to this power plant is geothermal energy, and its desired output is electricity. The mechanical energy delivered
by the ORC unit is the link between the two main parts of the ORC-based geothermal power plant.

3.1.1 ORC Machine Model
A Simulink® model that simulates the operating characteristics of an actual ORC machine is
developed (see Appendix B2 - B5). The model is restricted to the temperature distribution within

the cycle, as well as the mechanical power delivered by the expander of the ORC machine. The

components of this model are the pump, heat exchangers, expander, refrigerant, geothermal source,
and coolant as described in [29]-[35]. A flow diagram for the ORC process is shown in Figure 27.
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Figure 27 - The ORC process showing the flow of the heat source, heat sink, and working fluid. The red arrows
indicate the hot working fluid (vaporform), and the blue arrows indicate the cold working fluid (liquidform).

3.1.1.1

Working Fluid Pump

The working fluid pump regulates the flow pressure of the fluid running through it. The pump

determines the flow rate and start-up pressure of the working fluid. For suitable control of the
working fluid flow rate, a variable frequency drive is used. A block diagram of the centrifugal
working fluid pump with inputs and outputs is shown in Figure 28.

To model this pump, the pump power-flow rate relationship given in equation 12 is employed.
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Where Wpp is the power consumption of the pump, mWf is the mass flow rate of the working fluid,

hpp,in is the enthalpy of the working fluid entering the pump, hpp,out is the enthalpy of the working
fluid leaving the pump, and

ηpp

is the efficiency of the pump.

Equation 12 can be re-written to make the mass flow rate of the working fluid a function of the
pump power, enthalpies of the working fluid, and the pump efficiency.

From equation 13, the mass flow rate of the working fluid running through the ORC loop can be

adjusted by varying the pump power.

Figure 28 - A block diagram of a centrifugal working fluid pump, showing its inputs and outputs. For this model, the
enthalpy of the working fluid is higher at the exit of the pump and lower at its inlet. The flow rate of the pump can be
adjusted easily by changing the pump speed.
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3.1.1.2

Expander

The expander converts the pressure drop of the working fluid flowing through its inner chamber

to mechanical power at its shaft. The choice and size of the expander depends on the desired power
output and the volumetric flow rate of the working fluid. An axial turbine expander is used in this

work since it is ideal for low power output ORC applications. A block diagram of the expander
turbine with inputs and outputs is shown in Figure 29.

Figure 29 — A block diagram of the expander showing its inputs and outputs. For the expander to deliver mechanical
power at its shaft, the enthalpy of the workingfluid must be higher at the inlet and lower at the exit. The magnitude of
the mechanical power or torque of the expander can be adjusted by varying the flow rate of the working fluid at the
pump.

To model the expander turbine, the mechanical power-flow rate relationship given in equation 14

is employed. The expander Simulink® model is shown in Appendix B.5.
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Where

Wexp

is the mechanical power delivered by the expander,

working fluid,

h

mwp is the mass flow rate of the

exp,in is the enthalpy of the working fluid entering the expander, hexp,out is the

enthalpy of the working fluid leaving the expander, and

ηexp

is the efficiency of the expander.

Equation 13 shows that the mass flow rate of the working fluid is directly proportional to the
mechanical power output. Therefore, adjusting the mass flow rate determines the magnitude of the

turbine mechanical power output, but it also comes with a trade-off on the enthalpy difference of
the working fluid.

3.1.1.3

Heat Exchangers

Evaporating and condensing heat exchangers are required to complete the ORC process. The
evaporating heat exchanger enables the working fluid phase change from liquid to vapor.
Therefore, heat is transferred from the geothermal fluid to the working fluid. The condensing heat

exchanger allows heat rejection by the working fluid to the surrounding, thus the working fluid
changes from vapor to liquid. The Simulink® models for the evaporator and the condenser are
shown in Appendix B2 and B3, respectively. A block diagram of the evaporating heat exchanger

with inputs and outputs is shown in Figure 30.

For this research work, the heat exchangers are modeled as a steady flow device, with a counter

flow configuration. The heat transfer between the hot and cold fluids in the heat exchangers is

estimated as the sum of sensible and latent heat because the working fluid will undergo phase
change as it passes through. As shown in Figure 31, the evaporator is divided into three sections -

heating, boiling, and super-heating of the working fluid. The same applies to the condenser, but in
this case the sections are - cooling, condensation, and sub-cooling.
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Figure 30 - A block diagram of the evaporating heat exchanger showing its inputs and outputs. The maximum
temperature that the cold fluid can attain is the temperature of the hot fluid at the inlet. Likewise, the minimum
temperature that the hot fluid can attain is the temperature of the coldfluid at the outlet.

Figure 31 - A counter flow heat exchanger showing the three stages of energy transfer the working fluid undergoes
as it passes through the evaporator.
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Figure 32 shows each stage of energy transfer that the working fluid undergoes as it flows through

the evaporator as a function of the temperature of the working fluid and the surface area of the heat
exchanger. The thermal energy available in heat exchangers as well as the exit temperatures of
each fluid are observed to be better estimated using this approach.

Figure 32 - Temperature-surface area relationship of the working fluid as it passes through the evaporator.

To determine the exit temperature, the phase change temperature of the working fluid is estimated

using the Clausius-Clapeyron relationship based on the operating pressure in the heat exchanger.

The Clausius-Clapeyron relationship is thus given as:

where

P1

is the atmospheric pressure of the liquid,

P2

is the new or operating pressure, ΔHvapis

the enthalpy of vaporization of the liquid, R is the universal gas constant,

of the liquid at atmospheric pressure, and

1

T

is the boiling point

2 is the new boiling point of the liquid.

T
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So, at the first section of the heat exchanger, it is assumed that the working fluid is heated to the
phase change temperature. The sensible power needed to heat the working fluid to the phase

change temperature is estimated using equation 16. This sensible power needed is provided by the

source fluid, so equation 17 is used to determine the exit temperature of the source fluid from the
first section of the evaporator.

Where

Q

is the actual heat transfer rate,

TC,out

and

T,u

are the outlet temperatures of the cold and

hot fluids, respectively, Tc,in and Th,in are the inlet temperatures of the cold and hot fluids,
respectively, and

Cc

and

Ch

are the heat capacity rates of the cold and hot fluids, respectively.

The second section of the heat exchanger estimates the enthalpy of vaporization needed for the
working fluid to boil while its temperature remains constant. The CoolProp Library is employed
to estimate the enthalpy required for the working fluid to change from liquid to vapor. By energy

balance, this enthalpy is provided by the source fluid. So, the exit temperature of the source fluid

from the second section of the heat exchanger is estimated using equation 17. The temperature of
the working fluid remains unchanged.

Lastly, the third section of the heat exchanger uses the effectiveness-NTU method to estimate the

exit temperatures of the working fluid and the source fluid for the evaporating heat exchanger and

sink fluid for the condenser. NTU is short for Number of Transfer Units, and the effectivenessNTU method is used to estimate the rate of heat transfer in heat exchangers when the log-mean
temperature difference (LMTD) cannot be determined or would require tedious iterations [13]

[14]. To avoid complexity in the use of the e-NTU method, it is assumed that each partition of the
heat exchanger uses one-third of its total surface area.
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The effectiveness, ε, of a heat exchanger defined in equation 16 largely depends on the maximum

possible heat transfer rate

Qmax, of the heat exchanger [14].

Where Tc,in and Th,in are the inlet temperatures of the cold and hot fluids, respectively, cpc and cph
are the specific heats of the cold and hot fluids, respectively,

of the cold and hot fluids, respectively, and
respectively, and

Cmin

is the smaller of

Cc

Cc

and

Ch

are the heat capacity rates

mc and mh are the mass flow rate of cold and hot fluids,
and

Ch .

NTU is defined as

where U is the overall heat transfer coefficient and

The capacity ratio is then defined as
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Asis

the surface area of the heat exchanger.

where

Cmin

and

Cmax

are the smaller and larger of

Cc

and Ch , respectively.

For a counter flow configuration, the effectiveness, ε, is given as

The exit temperatures of the cold and hot fluids are defined as

and

Where

Q

is the actual heat transfer rate,

hot fluids, respectively, and

3.1.1.4

Cmin

Tc,
n and Th,in

is the smaller of

Cc

are the inlet temperatures of the cold and

and

Ch.

Source, Sink, and Working Fluids

This research work relied on the CoolProp library for the thermo-physical properties of water,
R245fa, and air for the simulation. The CoolProp library is an open-source database for thermo

physical properties of pure and pseudo fluids. These properties are, but not limited to, specific
density, specific heat capacity, kinematic viscosity, latent heat of vaporization, and the Prandtl

number [36].
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The geothermal fluid is assumed to be hot water, while the sink fluids are cold water and air. In

both cases, their respective pressures were fixed to guide the simulations, while specific capacities,
enthalpies, and densities were called from the CoolProp library as a function of their respective
temperatures and pressures. The temperatures of the geothermal source and the sink are assumed

to be constant.

R245fa is chosen as the working fluid because of its availability in the market, environmental

friendliness, cost, and suitable thermophysical properties such as higher enthalpies at low
temperatures as compared to R113. Nevertheless, other refrigerants (see [12]) can also be used in

place of R245fa.

3.1.2 Electric Power Generation Model
A block diagram of the electric power generation model is shown in Figure 33, which consists of
the ORC expander, generator, STATCOM, distribution system and electric loads. A description of
each part of the electric power generation model is presented in the following sections.

Figure 33 - A block diagram of the electric power generation model showing the induction generator, distribution
system, power converter (STATCOM) for reactive power control, and the electric load.

3.1.2.1

Induction Generator Model

The induction generator converts the mechanical energy at the shaft of the expander/turbine to

electrical energy; thus, the input of the generator is mechanical energy, and its output is electric
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energy. For this research work, a squirrel-cage induction generator (SCIG) is employed. The SCIG

is modeled as described in [10] using the equivalent circuit shown in Figure 12. As stated in [10],
when an external prime mover drives an induction machine at a speed greater than synchronous
speed, the machine acts as a generator. Thus, it is assumed that the expander of the ORC system

supplies a torque capable of driving the induction machine at a speed high enough for it to produce
electric power.

More so, as mentioned in [10], induction generators do not have a separate field circuit, and

therefore do not produce reactive power but consume it. By convention, the power system to which

an induction generator is connected provides the excitation needed to maintain the terminal

voltage. If an induction generator is to be used in a stand-alone system, as is the case in this ORC
based geothermal prime power generation system, then excitation and reactive power are provided
by a capacitor bank. Therefore, in this induction generator model, capacitors are connected to the

terminals of the stand-alone three-phase induction generator. When an induction machine operates
in generator mode, the slip speed or slip s, is negative. The SCIG used in this model is a four-pole

machine. The electrical parameters of the SCIG are defined below.

The synchronous speed of the generator, nsync , is

The rotor speed,

nm,

is,

The electrical frequency of the rotor,

fre,

is
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The angular speed of the rotor, ωm, is

The electric power output,

Where

3.1.2.2

Texp

Pe ,

is

is the torque of the ORC expander, and

ηgen

is the efficiency of the generator.

The STATCOM Model

An induction generator cannot control its own output voltage since it has no field circuit [10], so
it is expected to deliver unregulated frequency and voltage to the grid. In this case, a power
conversion device is needed to regulate the frequency and voltage levels of the grid. In most cases,

a battery energy storage system (BESS) and a grid-forming inverter are used to set the grid
frequency and voltage. In this research work, a STATCOM is used to provide reactive power
control, as well as voltage and frequency regulation. The use of a STATCOM for reactive power

control for this research work is justified since there is a need to supply reactive power to the
induction generator and they are readily available on the market at a relatively low cost. However,

a grid-forming inverter would be required in combination with battery energy storage for voltage
and frequency regulation of the ORC as stand-alone power source. In the system modelled for this

work, a diesel electric generator will be needed to provide power to the grid if the geothermal
based plant goes offline.

3.1.2.3

Distribution System Model

The distribution system model consists of transformers and distribution lines as shown in Figure

34. The transformers isolate the generation source from the distribution system and loads, while
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the distribution lines connect the generator or power supply to the load. Two kinds of transformers
are employed: step-up and step-down.

Figure 34 - Block diagram of the three-phase distribution system model.

The step-up transformer isolates the source of generation from the distribution lines, while the
step-down transformer links the distribution lines and the electric loads. The transformers are

modeled based on transformer characteristics explained in [10]. The step-up transformer model is
75 kVA, 480 V/4160 V line-line at 60 Hz, while the step-down transformer is 75 kVA, 4160 V/480

V line-line at 60 Hz. In between the transformers are the distribution lines, which terminate at the
connections to the inverter. The distribution lines are modeled as separate conductors of 5 km

length between the transformers and 5 m length between the step-down transformer and the electric

loads. The Simulink® model of the distribution system is shown in Appendix B6 and B7.

3.1.2.4

Electric Loads

Electric loads used in this work are modeled as primary and secondary loads. The primary or main
loads are the basic loads that demand a certain amount of electric power from the grid. The

secondary loads are used to stabilize the grid in case there is excess generation and/or lower
demand by the primary loads, or when a portion of the primary load is withdrawn or disconnected

from the grid. These primary loads represent electrical appliances such bulbs, fans, motors,
computer and electronic devices, refrigerators, and so on. The secondary loads include heating
elements and storage devices such as a battery bank. The secondary loads are designed to switch
on when the generation available in the grid is more than the demand required from the grid,

therefore aiding in grid stability. For simulation purposes, a baseload of 7.4 kVA and peak load of
40 kVA were used. The Simulink® model for the electric loads is shown in Appendix B6 and B8.
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3.1.2.5

Equivalent Electrical Circuit Diagram

A single-phase equivalent circuit of the electrical system is shown in Figure 35, including the
generator, transformer(s), distribution line, and load. The equivalent series impedance, Zeq,ser , line-

to-line voltage, VLL, and load current, ILOAD, are given as

where zLOAD, jXLOAD, and RLOADare the load impedance, reactance, and resistance, respectively;

zGEN, zTRANS, zLINE , and zLOAD are the generator, transformer, and line impedances,
respectively; and Vϕ is the phase voltage across the load.

Figure 35 - A single-phase equivalent circuit diagram showing the generator internal voltage source and the
impedance of the generator, distribution line, transformers, and electric loads. The electric load is the complex sum
of the reactive and resistive loads.
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3.2

Ramp Rate Control Models

The models presented in section 3.1 simulate energy conversion from a geothermal source to
electricity. The operation of the stand-alone ORC-based geothermal power plant needs to be
controlled to accommodate the thermal energy resource and meet the electricity demand. Ramp

rate control of the working fluid in the ORC-based geothermal power plant is required to adjust to
changes in electrical load. The ramp response can either be positive (upward) or negative
(downward) depending on whether the electric load increases or decreases, respectively. Two main
control techniques are considered for the ramp response: workingfluid mass flow rate adjustment
and the addition of a secondary condensing heat exchanger.

3.2.1 Mass Flow Rate Adjustment
Equation 11 in section 3.1.1.1 shows that the mechanical power delivered by the expander or

turbine of the geothermal-based power plant as a function of the working fluid mass flow rate and
the enthalpy difference between its inlet and outlet. While the enthalpy of the refrigerant depends
on the working fluid thermophysical properties (in our case temperature and pressure), the mass

flow rate depends on the speed of the working fluid pump as shown in equation 12. Control of the
mass flow rate of the working fluid is achieved by adjusting the speed of the working fluid pump.

If the temperature of the geothermal source remains constant, and the pressure set points are

unchanged, then the mechanical power delivered by the expander turbine is controlled by mass

flow rate adjustment. The response of the ORC process, with much longer thermal time constants,
to changes in electric load is achieved by mass flow rate control, in as much as the load does not

exceed the capacity of the geothermal-based power plant or the load becomes so low that the ORC

working fluid becomes superheated even at lower mass flow rates. The latter scenario and the case
when the source fluid temperature stays constant as the working fluid temperature rises, which is
described below, are deemed as unsafe operating conditions for the ORC machine.

For this work, the flow rate of the geothermal source is assumed to be constant, and the mass flow

rate of the sink fluid coming into the condenser is adjusted. This assumption and process is
performed to ensure energy balance in the condensing heat exchanger as a means of maximizing

the heat transfer rate, thereby maintaining proper condensation of the vaporized working fluid
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passing through it. The result will be the opposite if the mass flow rate of the working fluid is
increased while that of the sink fluid remains unchanged. This could result in vaporized working

fluid coming out of the condensing heat exchanger and entering the pump, an unsafe operating

condition for the ORC machine and potentially detrimental to the working fluid pump. The mass
flow rate control technique is outlined by the flow chart in Figure 36.

Figure 36 - A flow chart for the mass flow rate control technique for both the working and sink fluids. This flow chart
assumes that the flow rate of the geothermal (source) fluid is constant.
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3.2.2 Secondary Condensing Heat Exchanger
Adjusting the mass flow rate of the working fluid with the objective of meeting electric load is not

without its challenges and complications. As discussed previously, increasing the mass flow rate

of the working fluid means the vaporized working fluid spends less time in the condensing heat
exchanger when compared to the case at a lower mass flow rate. In this case, it is more likely that
the vaporized working fluid does not undergo complete condensation. Reducing the flow rate of
the working fluid means the working fluid spends more time in the condensing heat exchanger,

thereby rejecting more thermal energy in the condenser. This situation may lead to the condenser

getting overheated if the coolant mass flow rate has been ramped to its maximum limit.

To meet the demand of rejecting the excess heat developed in the condensing heat exchanger, the

addition of a secondary heat exchanger to the condensing section of the ORC process is proposed.
A block diagram of an ORC process with the inclusion of the proposed secondary heat exchanger
is shown in Figure 37. This technique is justified since we know that the heat transfer rate of a

medium is directly proportional to its surface area. Also as given by equation 20, the NTU of a
heat exchanger increases in direct proportion to its surface area, provided the heat transfer

coefficient U and the minimum heat capacityCmin remains unchanged. Therefore, the addition of

a secondary condenser to the ORC section of the geothermal power plant increases the

effectiveness of the condensing section of the ORC. This would also act to meet the need for proper
condensation of the vaporized working fluid whenever its mass flow rate is increased or perhaps

the primary condenser gets overheated, and rejection or diversion of the excess heat is required.

Overall, it would be cheaper to increase the flow rate of the cooling water when there is a need for
more heat to be rejected. Nevertheless, a secondary condenser becomes necessary if the flow rate

of the coolant is at maximum and more heat must be rejected.
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Figure 37 - An ORC process with the addition of a secondary condenser. The valves are controlled with solid-state
relays with inputs from temperature sensors. A temperature value which ensures that the primary condenser is not
overheated is chosen as a threshold.

With the technical and mathematical description of all the components of the ORC-based

geothermal power plant model developed in Chapter 3, validation of and results from simulations

using the model are presented in Chapter 4.
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Validation of Models and Simulation of Control Techniques

4

First, the ORC-based geothermal power plant model, which is composed of the ORC machine and

electrical system models, is validated. After validation, the ORC-based geothermal power plant

model is used to evaluate the other models developed for controlling the working fluid mass flow
rate and diverting excess heat from the working fluid loop as presented in sections 3.2 and 3.3 of
Chapter 3. Results of the validations and simulation of control techniques are presented in tables,

charts, and plots.

4.1

Validation of Geothermal-Based Power Plant Model

To validate the ORC machine and electric power generation models, test results obtained from a

laboratory evaluation of an ORC machine were used as reported in [6]. The first approach in doing

this was to develop MATLAB® Simulink® models that represent the components of the system as
presented in Chapter 3. Next the operating conditions obtained from previous laboratory tests of

an ORC machine were employed in the Simulink® models. The results of the simulations from
these models were compared to the laboratory test results. The parameters that describe the size of

the ORC machine are presented in Table 1. For the electric power generation model, the parameters
that describe a 50 kVA induction generator are shown in Table 2.

Table 1 - Parameters of the ORC machine model.

Parameter

Description

Value

Evaporator U-value

1100 WK-1m-2

Aevap

Evaporator surface area

5.85 m2

Ucond

Condenser U-value

1100 WK-1m-2

Acond

Condenser surface area

6.75 m2

ηexp

Isentropic efficiency

0.80

Pump efficiency

0.78

cvap

pump
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Table 2 - Parameters of the induction generator model.

Parameter

Description

Value

Prated

Rated power

50 kVA

VLL

Line-line voltage

480 V

frated

Synchronous frequency

60 Hz

P

Number of poles

4

s

Slip

-0.01

Rs

Stator resistance

0.016 per unit

Ls

Stator inductance

60 per unit

Rr

Rotor resistance

0.015 per unit

Rotor inductance

60 per unit

L

The pressure set points shown in Table 3 for the geothermal source, sink, and working fluids were
determined based on the similar parameters found in [5], [29].

Table 3 - Pressure set-points of the source, sink, and working fluids [5], [29].

Parameter

Description

Value (kPa)

Psource

Geothermal fluid pressure

101.325

Psink,high

Pressure of the sink fluid at the pump outlet

106.325

P

Pressure of the sink fluid at the pump inlet

101.325

P

Pressure of working fluid at evaporator outlet

400

Pressure of working fluid at condenser inlet

90

Pressure drop in the exchanger

10

sink,low

exp,high

P

exp,low

P

max drop,HE
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For the working fluid, R245fa was used for the validation of the models. R245fa is a typical

refrigerant, commonly used in ORC machines. Some basic thermo-physical properties of R245fa
given in [37] are listed in Table 4.

Table 4 - Working fluid set points and thermo-physical properties [37].

Property

Value

Boiling Point at 1 atm

15.33 0C

Critical Temperature

154.01 0C

Freezing Temperature

-106.7 0C

Critical Pressure

36.51 bar

Liquid Density (@ 0 °C)

1338.54 kgm-3

Vapor Density (@ 25 °C)

8.55 kg/kgm-3

The parameters of the source and sink fluids, temperatures, and mass flow rates used as inputs for
the model validation are presented in Table 5 for four different test conditions. Source fluid and
cooling water supply temperatures,

Tsource,in

and Tsink,in (°C), and their mass flow rates,

msource

and

msink (kg/s) were reported as the input parameters used for the laboratory test on the ElectraTherm™
Green Machine (see Figure 38) previously conducted at the power plant at the University of Alaska
Fairbanks [4]. The results obtained from these laboratory tests are shown in Table 6. The results

include source fluid and cooling water return temperatures,

Tsource,at

and

Tsink,out

(°C), thermal

power supplied by the hot fluid to the evaporator, Qevap (kWth), the thermal power rejected by the

working fluid to the condenser,
and coolant pumps,

generator,

Qcond

(kWth), the electric power consumed by the working fluid

pump (kWe), the mechanical power delivered by the expander to the electric

P

exp (Wm), and the electrical power output of the generator, Pgen (kWe).

P

As reported in [4] for each test condition, the temperature of the source fluid varies by a significant
amount, while its flow rate remains ‘fairly constant', as well as the sink fluid temperature and flow

rates. The significance of simulating the ORC-based model under these four different test
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conditions is to study the behavior of the ORC-based model under different operating conditions.

The ORC model, developed in MATLAB® Simulink®, was used to perform a simulation based on
the input data from Table 5 for comparison and validation of the model. The simulation relied on

thermophysical properties of fluids called from the CoolProp library. To access these fluid

properties in the CoolProp library, two MATLAB® wrapper options are provided, high- and lowlevel interfaces [36]. The high-level interface was adopted for these simulations because it requires

less space and fewer lines of codes to call the CoolProp functions. As advised by CoolProp
developers, the Python programming language is the only high-level interface available for
MATLAB® as of version 6.2.

Table 5 - Source and sinkfluid parameters for four different laboratory test conditions on the ElectraTherm ™ Green
Machine previously conducted at the University of Alaska Fairbanks power plant [3]-[4].

Source and Sink Fluids Conditions for the Tests
1

2

3

4

69.01

80.44

90.95

101.45

12.56

12.40

12.38

12.22

(°C)

10.61

11.10

10.40

10.30

(kgs-1)

12.90

12.93

12.95

12.94

Test

Tsource
source,in,in

(°C)

msource (kgs-1)
Tsink,in

msink
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Figure 38 - The ElectraTherm ™ ORC Green Machine, acquired by ACEP for evaluating the feasibility of utilizing
heat energy such as that sourced from biomass and geothermal sources in Alaska communities.

Table 6 - Results of the ElectraTherm ™ Green Machine performance testing forfour different heat source and heat
sink conditions previously conducted at the University ofAlaska Fairbanks power plant [3]-[4].

ElectraTherm™ Green Machine Performance Results
Test

1

2

3

4

Tsource,in-

(°C)

69.01

80.44

90.95

101.45

Tsource,out

(°C)

63.37

73.64

81.54

89.67

Tsink,in

(°C)

10.61

11.10

10.40

10.30

(°C)

15.38

17.18

18.63

20.69

Qevap (kWth)

284.87

355.86

492.43

613.94

Qcond

258.08

329.40

446.30

562.59

Tsink,out

(kWth)

Pexp

(kWm)

18.07

26.77

39.12

51.276

Pgen

(kWe)

13.632

21.63

33.23

44.33

4.437

4.92

5.89

6.89

Ppump

(kWe)

The results of the simulations using the developed model are presented in Table 7. Table 8
compares the ElectraTherm™ Green Machine laboratory test and ORC model simulation results.
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Some information from this comparison is presented in the form of bar charts in Figures 39-41,
and they include ORC expander power versus electric power from the generator, thermal power

supplied to the evaporator versus thermal power rejected to the condenser, and power delivered to
the grid by the generator versus net power consumed by the ORC.

The mass flow rate of the working fluid, mwf (kg/s), flowing through the ORC loop is between
1.18 and 2.40 kg/s for Tests 1-4. These flow rates are modeled based on the capacity of the working
fluid pump. The volumetric flow rate and pump pressure relationship from [38]-[39] was adopted
to assume a near real-time operation of the pumps. The laboratory test previously conducted on

the ElectraTherm™ Green Machine assumes that the hot fluid flows passively, so electric power

consumption was not estimated for the source fluid flow. In the development of the model, only
the cooling water and working fluid power consumption is estimated. The assumption that the hot
fluid flows passively makes this ORC-based model useful for simulating the utilization of waste

heat rejected from thermal plants, as well as industries with massive heating systems.

Table 7 - ORC-based geothermal power plant simulation results using input data from Table 5 for four different
laboratory tests on the ElectraTherm™Green Machine previously conducted at the University of Alaska Fairbanks
power plant.

Geothermal-based Power Plant Simulation Results

Test

1

2

3

4

Tsource,insource,in

(°C)

69.01

80.44

90.95

101.45

Tsource,out

(°C)

62.62

73.73

81.38

89.23

10.61

10.41

10.40

10.30

13.65

14.65

16.97

19.51

58.49

68.95

74.77

80.31

13.82

14.49

16.71

18.95

1.18

1.39

1.94

2.40

289

361

498

629

Tsink,in

(°C)

,

Tsink out

(°C)

TWF evap,out

,

TWF cond out

mWF

(°C)
( C)

(kg/s)

Qevap (kWth)

58

267

334

452

568

pexp (kW)

18.08

26.78

39.89

50.50

(kW)

13.63

21.64

33.88

43.66

3.09

3.43

4.50

5.23

100

91

91

91

300

355

355

355

290

350

350

350

105

100

96

96

Qcond

(kWth)

Pgen

Pumps

(kW)

Ppump,in

(kPa)

ppump,out
Pexp,in

,

Pexp out

(kPa)

(kPa)

(kPa)

Table 8 - Comparison of Tests 1-4 results for ElectraTherm ™Green Machine laboratory test and the ORC model
simulation.

Comparison of Lab Test versus Model Results
2

1

Lab

Lab

4

3

Lab

Lab

Test

Model

Test

Model

Test

Model

Test

Model

Tsource
source,out
(°C)
,out

63.37

62.62

73.64

73.73

81.54

81.38

89.67

89.23

Tsink,out (°C)

15.38

13.65

17.18

14.65

18.63

16.97

20.69

19.51

285

289

356

361

492

498

614

629

258

267

329

334

446

452

563

568

18.07

18.08

26.77

26.78

39.12

39.89

51.28

50.50

13.632

13.63

21.63

21.64

33.23

33.88

44.33

43.66

4.437

3.09

4.92

3.43

5.89

4.50

6.89

5.23

Qevap(kWth)

Qcond

(kWth)

Pexp

(kWm)

Pgen

(kWe)

ppumps (kWe)

Judging from the comparison in Table 8, the simulation results shows that the model obeys the

laws of thermodynamics with reasonable energy balance and less heat losses for Tests 1-4. For
Test 1, simulation results show that more thermal power is supplied to and rejected by the ORC
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model when compared to the lab test. Nevertheless, the thermal power consumed by the ORC
based model is 22 kWth versus 27 kWth by the Green Machine.

For Tests 2, 3, and 4, more thermal power is also consumed in the model compared to the Green

Machine. The same amount of thermal power is consumed by the ORC-based model and the Green

Machine for Tests 2 and 3, 27 kWth and 46 kWth, respectively, while 51 kWth is consumed by the

Green Machine and 61 kWth by the ORC-based model for Test 4.

The mass flow rate of the working fluid was not mentioned for the laboratory test conducted on
the Green Machine, so the flow rates of the working fluid recorded for the simulation of the ORC

based model could not be compared with that of the Green Machine. Nevertheless, the thermal

power consumed by the ORC loop, mechanical power delivered by the ORC expander, and the
power supplied to the grid by the induction generator are seen to be closely matched for both the

ORC-model and the Green machine. For all the tests, the sum of electric power consumption for
the working fluid and coolant pumps is higher for the Green Machine compared to the ORC-based

model.

Figure 39 shows a bar chart that compares the mechanical power produced by the expander, the

electric power supplied by the generator, and the electric power consumed by the pumps for all
tests. Figure 40 compares the thermal power absorbed by the working fluid from the hot fluid and

rejected by the working fluid to the cooling water. Figure 41 compares the net thermal power
consumed by the ORC section of the model, the mechanical power from the expander, and the

electric power supplied by the generator to the grid.

The net power consumed by the ORC section of the model is calculated as the difference between
the thermal power supplied to the evaporator and rejected to the condenser, and then added to the

electric power consumption of the pumps.
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Figure 39 - Comparison between the mechanical power delivered by the ORC expander (blue), the electric power
supplied by the induction generator (orange), and the power consumed by the pumps for the working and sink fluids
(grey). The mass flow rates and input temperatures for the source and sink fluids are as stated in Table 7.
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Figure 40 - Comparison between the thermal power supplied to the working fluid in the evaporator by the geothermal
fluid (red) and the thermal power rejected by the working fluid to the coolant in the condenser (purple).
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Figure 41 - Comparison between the thermal and electric powers consumed by the ORC process (dark blue), the
mechanical power delivered by the ORC expander (blue), and the electric power supplied by the induction generator
(orange).
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4.2

Control Technique Model

In this section, the impact of mass flow rate adjustment is examined, as well as the presence of a
secondary heat exchanger. Two cases are presented for the simulations: load change without
applying the mass flow rate control technique and load change while applying the mass flow rate

control technique. For these simulations, the conditions for Test 1 as shown in Table 5 were used,

and the parameters in Table 1 maintained for the ORC components.

4.2.1 Electric Load Change: No System Parameter Adjustment
The behavior of the system was studied before the electric load on the stand-alone grid was varied.
On the thermal side of the ORC-based geothermal power plant model, the following input

parameters were used: Tsource,in = 69.01 °C,

tsink,in = 10.61 °C,

msource=

kg/s. So, for mwf = 1.18 kg/s, the expander is expected to deliver

12.56 kg/s, and msink = 12.90

Pexp

= 18.08 kW mechanical

power to the induction generator as shown in Table 7 for Test 1. A complex electric load,

Sload

=

12.08 kVA, was connected to the grid, less than the induction generator output of 13.59 kW to

allow for losses in the electric grid.

The results of the simulation show that the rotor speed,

nm,

of the induction generator stabilizes at

1810 rpm for steady-state operation. This speed resulted in a slip, s = 0.01 or 1%, for the induction
generator, which agrees with the value shown in Table 2. On the thermal side, the power

consumption of the pumps,

pumps = 3.12 kWe, while the temperature of the working fluid at the

P

exit of the condensing heat exchanger,

WF cond,out = 13.81 °C. This temperature value of the

T

working fluid at this point in the ORC loop and a pump inlet pressure of 110 kPa shows that the
working fluid properly condensed to its liquid form before exiting the condenser.
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Table 9 - Simulation results of the ORC-based geothermal model under the conditions in Test 1 with a constant
electric load and without mass flow rate control.

Parameter

Value

Plots of working fluid mass flow rate, mechanical power, electric power generated, generator rotor

speed and power delivered to the electric load with a constant electric load are shown in Figure

42. The mechanical power and mass flow rate are shown to be constant before and after the
induction generator begins to generate electric power to the load. An initial load of just under 5
kW is used at startup. The induction generator is seen to deliver a steady supply of electric power
to the grid after an initial startup transient. The electric load is held constant for the period of the

simulation.
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Figure 42 - Plots of working fluid mass flow rate, mechanical power, generator rotor speed, electric power generated,
and power delivered to constant electric load of 12.08 kVA, which is within the rated power capacity of the ORC
based geothermal power plant.

Afterwards, the electric load on the grid is varied. First, the electric load on the grid is doubled

from 12.08 kVA to 24.16 kVA, while paying attention to the behavior of the electric and thermal

sides of the model. Second, the electric load is reduced by one half from 12.08 kVA to 6.04 kVA,
with all observations recorded in Tables 10 and 11, respectively.

When the electric load on the grid is doubled (see results in Table 10), the induction generator

speed drops below the synchronous speed of 1800 rpm, down to 1256 rpm, and afterwards rises
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with an attempt to regain stability, which was not achieved. Within this speed range, the induction

generator cannot supply power to the grid, and the real power generated from the induction
generator drops to 0 kW. On the thermal side of the model, significant changes were not noticed
since thermal transients were not included in the model of the heat exchangers. Therefore, the
behavior of the generator was relied on to determine the stability of the ORC-based geothermal

power system model. In this case, the conclusion is that the system becomes unstable or shuts

down when electric loads beyond the capacity of the system are connected.

Table 10 - Simulation results of the ORC-based geothermal model for doubling the electric load from 12.06 kVA to
24.16 kVA without mass flow rate control.

Parameter

Value

Plots of working fluid mass flow rate, mechanical power, generator rotor speed, electric power

generated, and power delivered to the electric load for doubling the electric load from 12.08 kVA
to 24.16 kVA are shown in Figure 43. The generator output power is seen rising to meet the

increased electric load demand. Because the expander did not meet the need of the electric
generator, the generator output oscillates before dropping to 0 kW.
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Figure 43 - Plots of working fluid mass flow rate, mechanical power, generator rotor speed, electric power generated,
and power delivered to the electric load for doubling the electric load from 12.08 kVA to 24.16 kVA without mass flow
rate control.

Having seen the behavior of the system in response to a doubling of the electric load, the input

parameters of the system were kept the same, but now the electric load was reduced by one half
from 12.08 kVA to 6.04 kVA (see results in Table 11). Once the electric load is reduced by one

half, the speed of the induction machine increases beyond 2000 rpm and afterwards undergoes
oscillations. With this response, the generator is not in a safe mode of operation due to the
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oscillatory behavior of the rotor. It is therefore best to shut down the system and use secondary

loads or reduce the mass flow rate of the working fluid to get the generator to regain its stability.

As mentioned previously, this research work did not evaluate thermal transients in the ORC loop
for electric load changes, so many expectations in terms of temperature changes as a function of

time compared to electric load changes were not required from the ORC section of the model.
More so, the response rate of the thermal side will be much slower than the electric side, so the

steady or unsteady operation of the generator becomes the major factor in adjusting the mechanical
power from the ORC expander. The mechanical power supplied by the expander determines if the
ORC side of the model will meet the demand of the electric side.

Table 11 - Simulation results of the ORC-based geothermal model for decreasing the electric load by one halffrom
12.08 kVA to 6.04 kVA without mass flow rate control.

Parameter

Value

Plots of working fluid mass flow rate, mechanical power, generator rotor speed, electric power

generated, and power delivered to the electric load for reducing the electric load by one half from
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12.08 kVA to 6.04 kVA are shown in Figure 44. The induction generator and the expander are

observed reducing their power output to match the electric load but rise steeply just after falling

below their steady-state operating point. The system shuts down after a few seconds because of
instability.

Figure 44 - Plots ofworkingfluid mass flow rate, mechanical power, generator rotor speed, electric power generated,
and power delivered to the electric loadfor reducing the electric load by one halffrom 12.08 kVA to 6.04 kVA without
mass flow rate control.

4.2.2 Electric Load Change: Mass Flow Rate Control
At this stage of using the model to simulate and analyze ORC expander response to changes in
electric load, first the load is increased to 24.16 kVA from an initial value of 12.08 kVA, then the
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mass flow rate of the working fluid is adjusted to enable the expander to meet the power demand

at the rotor of the induction generator.

4.2.2.1 Electric Load Increase and Mass Flow Rate Control
After the load on the grid is doubled, the working fluid mass flow rate,

mWF , is increased gradually

to 2.36 kg/s from an initial value of 1.18 kg/s with the results presented in Table 12.

Table 12 - Comparison of the ORC-based geothermal model simulation results for an increase in electric load
without and with working fluid flow rate control.

Electric load increase

Electric load increase

without working fluid

with working fluid flow

flow rate control

rate control

1.18

2.36

58.49

53.87

44.03

39.56

13.82

15.7

289

630.1

(kWth)

267

586.6

Pp

(kW)

18.08

37.01

Pgen

(kW)

drops to zero

27.09

3.09

4.25

Unstable

1814

Parameter

(kg/s)

mWF

TWF evap,out

Texp,out

(°C)

(°C)

TWF cond,out

(°C)

Qevap (kWth)
Qcond

Ρpumps

nm

(kW)

(rpm)

The increased flow rate resulted in an increase in the mechanical power output of the expander to
37.01 kW. Besides the increase in the expander power output, the working fluid temperature,

WF cond,out, increased to 15.7 °C from the previous value of 13.82 °C. This outcome is expected

T
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since the working fluid will spend less time in the condensing heat exchanger because of the

increased rate of flow. Also, both Qe
vapand

Qcond

increased due to the increase in mass flow rate

of the working fluid. From Table 12, the electrical power consumed by the pumps was observed
to increase to 3.21 kW from 4.25 kW. The power consumed by the pumps will increase if either

of the pump (i.e., working fluid or cooling water) flow rates are increased, since both parameters

have a direct relationship.

Plots of working fluid mass flow rate, mechanical power, generator rotor speed, electric power
generated, and power delivered to the electric load for doubling the electric load without and with
working fluid flow rate control are shown in Figure 45.

Figure 45 - Plots ofworkingfluid mass flow rate, mechanical power, generator rotor speed, electric power generated,
and power delivered to the electric loadfor doubling the electric load with workingfluidflow rate control. The system
stability is maintained because the expander can respond to the demand of the grid.
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4.2.2.2 Electric Load Reduction: Secondary Loads
Next, the electric load on the grid is reduced by one-half, with necessary actions taken to ensure
the generator and thermal side of the model runs smoothly. To do this, either secondary loads are

applied, or the working fluid mass flow rate is reduced. If secondary loads are employed, the
control mechanism of the secondary loads ensures that these loads are turned on immediately if
there is excess power in the grid. So, in this section, initial primary electric loads of 12.08 kVA

are reduced to 6.04 kVA as shown in Figure 46 after 15 minutes (i.e. 900 secs), and some secondary
loads up 6.04 kVA were seen to be switched on to replace the disconnected primary loads.

This action helps to bring stability to the overall system, without the need of adjusting the ORC

section. The results without and with secondary loads employed on the electric grid at a constant
mass flow rate for a reduction in primary electric load are presented in Table 13. In this Table, all

values are seen to be the same for both columns, except that the secondary loads increase by 6.04

kVA in the second column, and the generator speed and power production remain steady.

Secondary loads are employed to take up excess generation of power available to the grid. When

some electric loads are disconnected from the grid, the secondary load consumption is increased
to the same magnitude as the load removed from the system. As shown in Figure 46, the generated

power, at first, attempted to match the demand of the primary electric load, but because of the

presence of the secondary load, it is seen returning to steady state. Both the mass flow rate and
expander output power remained in steady state.
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Table 13 - Comparison of the ORC-based geothermal model simulation results for a primary electric load reduction
from initial 12.08 kVA to 6.04 kVA, without and with the presence of secondary loads at a constant working fluid
flow rate.

Electric load decrease

Electric load decrease

without secondary loads

with secondary loads

1.18

1.18

58.49

58.49

Texp,out (°C)

44.03

44.03

,

13.82

13.82

289

289

(kWth)

267

267

(kVA)

6.04

6.04

2.26

8.30

18.02

18.02

drops to zero

13.69

3.12

3.12

Unstable

1810

Parameter
(kg/s)

mWF

,

TWF evap out

TWF cond out

qevap

(°C)

(kWth)

Qcond

sload

(°C)

Ssec.load (kVA)

Pexp

(kW)

Pgen

(kW)

Ppumps
nm

(kW)

(rpm)

Plots of working fluid mass flow rate, mechanical power, generator rotor speed, electric power

generated, and power delivered to the electric load for a reduction in the primary electric load with
the presence of secondary loads are shown in Figure 46.
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Figure 46 - Plots ofworkingfluid mass flow rate, mechanical power, generator rotor speed, electric power generated,
and power delivered to the electric loadfor a reduction in the electric load with the presence of secondary loads.

4.2.2.3 Electric Load Reduction: Secondary Loads and Flow Rate Reduction
In this section, the mass flow rate of the working fluid is reduced to match the electric load demand
on the grid. The significance of the flow rate reduction is that the net power consumption by the

pumps is reduced. Also, because of the reduced working fluid mass flow rate, the thermal energy

supplied to the evaporator and rejected from the condenser is reduced (see Table 14). Secondary
loads are connected to the grid before and after the mass flow rate reduction, since their presence

ensures that the stability of the grid is maintained if primary loads are disconnected, as shown in
section 4.2.2.2. The results of the simulation presented in Table 14 show that the working fluid

flow rate was reduced by a factor of 2 to meet an electric load demand of 6.04 kVA.
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Table 14 - Comparison of the ORC-based geothermal model simulation results for primary electric load reduction
from 12.08 kVA to 6.04 kVA, with and without the presence of secondary load and working fluidflow rate control.

Parameter

Electric load decrease

Electric load decrease with

without working fluid

working fluid flow rate

flow rate control

control

1.18

0.59

58.49

60.82

44.03

46.13

13.82

12.53

327

167

(kWth)

302

154

Sload (kVA)

6.04

6.04

Ssec.load (kVA)

8.30

2.26

(kg/s)

mWF

TWF evap,out

Texp,out

(°C)

(°C)

TWF cond,out

(°C)

Qevap (kWth)
Qcond

Pex
p

(kW)

18.02

9.56

Pgen

(kW)

13.69

7.21

3.12

2.56

1810

1805

Ppumps

nm

(kW)

(rPm)

Plots of working fluid mass flow rate, mechanical power, generator rotor speed, electric power

generated, and power delivered to the electric load for a reduction in the primary electric load with
the presence of secondary loads and mass flow rate adjustment are shown in Figure 47.
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Figure 47 - Plots of workingfluid mass flow rate, mechanical power, generator rotor speed, electric power generated,
and power delivered to grid for a reduction in the primary electric load with the presence of secondary loads and
mass flow rate control.

The results of the simulation show that generator speed dropped below 1800 rpm after the mass
flow rate was reduced to meet the decreased load demand on the grid, before re-gaining a steady

speed at 1805 rpm. This type of fluctuation can be avoided if secondary loads are employed to
help regulate the grid frequency without changing the mass flow rate when primary loads are
disconnected from the grid.

While secondary loads replace some disconnected electric loads, there will be no need for mass

flow rate ramping if the same magnitude of electric load previously withdrawn from the grid
returns, since the secondary load will be turned off to accommodate this change. More so, the

electric power consumption by the pumps is 560 W higher with secondary loads in place and

without mass flow rate reduction. The increased pump power consumption is a trade-off for
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maintaining the stability of the grid and the ORC system with the utilization of secondary load
control.

Finally, when the working fluid mass flow rate was increased to meet the demand of the grid in
the first case, it was observed that the working fluid temperature at the outlet of the condenser,

Twf cond,out, increased to 15.7 °C. At a pressure of 105 kPa for this temperature value, the working
fluid returns to its pump in vapor form. The working fluid in this form is not safe for the operation

of the pump and over time may cause the condenser to heat up. So, there is a need for the working
fluid temperature at the outlet of the condenser to be kept in check and at a value that assures no
likelihood of having its vapor form passing beyond the cooling unit of the ORC section.

Plots of working fluid and sink fluid mass flow rates, working fluid temperature at the exit of the

condenser, expander power, and electric load demand for an electric load increase with mass flow
rate control under these conditions are shown in Figure 48.

There are two options to solve this problem. First, the mass flow rate of the sink fluid can be
increased to a magnitude that ensures proper condensation of the working fluid. This method is

cheaper. Second, the surface area of the condensing heat exchanger can be increased using a
secondary condenser. For the first option, since the maximum flow rate of the cooling water was
not mentioned in the report of the test conducted on the ElectraTherm™ Green Machine, it was
assumed that the reported flow rate is the maximum value. So, since the maximum flow rate of the

cooling water has been reached, the working fluid cannot be cooled beyond that point. The next

option explored in this research work is to adopt a secondary condenser to bring the returning

working fluid to a liquid state.
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Figure 48 - Plots of working fluid and sink fluid mass flow rates, working fluid temperature at the exit of the condenser,
expander power, and electric load demand for an increase in the primary electric load from 12.08 kVA to 24.16 kVA.
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4.3

Secondary Heat Exchanger (Condenser) Model

As described in Chapter 3, Section 3.4.1, the secondary heat exchanger model is developed based
on the direct relationship between the rate of heat transfer of a medium and its surface area. By

adding a secondary heat exchanger to either the evaporating or condensing section of the ORC
system, the amount of heat that can be added to or withdrawn from the system is increased. In this

case a secondary condenser is added to the cooling unit of the ORC section because our focus is
to get the working fluid at the exit of the condenser section of the ORC system to undergo complete
condensation whether the generation is increased or not. For the secondary condenser, the same

parameters as that of the primary condenser were used. Nevertheless, it is assumed that this
condenser will not require a pump for cooling water supply but will be constructed or retrofitted
in a manner that allows the cooling water pump of the primary condenser to feed it. Therefore, no

additional electric power will be consumed in utilizing this secondary condenser based on this

assumption.

After the addition of a secondary condenser to the ORC-based model, simulations were performed

for doubling the electric load on the grid, adjusting the mass flow rate of the working fluid, and
then employing the secondary condenser, while monitoring the temperature of the working fluid

at the exit of both the primary

wF cond,out and secondary TwF sec cond,out condensers (see Table 15).

T

A controlled switch is employed in the model that mimics a control valve. This control valve opens

when the working fluid at the exit of the primary condenser is at too high of a temperature based
on a threshold set point. The working fluid then flows through the secondary condenser to undergo

further cooling before returning to the working fluid pump.

From the results in Table 15, it is observed that the temperature of the working fluid exiting the

secondary condenser is reduced by employing the secondary condenser. This result shows that we
can further increase the mechanical power at the expander with the working fluid still undergoing

complete phase change at the condensing section of the ORC. More so, the rate of heat transfer at
the evaporating and condensing heat exchangers is observed to ramp up when compared to the

case without a secondary heat exchanger employed at the condensing section of the ORC.
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Table 15 - Comparison of results of the ORC-based geothermal power plant model simulation without and with a
secondary condenserfor increased electric load.

Electric load

Electric load

increase with

increase with

working fluid flow

working fluid flow

rate increase, no

rate increase, with

secondary condenser

secondary condenser

1.18

2.36

2.36

58.6

53.87

55.15

44.03

39.56

39.64

13.82

15.27

15.3

--

--

10.61

289

558

576

267

519

533

(kVA)

24.16

24.16

24.16

Pexp (kW)

18.08

35.46

35.75

drops to zero

26.74

26.96

3.12

4.25

4.25

Unstable

1814

1814

Electric load

increase without
Parameter

(kg/s)

mWF

,

TWF evap out

Texp,out

(°C)

(°C)

TWF cond,out

,

TWF sec cond out

(°C)
(°C)

Qevap (kWth)
(kWth)

Qcond

Sload

Pgen

(kW)

Ppump
nm

4.4

(kW)

(rPm)

changes in system
parameters

Summary of Model Validation and Simulation Results

In this chapter, first the ORC-based geothermal power plant model was validated based on test

results of the ElectraTherm Green Machine previously conducted at University of Alaska
Fairbanks power plant. The results of the simulations using the developed model verified that the
ORC-based geothermal power plant model meets the needs for this research work. Afterwards the
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working fluid temperature ramp rate control techniques: mass flow rate control and secondary heat

condenser were evaluated.

4.4.1

Model Validation

The validation of the ORC-based geothermal power plant model allowed the model to be used in

evaluating control techniques and a secondary condenser in response to electric load ramping that
were presented in Chapter 3. The results obtained from the simulation of the model showed that
less thermal energy is lost at the ORC section, with results matching that of the ElectraTherm

Green Machine test in terms of energy balance, expander power, and electric power delivered to
the grid. The model used an isentropic efficiency of 80% and adopted working fluid mass flow

rates that achieved mechanical power values that matched the reported test results.

4.4.2

Control Technique

Simulation results showed that changes in the mass flow rate can be depended upon to get the

expander power output to meet the demand of the grid while the capacity limits of the pumps,

expander, and electric generator are not exceeded. Ramping the mass flow rate of the working
fluid is not without its limitations or challenges. The higher the mass flow rate, the more heat that
is rejected into the condenser. The addition of a secondary condenser was proposed and simulated
to enable proper heat rejection should the primary condenser get saturated with thermal energy

and the working fluid fails to undergo complete condensation.
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5

5.1

Conclusions, Recommendations and Final Thoughts

Conclusions

This research work was able to show how to match energy demand on an ORC-based geothermal

stand-alone power plant used as a prime power source by adjusting the flow rate of the working
fluid in the ORC loop. This technique showed that increasing the rate of flow of the working fluid
leads to more thermal energy supply by the geothermal fluid into the evaporator. As this heat

energy is ramped up, as well as the hydraulic energy available in the expander chamber, the

expander delivers more mechanical energy to the electric generator coupled to it and more electric
power to the stand-alone grid. The reverse is the case if the working fluid flow rate is reduced.

The operation of the stand-alone ORC-based geothermal power plant grid may not be seamless if
electric loads are added to the grid or withdrawn suddenly without any form of control to ensure
the stability of the grid. Adjusting the flow rate of the working fluid can help to control the ORC

loop and generator power output within a limited operating range, though the significant difference

in response times between the electric side of the plant and thermal side was not checked in this

research work since thermal transients were not simulated. Nevertheless, secondary load control
and a secondary condenser were proposed, simulated, and results evaluated as means to address

the response of the stand-alone ORC-based geothermal power plant to changes in electric load.

5.1.1 Secondary Loads
As presented in Chapter 4, section 4.5.2, secondary loads can play an important role in the stability

of the grid. The simulation results show that the secondary loads are switched on whenever there
is excess generation in the grid. These secondary loads take the form of energy storage devices

and/or heating elements. For energy storage devices such as batteries, the excess generation can
be stored and returned to the grid when there is a need for additional generation, whereas the

heating elements will be switched on when the load demand level drops and the energy storage
devices are at full capacity. With these arrangements, it is best to always allow the ORC-based
power plant to run near its full capacity, and only be reduced to a lower capacity if there is need

for the energy storage system to discharge some or all of its energy.
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5.1.2 Secondary Heat Exchanger
As the simulation results have shown, employing an additional condenser increases the surface

area of the cooling section of the ORC system. This allows more heat energy rejection to the
environment, and thus enables more thermal and mechanical ramping of the system. The secondary

condenser brings robustness to the system such that more thermal energy can be dumped into the
condenser, with the working fluid still undergoing complete condensation. In this case, an
electronic temperature sensor and a solid-state relay are employed to control the opening and

closing of valves if the working fluid must be diverted through the secondary condenser. With a

temperature threshold set, the valves open or close whenever the threshold is reached.

5.2

Recommendations and Future Work

This research work focused on the response of the thermal side of a stand-alone ORC-based
geothermal power generation system to electric load changes on the grid. For the stability of the

stand-alone grid, the simulation relied on secondary loads. The operation of control functions for
the secondary loads and the need for power electronic based converters will both exhibit switching

characteristics that may negatively impact the stable operation of the system. Therefore, further

research is needed to understand the impact of these secondary loads and power electronics devices
on a stand-alone grid. The following recommendations are made for future work that can be carried

out to improve the operation of a geothermal-based plant as a stand-alone system.

5.2.1 Power Electronic Converters
The significance of power electronic converters, such as grid-forming or grid-following
converters, required to maintain voltage and frequency regulation and reactive power control in a
stand-alone grid should be investigated further. There is a need to explore how the power electronic
converters interact with variations in the generation profile of the stand-alone ORC-based

geothermal power plant. The control function or operation of the secondary loads should also be
explored further. Since this work suggested that energy storage devices be used as secondary loads,

the operation of the electronic controls and power electronics devices must involve switching the

working fluid pump control mechanism to allow the energy storage system to charge or discharge.
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5.2.2 Micro-Channel Heat Exchanger
Heat exchangers play a major role in the operation of an ORC-based power plant as discussed in
the literature review and presented in the model development and evaluation. Employing a heat
exchanger with less surface area but more thermal energy transfer from the geothermal fluid to the

working fluid, and/or from the working fluid to the sink fluid, will enhance the efficiency of the
ORC-based system. Micro-channel heat exchangers have been reported to improve the efficiency

of systems in certain applications. Investigative work should be carried out with the aim of using
a micro-channel heat exchanger to improve the efficiency of ORC-based geothermal power plants.

5.2.3 Geothermal-Based Power Generation Laboratory
The presence of an ORC-based laboratory would aid in the validation of the models and methods
presented in this research work and any other model that may be developed in the future.

Laboratory work would ensure that these models have inputs - temperatures, pressure, and flow

rate - based on actual experimental data. With a research lab in place, the relevance of power
electronic converters to the operation of the stand-alone grid can be evaluated, as well as the
significance of using micro-channel heat exchangers, secondary condensers, and arctic cooling

methods.

5.2.4 Arctic Cooling Method
Water bodies in arctic environments are known to be frozen when the temperature drops below
zero during the winter months. This becomes a major challenge if the water bodies are depended
on for the ORC cooling water. Future work can be done to evaluate the impact of harnessing the

cold air during the winter period in an arctic environment for the cooling unit of the ORC section.

This mode of cooling the working fluid may become an alternative to cooling water and also allow
for more electric power generation during the winter months when electricity may be in more
demand.

5.3

Final Thoughts

This research work explored the possibility of dispatching an ORC-based geothermal power plant
to form a stand-alone grid. Both the use of an ORC-based prime power plant and the operation of

a stand-alone grid present several technical challenges and limitations. Therefore, careful thought
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must be paid to the simulation results and recommendations if these challenges and limitations are
to be overcome.

First, adjusting the flow of the working fluid enhances the thermal side of the power plant to meet
the demand on the electric side. Since the time response of the thermal side is much slower as

compared to the electric side, it is best to operate the plant at its full capacity and employ energy

storage and heating devices to control load variations on the grid. This mode of operation allows

for the stable operation of the thermal side of the plant.

Second, low temperatures may affect water supply if used as the sink fluid for the ORC system,
since many water bodies are known to freeze during the winter season. A condensing heat
exchanger could be designed to use the cold air as the sink fluid during the winter season. If air

must be used as the sink fluid year-round, then the size of the condensing heat exchanger must be
designed to allow proper condensation of the working fluid running through it. In this case, the

most notable parameter of the condensing heat exchanger that will change drastically is its surface
area.

Finally, more investments from government and private organizations are needed to promote

research in the use of geothermal resources for electricity and heat supply in Alaska. With more
than 97 active geothermal wells, Alaska can match the geothermal power production of California,
if geothermal energy is seen as a major contributor to electricity generation from renewable
sources.
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Appendices
Appendix A: Specification Sheet

A1: Speedman Water Pump System

91

92

Appendix B: ORC-Based Geothermal Power Generation Model
The MATLAB® Simulink® models provided in this appendix were created to simulate an ORC
based geothermal power generation plant. The components of this model are the evaporator,
condenser, working fluid pump, expander, and electric power generation and distribution system.

This model can also be used for other heat sources such as waste heat, biomass heating systems,
and solar thermal.
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B.1: MATLAB® Simulink® Model for ORC-Based Geothermal Power Plant

B.2: MATLAB® Simulink® Model for ORC Evaporator

B.3: MATLAB® Simulink® Model for ORC Condenser

B.4: MATLAB® Simulink® Model for ORC Working Fluid Pump
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B.5: MATLAB® Simulink® Model for ORC Expander
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B.6: MATLAB® Simulink® Model for Electric Power Generation and Distribution
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B.7: MATLAB® Simulink® Model for Distribution System
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B.8: MATLAB® Simulink® Model for Electric Load
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